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1. Summary 

 

The development of a complex multicellular organism is dependent on the coordinated 

spatiotemporal generation of diverse cell types. This diversity is achieved by multipotent stem 

cells that give rise to a variety of differentiated and specialized cells. The control of stem cell 

proliferation and differentiation involves intrinsic and extrinsic factors that activate a complex 

network of molecular signaling pathways. Understanding the mechanisms of such signaling 

pathways in the context of a developing organism has become a major focus in molecular and cell 

biological research. Neural stem cells are a subtype of stem cells that generate all the cells of the 

nervous system and they arise from the neuroepithelium after neural tube closure but can also be 

found in the adult brain. One of the most conserved signaling pathways critically involved in 

maintenance of neural stem cells is the Notch signaling pathway. In my doctoral studies, I 

investigated the role of several Notch signaling components in order to elucidate their impact on 

neural stem cell development in the early central nervous system. 

 

The first part of my thesis focuses on an extracellular component and a signaling modulator of the 

Notch pathway. The Notch ligand Jagged1 is expressed in a specific pattern in the neural tube that 

suggests a role in local neuroepithelial stem cell maintenance or neural subtype specification. 

Unexpectedly, conditional ablation of Jagged1 was not observed to have any effect on 

neuroepithelial stem cell proliferation or specification in vivo. Due to its complementary 

expression pattern to Jagged1, the Notch signaling modulator Manic fringe was further 

investigated regarding its role in neuroepithelial cell fate specification. In contrast to our 

expectations, this study could not attribute any specific function to Manic fringe in neural or glial 

subtype specification in the developing neural tube. 
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In the second part of my thesis I analyzed the role of the Notch1 receptor that is widely expressed 

on neuroepithelial stem cells throughout the early developing central nervous system. Apart from 

the well known role in preventing premature differentiation, I could establish a new role for 

Notch1 in suppressing the precocious generation of basal progenitors, a transiently emerging cell 

population that amplifies the number of neurons in the developing forebrain. It was possible to 

demonstrate that this effect is uncoupled from preventing neuronal differentiation and that the 

emergence of basally dividing cells upon conditional Notch1 ablation was not due to general 

defects in the neuroepithelial structure or altered behavior of neuroepithelial stem cells. Notably, 

ablation of Notch1 in the neuroepithelium resulted in the generation of basal progenitors also in 

areas of the central nervous system that are normally devoid of such progenitors. Thus, our data 

suggest that fine tuning in Notch signaling might be involved in area-specific growth of the central 

nervous system. 
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2. Zusammenfassung 

 

Die Entwicklung eines komplexen multizellulären Organismus erfordert eine zeitliche und 

räumliche Koordination in der Generierung verschiedener Zelltypen. Eine solche Diversität 

verschiedener Zellen wird durch multipotente Stammzellen erreicht, die unterschiedlich 

differenzierte und spezifizierte Zelltypen hervorbringen. Die Stammzellproliferation und                

-differenzierung unterliegt der Kontrolle extrinsischer und intrinsischer Faktoren, welche ein 

komplexes Netzwerk an molekularen Signalwegen aktivieren. Die Mechanismen solch komplexer 

Signalwege im Kontext eines sich entwickelnden Organismus zu verstehen, ist ein zentrales 

Anliegen der molekular- und zellbiologischen Forschung geworden. Neuronale Stammzellen sind 

ein Subtyp von Stammzellen, von denen alle Zelltypen des zentralen Nervensystems abstammen 

und die sich kurz nach der Schliessung des Neuralrohrs bilden aber auch im adulten Hirn gefunden 

werden können. Einer der evolutionär am meist konservierten Signalwege, der Stammzellen in 

ihrem Stammzellstatus erhält, ist der Notch Signalweg. In meiner Doktorarbeit habe ich die Rolle 

mehrerer Notch Signalwegkomponenten in neuronalen Stammzellen bezüglich deren Funktion in 

der Entwicklung des zentralen Nervensystems analysiert. 

 

Der erste Teil meiner Doktorarbeit befasst sich mit einer extrazellulären Komponente und einem 

Modulator des Notch Signalwegs. Der Notch Ligand Jagged1 ist in einem spezifischen Muster im 

Neuralrohr exprimiert, welches eine Rolle für diesen Liganden in lokaler Erhaltung der 

Stammzellen oder in der Spezifikation neuronaler Subtypen suggeriert. Unerwarteterweise führte 

die konditionelle Deletion von Jagged1 im Neuroepithel aber nicht zu Defekten in der 

Stammzellproliferation oder -spezifizierung in vivo. Das zu Jagged1 komplementäre 

Expressionsmuster des Notch Signal Modulators Manic fringe, hat unser Interesse geweckt und 

wurde ebenfalls hinsichtlich einer möglichen Rolle in der Spezifizierung neuroepithelialer 
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Stammzellen erforscht. Im Gegensatz zu unseren Erwartungen, hat sich eine allfällige Funktion 

von Manic fringe in neuronaler oder glialer Subtypspezifikation im sich entwickelnden Neuralrohr 

nicht nachweisen lassen können. 

 

Im zweiten Teil meiner Doktoratsstudien habe ich die Rolle des Notch1 Rezeptors, der verbreitet 

in neuroepithelialen Stammzellen im frühen zentralen Nervensystems exprimiert ist, analysiert. 

Nebst seiner bekannten Rolle in der Unterdrückung von frühzeitiger Differenzierung, konnte ich 

eine neue Funktion von Notch1 in der Inhibierung der vorzeitigen Generierung von basalen 

Progenitoren - eine transiente Vorläuferzellpopulation, welche die Anzahl Neuronen im 

Vorderhirn erhöht - zeigen. Dieser Effekt erwies sich als unabhängig von der Unterdrückung 

neuronaler Differenzierung und das Auftreten basaler, sich teilender Vorläuferzellen nach der 

konditionellen Deletion von Notch1 im Neuroepithel erfolgte nicht aufgrund genereller, 

neuroepithelialer Strukturdefekte oder geändertem Verhalten der neuroepithelialen Stammzellen. 

Die Deletion von Notch1 im Neuroepithel resultierte ausserdem im Auftreten basaler Progenitoren 

auch in Regionen des sich entwickelnden zentralen Nervensystems, die normalerweise keine 

solchen Vorläuferzellen aufweisen. Unsere Daten weisen darauf hin, dass möglicherweise 

Feinabstimmungen in der Aktivität des Notch Signalwegs für regionenspezifisches Wachstum des 

zentralen Nervensystems verantwortlich sind. 
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3. Introduction 

 

3.1. Stem cells 

 

Stem cells are defined by their ability to self-renew and their multipotency. They undergo different 

divisions in order to maintain the pool of stem cells, to produce progenitors with a limited 

differentiation potential or to give rise to a variety of postmitotic, differentiated cells. Symmetric 

proliferative division enables stem cells to replicate themselves, whereas differentiative symmetric 

divisions lead to two identical differentiated cells. Thereby the stem cell is no longer propagated. 

Asymmetric division of a stem cell is associated with the generation of a stem cell and either a 

more differentiated progenitor with a limited self-renewal capacity and differentiation potential or 

a terminally differentiated cell (Fig. 3.1).  

Figure 3.1. Stem cell characteristics and division modes. A stem cell (SC) is defined by its self-renewal 

capacity and multipotency. In principle, there are three basic modes of division: A symmetric 

proliferative division results in two identical stem cells and the expansion of the stem cell pool. An 

asymmetric division of a stem cell leads to another stem cell and a differentiated progenitor (P) with 

limited self-renewal capacity and differentiation potential. A stem cell can also give rise to two 

postmitotic, differentiated cells after a symmetric differentiative division. The diversity of division 

modes allows maintenance of the stem cells pool and sequential differentiation in order to provide an 

accurate number of any cell type during development. 
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The prolonged self-renewal capacity enables stem cells to maintain and expand a line of stem cells 

throughout embryogenesis and their multipotency to deliver different cell types during 

development of an organism. Adult stem cells are the source for new cells that contribute to tissue 

homeostasis or that are required upon injury for repair and regeneration, at least in some tissues. 

Stem cells are therefore of increasing importance with respect to their potential medical use in 

damaged tissue arising from degenerative diseases. Strategies for therapies with stem cells either 

aim at transplanting single stem cells as well as stem cell-derived tissue samples or at stimulating 

the endogenous stem cell pool. 

Cells from the inner mass of the blastocyst have the broadest range of differentiation potential and 

are thus pluripotent stem cells. Such embryonic stem cells are particularly interesting because they 

can be propagated almost without restraint in vitro and they can be differentiated to any cell type 

of the germ layers (Lerou and Daley, 2005; Evans and Kaufman, 1981; Thomson et al., 1998). 

However, the generation of human embryonic stem cells raises ethical concerns since these cells 

are derived from human blastocysts that could potentially develop into a human embryo. A 

possibly promising alternative is the use of genetically reprogrammed differentiated adult skin 

cells into a pluripotent, embryonic stem cell-like state, so-called induced pluripotent stem cells 

(Takahashi et al., 2007; Yu et al., 2007). For instance, in a humanized sickle cell anemia mouse 

model, the disease could be treated by means of induced pluripotent stem cells originating from 

somatic tail cells. Upon repair of the mutation, the pluripotent cells were differentiated to 

hematopoietic progenitors, and transferred back to the animal (Hanna et al., 2007). Similarly, 

induced pluripotent stem cells could be derived from patients with Parkinson’s disease and 

differentiated into dopamine-producing neurons, the cell type that is degenerated in Parkinson 

patients. Remarkably, all transgene sequences that are indispensable to induce the pluripotency 

could be removed after having obtained the pluripotent state. Thus, the risk of malignant 

transformation, which has so far been associated with this technique, was reduced (Soldner et al., 
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2009). Indeed, malformations may occur when stem cells proliferate unexpectedly or differentiate 

aberrantly. This may not only lead to developmental disorders causing a disease, but also to 

malignancy and tumor formation in embryonic and adult tissue (Pardal et al., 2003). 

Compared to the number of stem cells during development, adult stem cells are rare and closely 

associated with a stem cell niche that provides an appropriate tissue environment. Adult 

multipotent stem cells can be found in various niches including the bone marrow, intestinal crypts, 

hair follicle structures, and the subventricular zone of the brain (Fuchs et al., 2004). The 

interaction of stem cells with their immediate environment is thought to play a pivotal role 

allowing stem cells to self-renew and respond to signaling cues that trigger their broad range of 

differentiation programs. Several signaling pathways as the Notch, Bone morphogenic protein 

(Bmp), Wnt, Hedgehog, and the Transforming growth factor-  (Tgf ) signaling pathway have 

been associated with the control of maintenance and differentiation in diverse stem cells (Moore 

and Lemischka, 2006; Sommer and Rao, 2002). In addition, the interaction of stem cells with 

extracellular matrix components was shown to be involved in the control of the stem cell pool 

(Fuchs et al., 2004; Lathia et al., 2007). Although extrinsic factors provide the signaling cues that 

allow proper stem cell development, their interpretation and integration is dependent on the 

intrinsic cellular state. Stem cells have a particular gene expression profile, which is completely 

rearranged with the onset of differentiation. Genes associated with a lineage fate commitment are 

activated, while genes responsible for stem cell maintenance or for other lineages should be 

downregulated. The transcriptional accessibility of genes is regulated by the chromatin status. 

There is increasing evidence that epigenetic chromatin remodeling plays a crucial role in stem cell 

plasticity (Hsieh and Gage, 2005). 

 

In summary, stem cell development is controlled by the extracellular environment, the intrinsic 

cellular state, and the combinatorial activity of multiple signaling pathways in order to promote 
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self-renewal or sequential cell fate commitment. Therefore, distinct signaling cues have to be 

considered as players in a complex network that has to respond to spatial and temporal 

requirements for the production of the appropriate number of stem and differentiated progenitor 

cells. 

 

3.1.1. Neural stem cells 

 

Neural stem cells are a subpopulation of stem cells in the nervous system that are restricted to give 

rise to neural and glial cells. They can either be isolated from the embryonic central nervous 

system (CNS) or from specialized niches of the adult brain, the subventricular zone lining the 

lateral ventricle and the subgranular zone of the dentate gyrus (Alvarez-Buylla et al., 2002; 

Cattaneo and McKay, 1990; Doetsch et al., 1999). Moreover, neural stem cells have been found in 

the adult spinal cord (Barnabe-Heider and Frisen, 2008; Weiss et al., 1996). A special subtype of 

neural stem cells are the progenitors of the developing peripheral nervous system (Stemple and 

Anderson, 1992): Neural crest stem cells are a migratory population of stem cells in vertebrates 

that arise from the early dorsal neural tube and apart from giving rise to neural and glial they also 

produce non-neural cells (Fuchs and Sommer, 2007).  

 

3.2. Mechanisms regulating neuroepithelial stem cell development 

 

3.2.1. Neuroepithelial stem cells 

 

The central nervous system (CNS) originally develops from cells of the neuroectodermal layer that 

become multipotent neuroepithelial cells after neurulation. Neuroepithelial cells are the primary 

neural stem cells from which all other progenitors and neurons of the CNS derive. These cells of 

the early CNS proliferate, acquire regional identities and adopt various neuronal and glial fates. 
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They have been defined as neural stem cells (NSCs) based on their differentiation potential in vivo 

and their ability to self-renew. It remains elusive how strictly NSCs self-renew in vivo. However, 

soon after the onset of neurogenesis, when the neuroepithelium becomes a multi-layered tissue, 

neuroepithelial cells are thought to transform into a different kind of NSC: the radial glial cells 

(Anthony et al., 2004). Radial glial and neuroepithelial cells span the neuroepithelial layer from 

the apical side to the basal membrane, divide symmetrically or asymmetrically at the apical side 

and have the ability to produce neural and glial cells (Huttner and Kosodo, 2005). Some of the 

NSC divisions also produce transiently existing basal progenitors that divide symmetrically and 

contribute to the growth and specification of the developing cortex (Noctor et al., 2004). Thus, a 

distinction between primary and secondary progenitors is made according to their temporal 

emergence and location in the neuroepithelial layer. Regulation of neuroepithelial development is 

tightly controlled by the interplay of several mechanisms. Some pathways such as the Bmp, 

Hedgehog or Wnt signaling pathway that are involved in priming cells to become neuroepithelial 

cells, in neuroepithelial patterning, or in proliferation depend on secreted ligands that can act over 

distance. Other signaling pathways require intercellular contact such as the Notch pathway. Notch 

signaling is one of the most conserved and pivotal pathways that controls the NSC pool by 

maintaining the receptor-expressing cell in its stem cell state and leading to neuronal 

differentiation in the ligand-expressing cell (Louvi and Artavanis-Tsakonas, 2006). 

 

3.2.2. Induction and maintenance of primary progenitors 

 

Ectodermal cells adopt a neural fate upon exposure to Bmp antagonists and form the 

neuroectodermal layer (Liu and Niswander, 2005). Once induced, neuroectodermal cells undergo a 

rapid expansion that causes the cellular layer to form the neural groove between the neural folds 

and later the neural tube. The most dorsal neural tube becomes the roof plate, the most ventral 
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neural tube the floor plate, both specialized regions that release specification factors. The neural 

tube is the precursor structure that gives rise to all CNS structures. In addition, it also provides 

progenitors that later form the peripheral nervous system; namely, motoneurons from ventral 

regions that send their processes along the ventral root and the neural crest cells, of which a part 

migrates along the dorsal root and forms the dorsal root ganglia (Fig. 3.2). 

 

Figure 3.2. Induction and formation of the neural tube. Ectodermal cells contain non-neural and neural 

cells (1). Rapid expansion of the neuroectodermal layer causes the formation of the neural folds and in 

between the neural groove (2). The neural folds fuse (3) and lead to the formation of the early neural 

tube that is released from the ectodermal layer (4). The ventral part of the neural tube is induced to 

form the floor plate and the former neural fold cells give rise to the roof plate from which neural crest 

cells emigrate (4) along the dorsal root and later aggregate in the dorsal root ganglia. The ventral neural 

tube harbors motoneuron progenitors that later send their processes along the ventral root (5). 

 

 

With the formation of a pseudostratified layer of cells expressing the intermediate filament protein 

Nestin, these cells are defined as neuroepithelial cells (Lendahl et al., 1990). Neuroepithelial cells 

show typical epithelial characteristics and have an apical-basal polarity along which the nucleus 
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migrates during the cell cycle, a phenomenon known as interkinetic nuclear migration (Seymour 

and Berry, 1975; Takahashi et al., 1993). The cytoplasmic apical membrane of neuroepithelial 

cells differs from the basal membrane, where the cells are attached to the extracellular lamina, in 

the expression of selected proteins. Tight and adherens junctions located at the very apical side of 

the baso-lateral membrane prevent lateral diffusion of integral membrane constituents and anchor 

the cells by cell-cell contacts, respectively (Fig. 3.3). With the onset of neurogenesis, 

neuroepithelial progenitors transform progressively into radial glial cells, which are also called 

radial progenitors. Neuroepithelial and radial glial cells share many common characteristics: Both 

are highly polar cell types with an elongated morphology, are multipotent (Kalyani et al., 1997; 

Malatesta et al., 2000; Noctor et al., 2001), and have the capacity to divide either symmetrically or 

asymmetrically (Noctor et al., 2004). The centrosome is located apically, and there is strict 

maintenance of interkinetic nuclear migration as well as apical and basal features, such as 

adherens junctions, the expression of the apical cell polarity-associated complex 

PAR3/PAR6/aPKC and contact to the basal lamina (Halfter et al., 2002; Wodarz and Huttner, 

2003). Radial glial cells differ from neuroepithelial cells especially by the absence of tight 

junctions (Aaku-Saraste et al., 1996) and the expression of astroglial markers, namely the 

intermediate filament protein glial fibrillary acidic protein (GFAP), the Ca
2+

-binding protein 

S100b, the astrocyte-specific glutamate transporter GLAST, and the Fatty acid-binding protein 

(Fabp, also known as Brain-lipid-binding protein, Blbp), whose function is not yet known (Gotz 

and Huttner, 2005). Several studies have identified radial glial cells as the progenitors of adult 

NSCs that persist in the neonatal and adult brain adjacent to the ependymal layer lining the lateral 

wall of the ventricles (Merkle et al., 2004; Noctor et al., 2004; Spassky et al., 2005). These 

findings suggest embryonic and adult NSCs to be closely related populations of stem cells. 

However, it is still unknown which signals actually induce the switch from a neuroepithelial to a 

radial glial cell, and from a radial glial cell in the developing nervous system to an adult NSC. 
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Figure 3.3. Characteristics and division modes of stem cells of the neuroepithelium. Neuroepithelial 

and radial glial cells are highly polarized cells that span the neuroepithelial layer from the apical to the 

basal side and their nuclei migrate along the apical-basal axis, during cell cycle progression, a 

phenomenon called interkinetic nuclear migration. The nuclei migrate towards the basal pole in G1-

phase, remaining basally during S-phase before migrating back to the apical side in G2-phase. Mitosis 

occurs when the nucleus is at the apical side. Neuroepithelial and radial glial cells are anchored with 

their basal membrane via Integrins to the basal lamina and apically with adherens and, in the case of 

neuroepithelial cells, with tight junctions. The apical membrane on the luminal side contains cell 

polarity proteins and adherens junction-associated cadherins, which become equally distributed in a 

symmetric proliferative division and unequally in an asymmetric differentiative division. Such a 

neurogenic division gives rise to a neuron and a stem cell, whereas a symmetric division contributes to 

the expansion of the stem cell pool. Some asymmetric divisions give rise to basal progenitors. Their 

nuclei migrate to the basal side and they concomitantly lose the apical and basal extensions. Basal 

progenitors no longer display interkinetic nuclear migration and their symmetric differentiative division 

produces two postmitotic neurons. 

 

 

3.2.3. Symmetric and asymmetric neuroepithelial stem cell division 

 

The orientation of the cleavage plane of dividing NSCs and progenitors is crucial for cell fate 

decision. In the early CNS, neuroepithelial cells divide in a symmetric, proliferative manner, in 

which the cleavage plane is nearly perpendicular to the ventricular surface. This ensures an equal 

distribution of cell fate determinants to daughter cells (Chenn and McConnell, 1995; Kosodo et al., 

2004), and consequently leads to the lateral expansion of the neuroepithelium. At the onset of 

neurogenesis, neuroepithelial cells switch from exclusively symmetric to additional asymmetric, 
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neurogenic divisions. In asymmetric divisions, the cleavage plane, defined by the position of the 

centrosomes, leads to unequal distribution of apical proteins to the daughter cells, resulting in one 

stem cell and one differentiating cell (Huttner and Kosodo, 2005). As shown by illuminating work 

from Kosodo et al. (2004), cadherins, PAR3, and Prominin1 (CD133) are apical proteins that are 

equally distributed in symmetric divisions, but unequally in asymmetric divisions (Fig. 3.3).  

These results are in agreement with the definition of symmetric and asymmetric stem cell division 

based on the fate of the daughter cells (Fig. 3.1). 

 

An important question that arises from the findings described above is whether particular proteins 

or signaling pathways might trigger a cell to divide symmetrically or asymmetrically. Indeed, 

ASPM (Abnormal spindle-like microcephaly-associated) protein was found to maintain symmetric 

proliferative divisions of neuroepithelial cells. ASPM protein exerts a critical role at the spindle 

pole during mitosis (do Carmo Avides and Glover, 1999). Experimental downregulation of this 

protein led to a deviation of the spindle position and thus increased the probability that a 

neuroepithelial cell would undergo an asymmetric division (Fish et al., 2006). Another 

centrosomal protein, Nde1, which is associated with Lissencephaly1, is highly expressed in the 

ventricular zone and was shown to be a key factor in determining the cleavage plane orientation. 

Upon Nde1 ablation, neuroepithelial and radial glial cells start to divide non-perpendicularly, 

resulting in premature neurogenesis and depletion of the stem cell pool (Feng and Walsh, 2004). 

These findings indicate that the control of the spindle orientation is a crucial factor in the decision 

between symmetric or asymmetric cell division. Such mechanisms trigger early fate decisions in 

neuroepithelial stem cells and are thus responsible for their maintenance as well as for their 

differentiation. Nevertheless, it remains elusive how the global control of symmetric versus 

asymmetric divisions upstream of mitotic spindle-associated regulators is accomplished, and thus 

how the balance between maintenance and differentiation is ensured. 
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3.2.4. Maintenance by cellular interaction with the local environment  

3.2.4.1. Cell-extracellular matrix interactions 

 

There is increasing evidence that the interaction between NSCs and the extracellular matrix 

(ECM) is highly relevant for the integrity of the NSC niche and thus also for the maintenance of 

the stem and progenitor cell pool. The basal lamina is composed of deposited glycoproteins such 

as Collagen IV and Laminins (Yurchenco and O'Rear, 1994). Especially Laminin1 components are 

expressed by neuroepithelial and radial glial cells and transported to their basal end feet, where 

they contribute to the ECM (Graus-Porta et al., 2001). Hatakeyama et al. (2004) showed that 

interference with the Notch pathway caused loss of Laminin- 1, presumably because 

neuroepithelial and radial glial cells differentiated prematurely. But whether, conversely, the loss 

of the ECM also contributes to premature differentiation remains elusive. So far, cortical radial 

glia lacking contact to the basal lamina have not been observed to impair proliferation or 

neurogenesis (Haubst et al., 2006). Remarkably, miR-124, which is one of the most abundant 

microRNAs in differentiating and mature neurons but is expressed at very low levels in 

progenitors (Deo et al., 2006), was recently shown to target Laminin- 1 and its receptor Integrin-

1 mRNAs (Cao et al., 2007). This finding is of particular interest since it appears to reflect a 

highly conserved post-transcriptional suppression mechanism for genes implicated in cell-ECM 

interaction of neuronal progenitors. In addition, it highlights the role of Integrins in stem cell 

biology. Integrins are heterodimeric transmembrane proteins that bind to laminin, fibronectin and 

collagens (Tamkun et al., 1986). Activation of the Integrin signaling cascade leads to pleiotropic 

effects, since a variety of context-dependent components participate in either inside-out or outside-

in signaling (Hynes, 2002). The Integrin heterodimer a6/ 1 is highly expressed on the basal 

cytoplasmic membrane of neuroepithelial and radial glial cells (Wodarz and Huttner, 2003), but is 

also reported to accumulate at the ventricular surface and to be dependent on Mitogen-activated 
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protein (MAP) kinase to maintain NSCs (Campos et al., 2004). Although neuroepithelial cells 

deficient for Integrin- 1 displayed a lower proliferation rate and increased apoptosis in vitro, their 

self-renewal capacity was not impaired (Leone et al., 2005). A principal question is whether 

growth factor signaling pathways involved in stem cell maintenance might influence the 

expression or localization of integrins to directly or indirectly regulate differentiation of NSCs. 

 

3.2.4.2. Notch signaling 

 

Maintenance of stem cells is one of the key processes during development in order to ensure the 

propagation of NSCs and the growth of the neuroepithelial cell layers. Keeping these cells in a 

stem cell and self-renewing state is also of particular interest to applied NSC research, since 

culture conditions appropriate for stem cell expansion are essential for tissue or cell replacement 

therapies. One of the best studied and most potent signaling pathway maintaining NSCs is the 

Notch pathway (Louvi and Artavanis-Tsakonas, 2006). Notch signaling leads to lateral inhibition 

by reciprocal signaling between initially equipotent cells, thereby inhibiting the Notch receptor-

expressing cell from differentiating into a neuronal progenitor (Artavanis-Tsakonas et al., 1995). 

Consequently, signaling through Notch links the cell fate decision of one cell to that of its 

neighbors. Neighboring cells express ligands belonging to one of the two main ligand families, 

Delta-like or Jagged (Serrate). They interact via EGF (Epidermal growth factor) repeats with the 

Notch receptor on the stem cell (Rebay et al., 1991). Affinity of the receptor to its ligands is 

modified by Fringes that glycosylate EGF-repeates, thus leading to an increase in the 

combinatorial repertoire of Notch signaling (Louvi and Artavanis-Tsakonas, 2006). Ligand 

availability is mainly controlled by the ubiquitin ligase Mind bomb that increases the endocytosis 

of the cleaved extracellular receptor bound to the ligand. Deletion of Mind bomb1 leads to 

disruption of the Notch signaling pathway (Itoh et al., 2003; Koo et al., 2005). Upon binding of the 
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receptor to the ligand, the extracellular domain of Notch is released by an ADAM/TACE family 

metalloproteinase (Brou et al., 2000; Mumm et al., 2000), the intracellular domain is 

proteolytically cleaved by a -secretase complex, and translocates to the nucleus (De Strooper et 

al., 1999; Struhl and Greenwald, 1999; Ye et al., 1999). There it activates transcription in 

association with the CSL (CBF1 in mammals, Suppressor of hairless in Drosophila, LAG in C. 

elegans) complex, Mastermind (Smoller et al., 1990; Wu et al., 2000), and other factors (Bray, 

2006). Primary targets of the intracellular domain of Notch are the Hairy and enhancer-of-split 

(Hes) genes encoding basic helix-loop-helix transcriptional (bHLH) repressors. The Hes 

transcription factors bind to the promoter regions of proneural genes and thus prevent 

differentiation of NSCs into neural progenitors (Fig. 3.4; Jarriault et al., 1995).  

Several studies indicated that interference with the Notch/Hes pathway leads to premature 

neurogenesis and depletion of the neural stem cell pool (Hitoshi et al., 2002; Nakamura et al., 

2000; Ohtsuka et al., 2001). Notch signal activation also promotes and is required for the 

generation of the glial lineage (Gaiano et al., 2000; Taylor et al., 2007). Fatty acid-binding 

protein7, a typical marker for radial glia, was found to be a direct target of the Notch effector 

CBF1 (Anthony et al., 2005). However, the molecular chain of evidence for how Notch exerts its 

instructive role in inducing the glial lineage is still missing. Considering that radial glial cells are 

progenitors and the source for neurons after neuroepithelial cells disappear during development, 

Notch signaling also contributes to the maintenance of NSCs in the long term. This notion may be 

strengthened by the finding that although Notch signaling can promote a specific cell fate, it can 

also inhibit terminal differentiation as in the case of oligodendroglial development (Genoud et al., 

2002). 
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Figure 3.4. The Notch signaling pathway. The Notch receptor is expressed on the stem cell and binds 

to its ligand from the Delta-like or Jagged family on the differentiating cell. Upon binding, the 

intracellular domain of Notch (NICD) is cleaved by a -secretase complex and translocates to the 

nucleus where it replaces coreprossor proteins (Co-R) bound to the CSL complex, recruits Mastermind 

(Mam) and initiates transcription of Hes/Hey family genes or the glial gene Fabp. The bHLH 

transcriptional repressors of the Hes/Hey family bind to the promoters of proneural genes and prevent 

their transcription. Notch signaling is modulated through altering the glycosylation patterns during 

receptor maturation by Fringes, which change the affinity to the different Notch ligands. Notch 

signaling strength is also influenced by the ligand availability. Mind bomb (Mib) in the signal-sending 

cell ubiquitinates the intracellular domain of the ligands and thus promotes Notch signaling by 

enhancing the internalization and recycling of the ligand when bound to the cleaved extracellular Notch 

receptor domain. 
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3.2.4.3. Signaling via Catenins 

 

Expansion of the neuroepithelial layer needs to be precisely controlled in order to prevent severe 

malformations during embryonic development (Sommer and Rao, 2002). Secreted proteins of the 

Wnt factor family are critically involved in this process by regulating cell cycle progression in the 

developing CNS (Chenn and Walsh, 2002; Zechner et al., 2003). Wnt is released from dorsal 

structures of the CNS and binds to Frizzled receptors and Lrp (Low-density lipoprotein receptor-

related proteins) co-receptors. The receptor-ligand complex leads to phosphorylation of the 

intracellular protein Dishevelled. In the canonical pathway, this process prevents complex 

formation of Axin, APC (Adenomatus polyposis coli) and GSK3-  (Glycogen synthase kinase3- ) 

with the cytoplasmic form of -catenin, a protein that links the cytoplasmic tail of cadherins to the 

actin bundles. As a consequence, -catenin is not phosphorylated, is therefore no longer subjected 

to ubiquitin-mediated degradation, and translocates to the nucleus where it associates with 

TCF/Lef transcription factors in order to induce expression of target genes (Nelson and Nusse, 

2004). Wnt signaling has multiple functions during neural development, such as regulating 

proliferation and expansion of the NSC pool (Grigoryan et al., 2008), differentiation, cell fate 

decisions, apoptosis, axial polarity, and axonal guidance (Ille and Sommer, 2005; Kleber and 

Sommer, 2004). 

 

Functionally related to -catenin is E-catenin, which acts as adaptor protein between -catenin 

and the actin fibers and promotes the assembly to bundles. aE-catenin was found to be specifically 

expressed in progenitors of the neuroepithelium and is critical for the formation of adherens 

junctions (Hirano et al., 1992). Ablation of aE-catenin results in severe dys- and hyperplasia due to 

massive proliferation. Although the entire molecular mechanism has not yet been resolved, the 

effects are caused by the upregulation of Hedgehog downstream targets that are known to be 
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involved in growth and patterning during development. Conversely, a high density of adherens 

junctions caused by the proliferation of the neuroepithelium is suggested to inhibit the Hedgehog 

pathway and hence to control the growth rate (Lien et al., 2006). Thus, E-catenin, similar to -

catenin, appears to link cellular adhesion and proliferation. It will be interesting to dissect these 

two pathways in order to elucidate whether - and -catenin signaling are independent from each 

other, since ablation of -catenin might influence the levels of -catenin and have an effect on the 

Wnt signaling pathway. 

 

3.2.4.4. Combinatorial Wnt/Bmp signaling 

 

Although Wnt/ -catenin signaling promotes cell cycle progression, its effect is context dependent. 

In the dorsal neural tube, neuroepithelial cells are exposed to both Wnt and Bmp. Bmp is known to 

be involved in patterning the neural tube (Liem et al., 1997; Marcelle et al., 1997) but it has also 

an additional role in controlling the balance between proliferation and differentiation by 

counteracting Wnt signaling. Expression of the canonical Wnt signaling component -catenin in 

its constitutively active form in the neuroepithelium results in a massive increase of proliferative 

cells. However, the proliferation-associated phenotype was observed to be significantly more 

severe in the ventral part of the neural tube, thus leading to a ventral-most expansion of the 

neuroepithelium. On the molecular level, repression of Wnt-induced proliferation by Bmp 

involves downregulation of CyclinD1, resulting in decreased cell cycle progression. Conversely, 

Wnt antagonizes neurogenesis promoted by Bmp in cultured neuroepithelial cells from the neural 

tube (Fig. 3.5).  
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Figure 3.5. Model for combinatorial Wnt/Bmp signaling in neuroepithelial cells of the neural tube. Wnt 

signaling alone promotes cell cycle progression and thus expansion of the neuroepithelial stem cell 

pool, whereas Bmp alone leads to cell cycle exit and neurogenesis. In contrast, Wnt in combination 

with Bmp signaling in the dorsal neural tube results in the maintenance of undifferentiated, slow-

cycling neuroepithelial cells. In this crossregulatory mechanism, Wnt upregulates CyclinD1 and 

counteracts the neurogenic function of Bmp. Conversely, Bmp antagonizes the proliferative activity of 

Wnt concomitant with CyclinD1 downregulation. The combinatorial activities of Wnt and Bmp thus 

control the balance between growth and differentiation of the dorsal neuroepithelium. 

 

 

Intriguingly, Wnt regulates Bmp signaling specifically in the dorsal part of the spinal cord. Indeed, 

activated -catenin overexpression leads to enhanced activation of Bmp downstream effectors 

Smad1/5/8 and ventral expansion of Msx1(Ille et al., 2007). This finding might point to an 

intrinsic control mechanism that prevents overproliferation in the dorsal neural tube. In the ventral 

part of the neural tube, however, Wnt signal activation does not induce Bmp signaling, confining 

the combinatorial Wnt/Bmp effects to a restricted neuroepithelial area. These data lead to the 

conclusion that the Wnt/Bmp signaling crosstalk results in maintenance of an undifferentiated, 

slow-cycling neuroepithelial cell. It is still unclear at which level both pathways converge to 

accomplish the crosstalk. Moreover, additional pathways presumably participate in crossregulatory 

signaling cascades. For instance, Wnt activity can also be modulated by Notch signaling in 

hematopoietic stem cells and possibly in neuroepithelial cells (Duncan et al., 2005; Märki and 
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Sommer, unpublished), thus extending combinatorial signaling in the developing CNS to a 

complex regulatory network.  

 

3.2.5. Differentiation of primary progenitors 

 

A dramatic change in the gene expression machinery is associated with the onset of neurogenesis. 

Neural progenitor cells exit the cell cycle and start to migrate mainly radially but also tangentially, 

dependent on their location in the CNS (Bayer and Altman, 1991). The stem cell remains 

connected to the ventricular surface and the differentiating progeny migrates along radial 

processes of neuroepithelial and radial glial cells to reach their destination where they are exposed 

to a new set of instructive factors that lead to terminal differentiation (Kriegstein et al., 2006). 

Many mechanisms involved in the maintenance of neuroepithelial and radial glial cells are also 

involved in differentiation. Active Notch signaling, for instance, leads to an upregulation of its 

ligands in a feedback loop and vice versa, as shown for boundary formation in Drosophila (de 

Celis and Bray, 1997). In the mammalian neuroepithelium, the Delta-like Notch ligands are 

expressed on differentiating cells adjacent to the ventricular neuroepithelial stem cells and thus 

likely control the process of maintenance and differentiation in a similar way as in boundary 

formation. Several other processes such as asymmetric division or downregulation of adhesion 

molecules are also tightly associated with early differentiation steps in the neuroepithelium. 

 

3.2.6. Neural patterning 

 

Before the onset of neurogenesis, when neuroepithelial cells are still equipotent and undergo 

symmetric proliferative divisions, early priming and a first step towards differentiation takes place: 

patterning of the CNS. Neural patterning is best understood in the developing neural tube where 

Bmp from the roof plate in combination with the activity of Sonic hedgehog, released by the floor 
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plate and the notochord, induces the division of the neural tube into discrete populations of 

neuronal precursors along the dorsal-ventral axis (Briscoe and Ericson, 1999; Briscoe et al., 2000; 

Helms and Johnson, 2003; Liu and Niswander, 2005; Roelink, 1996). These domains are 

characterized by the expression of a distinct set of proneural homeodomain (HD) or basic helix-

loop-helix (bHLH) transcription factors, which control the interplay between cell cycle 

progression and cell fate decision, and are able to act in a cross-inhibitory manner on the 

expression of each other in order to maintain sharp domain boundaries (Fig. 4.1; Briscoe et al., 

2000; Jessell, 2000; Gowan et al., 2001). These patterning events precede the expression of typical 

neuronal markers and of cell migration from the ventricular zone to the periventricular area. They 

are crucial for the coordinated differentiation of the neuroepithelium before neurogenesis is 

initiated. Although substantial progress has been made in understanding neural patterning, a major 

unresolved issue is how proneural specification is integrated in the simultaneous process of 

maintenance and differentiation of a progenitor pool. Apparently, however, coordination of growth 

and patterning involves a common set of signaling cues, including Wnt and Shh (Chesnutt et al., 

2004; Ille et al., 2007; Palma and Ruiz i Altaba, 2004). 

 

3.2.7. Neurogenesis and migration 

 

Although neurogenesis and migration are temporally tightly linked to each other, it appears that 

these are two independent processes. For instance, mutations in the Filamin1 gene lead to normal 

differentiation but the neurons fail to migrate into the cerebral cortex, as it is observed in the 

disease periventricular heterotopia (Fox et al., 1998). In contrast, neural progenitors lacking a set 

of cell cycle inhibitors failed to exit the cell cycle but were still able to migrate into the cortex 

(Zindy et al., 1999). Interestingly, bHLH factors are competent in governing both processes. As 

shown for Neurogenin1 (Ngn1) and Ngn2, these transcription factors not only activate the 
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neurogenic machinery but also upregulate genes that are critically involved in migration, such as 

Doublecortin and the Cdk5 activator p35. In particular, a DNA-binding-deficient form of Ngn was 

no longer able to induce the neurogenic transcriptional cascade, but still activated migration. 

Conversely, another mutant Ngn, impaired in triggering migration, was still able to initiate 

neuronal differentiation (Ge et al., 2006). A similar dual role in promoting differentiation and 

migration independently can also be attributed to p27Kip: On the one hand, it stabilizes Ngn2 to 

promote differentiation, and on the other hand it blocks signaling by the small RhoGTPase RhoA 

to induce migration (Nguyen et al., 2006). Ngn as well as p27Kip have been implicated as 

downstream targets of Notch and Wnt signaling (Hirabayashi and Gotoh, 2005; Kageyama et al., 

2005; Sarmento et al., 2005). Thus, these pathways tightly interdigitate with Ngn or p27Kip 

signaling and might therefore control differentiation and migration in a more complex manner than 

simply by controlling stem cell fate via proneural gene repression. 

 

3.2.8. Wnt signaling in differentiation 

 

We have already discussed the function of Wnt in the expansion of the neuroepithelial stem cell 

pool. Intriguingly, the role of Wnt in the CNS is intricate and has different effects in different 

cellular contexts dependent on the developmental stage (Ille and Sommer, 2005). In the 

developing spinal cord, Wnt1 and Wnt3, which are expressed by the roof plate, specify dorsal 

interneuronal domains independently from Bmp levels (Muroyama et al., 2002). Wnts were shown 

to play a role in induction and patterning of the forebrain, where they promote a dorsal fate while 

inhibiting a ventral identity (Backman et al., 2005; Wilson and Rubenstein, 2000). Ngn2 has been 

proposed to be a direct target of canonical Wnt signaling (Israsena et al., 2004). Likewise, Wnt7a 

in cortical neural precursor cells induced differentiation at a relatively late developmental stage 

(E13.5) and was shown to directly activate the promoter of the Ngn1 gene. Differentiation was 
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observed even in the presence of the self-renewal-promoting factor FGF2. In contrast, at earlier 

stages (E10.5), stabilized -catenin inhibits neuronal differentiation (Hirabayashi and Gotoh, 

2005). The mechanisms involved in changing the response to Wnt signals during neural 

development are still unknown. Conceivably, the activities of factors differentially modulating 

Wnt signaling over time must themselves be finely tuned. 

 

3.3. Perspectives 

 

Neuroepithelial and radial glial cells can be defined as NSCs due to their ability to give rise to the 

major cell types of the CNS – neurons and glial cells – and due to their self-renewal capacity. Over 

the last decade, many studies have uncovered mechanisms that regulate the development of these 

early progenitors. We can roughly distinguish two phases in the early development of the CNS 

regarding the cell types that serve as NSCs: In a first phase, neuroepithelial cells are generated 

from the neuroectodermal layer and form the earliest CNS structures. In a second phase, 

neuroepithelial cells transform into radial glia and extensive neurogenesis is induced. Functionally 

and morphologically the two cell types are highly related to each other, but neuroepithelial cells 

exist only transiently whereas radial glial cells persist until birth and a subset of these cells gives 

rise to adult NSCs. Maintenance and expansion in vivo are thought to be achieved by signaling 

through only a few fundamental molecular pathways such as the Notch, Bmp, Hedgehog and Wnt 

pathways, and the combination thereof, but also by maintaining symmetric division and keeping 

NSC in their niche by cell-ECM and cell-cell interactions. Integrins connect neuroepithelial and 

radial glial cells to the basal ECM, whereas adherens junctions are responsible for anchoring the 

cells to each other at the apical surface. The system complexity increases, considering that some 

molecules play dual roles as discussed for Catenins, which in addition to their structural function 

have an additional role in directly influencing genes involved in cell fate decisions and 
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proliferation. Other mechanisms that have until now attracted less attention may also play 

important roles in controlling the development of the embryonic CNS. For example, our 

knowledge of the involvement of soluble factors in the ventricular fluid that might be involved in 

stem cell maintenance in the ventricular zone is still minimal. 

 

Concurrently to the expansion of the neuroepithelial stem cell pool, neural patterning is induced as 

a first step towards differentiation, before radial glial cells emerge. With the switch to 

neurogenesis, neuroepithelial cells downregulate some epithelial features, start to express 

astroglial markers, and become replaced by radial glial cells. With the onset of neurogenesis, 

multiple events lead to asymmetric cell divisions, cell cycle exit, and migration in order to form a 

multilayered tissue out of the neuroepithelium, which later gives rise to such a complex structure 

as the brain. 

 

Recently, specific crosstalks between different pathways and mechanisms that govern early 

development of the CNS have been discovered. Our knowledge of how these pathways are 

orchestrated and how they integrate their action with other cellular signals to control specific 

developmental steps is still modest. Moreover, it will be of major interest to explore upstream 

factors that activate expression of those genes that define the signaling backbone for CNS 

development. 
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4. Part I 

 

 

The Role of the Notch Signaling Components Jagged1 and Manic Fringe in the 

Development of the Neural Tube 
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4.1. Introduction 

 

Along the dorsal-ventral axis of the developing spinal cord, distinct types of neuronal cells arise 

from neural stem cells by a complex interplay of extra- and intracellular signaling in a defined 

temporal manner. The establishment of separate populations of neuronal precursors together with 

an exact positioning of progenitor subtypes is suggested to be indispensable for the correct 

formation of functional neural circuits that coordinate motor output and relay of sensory 

information to the CNS (Briscoe and Ericson, 2001). The proliferating multipotent neuroepithelial 

cells lining the ventricle of the neural tube are patterned early in development into distinct 

neuronal progenitors with a limited differentiation potential. Bmp, from the roof plate, in 

combination with the activity of Sonic hedgehog (Shh), released by the floor plate and the 

notochord underneath the neural tube (Roelink, 1996), were shown to give rise to the division of 

the neural tube into discrete populations
 
of neuronal precursors (Briscoe and Ericson, 1999; 

Briscoe et al., 2000). The dorsal-ventral gradient of Bmp and Shh leads to the generation of five 

distinct ventral and six dorsal progenitor domains that express a specific set of homeodomain or 

basic helix-loop-helix transcription factors (Fig. 4.1; Helms and Johnson, 2003; Jacob and Briscoe, 

2003). The unique expression pattern in the ventral spinal cord is determined by negative (class I) 

or positive (class II) regulation of the transcription factors as a response to the specific 

concentration of Shh to which cells of each domain are exposed. Progenitor gene expression 

domains are maintained by crossinhibitory activities of the transcription factors that share the 

border of a specific domain. Dorsal neural tube patterning is dependent on a gradient of Bmp and 

in part also on Wnt signaling activity (Helms and Johnson, 2003; Liu et al., 2004; Muroyama et 

al., 2002). However, the mechanism by which the suggested morphogen gradients are translated 

into a combinatorial transcription factor pattern has not yet been clearly defined. Two main classes 

of dorsal interneurons can be distinguished by virtue of their dependence on Bmp and their 
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expression of the homeodomain transcription factor Lbx1: class A interneuron precursors (dIP 1-3) 

are dependent on roof plate signals and repressed by Lbx1, whereas class B interneuron precursors 

(dIP4-6) are independent of roof plate signaling and induced by Lbx1 (Fig. 4.1; Gross et al., 2002; 

Muller et al., 2002). 

It remains to be elucidated whether additional signals contribute to dorsal and ventral positional 

information in parallel to the Bmp-Shh gradient. 

Figure 4.1. Patterning of the neural tube. Bmp and Wnt from the dorsal roof plate and Shh released 

from the floor plate and the notochord generate a dorsal-ventral morphogen gradient that patterns the 

neuroepithelial cells into discrete domains. Each domain is characterized by a unique combination of 

bHLH or HD transcription factors (progenitor markers) that specify early dorsal or ventral interneuron 

progenitors (dIP1-6, vP0-3) or motoneuron progenitors (PMN). Several transcription factors are 

expressed in multiple domains, others are confined to a single progenitor domain. After migration to the 

periventricular zone of the neural tube, the progenitors give rise to specialized subpopulations of dorsal 

(dI1-6) and ventral (vP0-3) interneurons, motoneurons (MN) or later also oligodendrocytes, 

accompanied by the expression of more mature markers.  

 

 

Notch signaling is known to lead to lateral inhibition by reciprocal signaling between equipotent 

cells, thereby inhibiting the Notch receptor expressing cell to differentiate into a neuronal 
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progenitor. Interference with Notch signaling leads to the depletion of the neural stem cell pool 

(Louvi and Artavanis-Tsakonas, 2006). However, in Drosophila wing development, a second role 

of Notch is to induce new cell types at the boundary between distinct cell populations (Kim et al., 

1996; Lai, 2004). Modification of the Notch receptor by Fringe in dorsal cells enhance Notch 

signaling by ventral Delta-expressing cells and inhibit Serrate-mediated Notch activation by dorsal 

cells, thereby restricting Notch activation to a narrow band at the dorsal-ventral boundary 

(Micchelli and Blair, 1999; Rauskolb et al., 1999). Notch signaling could therefore also be 

potentially involved in the basic establishment of defined domains of neural progenitors in the 

mammalian CNS via differential ligand usage or modulation of Notch receptor affinity to its 

ligands. Jagged1 is one of the alternative ligands of the Notch receptor that is expressed in two 

distinct domains in the ventral part of the neural tube (Lindsell et al., 1996). Notch signaling 

activity via Jagged and its implications in fate decision of stem cell populations within the spinal 

cord has so far not been addressed. Interestingly, the expression of Jagged1 is adjacent on the one 

hand to domains where oligodendrocyte and motoneuron progenitors arise, on the other hand to 

the expression of one of the Fringe family members, Manic fringe, that regulates activity of Notch 

signaling. Three fringe-related genes have been cloned and characterized in vertebrates (Laufer et 

al., 1997; May et al., 1997; Rodriguez-Esteban et al., 1997). They possess an acetyl-

glucosaminyltransferase activity that initiates elongation of O-linked fucose residues attached to 

epidermal growth factor-like sequence repeats of Notch and modifies thus affinity of the Notch 

receptor to its ligands (Moloney et al., 2000). Lunatic and Manic fringe were found to inhibit 

Jagged1- and potentiate Delta1-mediated Notch signaling (Hicks et al., 2000). Fringes are thus 

suggested to increase the combinatorial repertoire of Notch signaling. Notch signaling and its 

regulation by Lunatic fringe was shown to be important in patterning the early embryonic rostral-

caudal axis into somites (Barrantes et al., 1999; Evrard et al., 1998; Zhang and Gridley, 1998). 

However, the function of Notch signaling and the potential involvement of Fringes in patterning 
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the dorsal-ventral axis of the neural tube remains to be determined. We therefore analyzed the 

function of Jagged1 and Manic fringe during early neural tube development using a transgenic 

mouse line and electroporation of nucleic acid constructs into chicken embryos. 
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4.2. Results 

 

Mice lacking Jagged1 in the developing CNS upon conditional gene ablation under the control of 

the Brn4 promoter are born but die between postnatal week 2 and 3 (data not shown). The reason 

for this finding remains currently unknown. Our analysis of the early developing CNS revealed no 

specific alteration in differentiation, neuronal subtype specification or proneural patterning in 

Jagged1 mutant mouse embryos. Moreover, mRNA expression of fringes and oligodendrocyte and 

motoneuron specification factor olig2 is not changed in the mutant neural tube. Modulation of 

Notch signaling by means of Manic fringe overexpression in the chicken neural tube does not have 

any detectable effect, neither on the Jagged1 expression pattern, nor on those of selected 

proneural, motoneuron- or oligodendrocyte-spcification genes. 

 

4.2.1. Conditional Jagged1 ablation 

 

In order to assess the role of Jagged1 in the developing spinal cord we conditionally ablated 

Jagged1 by using the Cre-loxP system. LoxP sites flank the exon1 and exon2 that comprise the 

coding region for the signal peptide of Jagged1 (Nyfeler et al., 2005). The Brn4-Cre transgenic 

mouse line that expresses Cre under the control of the Brn4 promoter was used to conditionally 

ablate Jagged1 in the spinal cord (Heydemann et al., 2001). Cre activity was monitored by using 

the ROSA26 Cre reporter transgene (Soriano, 1999), which expresses -Galactosidase upon Cre-

mediated removal of a Stop cassette in front of the lacZ transgene (Fig. 4.2A). X-Gal staining for 

-Galactosidase activity demonstrated Cre activity in the control and mutant spinal cord at 

embryonic day (E)11 (Fig. 4.2B-C). mRNA in situ hybridization for jagged1 revealed absence of 

jagged1 mRNA in the recombined mutant area, demonstrating efficient ablation of Jagged1 in 

embryonic spinal cord (Fig. 4.2D-E).  
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Figure 4.2. Brn4-Cre-mediated Jagged1 ablation in the spinal cord. A, Jagged1 contains a signal 

peptide (SP), a delta/serrate/LAG-2 domain (DSL), a cystein-rich region (CRD) and transmembrane 

domain (TM). Exon1 (ex1) and exon2 (ex2), a genomic region that comprises the signaling peptide 

(SP), are flanked by loxP sites and are excised upon Cre expression. The lacZ gene (lacZ) followed by 

a polyadenylation sequence (bpA) of the R26R reporter is activated upon Cre-mediated removal of the 

Stop cassette (PGK neo 4xpA). Cre reporter analysis demonstrates -Galactosidase activity (lacZ) on 

transversal sections through the spinal cord at E11 (B, C). mRNA in situ hybridization for jagged1 

(jag1) in the control (co) and mutant (J1 cko) spinal cord at E11 (D, E). 

 

 

4.2.2. Jagged1 ablation does not affect differentiation and proliferation in the spinal cord 

 

Many previous studies on impaired Notch signaling in the nervous system demonstrated loss of 

proliferation and premature neuronal differentiation (Louvi and Artavanis-Tsakonas, 2006). Notch 

signaling via Jagged1 was in particular shown to be required for maintaining NSCs in the postnatal 
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subventricular zone and for premature neurogenesis in the cerebellum (Nyfeler et al., 2005; Weller 

et al., 2006). Ablation of Jagged1 in the early developing CNS however, did not lead to an 

increase in differentiating cells in the neuroepithelium of the spinal cord as shown by the 

unchanged expression of delta-like1 (dll1) mRNA, assessed by in situ mRNA hybridization (Fig. 

4.3A,B).  

Figure 4.3. Differentation and proliferation of neuroepithelial cells in the spinal cord are not affected 

upon Jagged1 ablation. A, B, mRNA in situ hybridization for dll1 in the control and mutant spinal cord 
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at E11. C-F, Expression of sox2 mRNA in control and mutant spinal cord at E11 and E13.5. 

Immunohistochemistry for Ki67 and NF160 in the control and mutant spinal cord at E11 and E13.5 (G-

J). 

 

Consistently, mRNA expression of the neural stem cell marker sox2 was not affected (Fig. 4.3C-

F), and immunostaining for Ki67 as well as for Neurofilament (NF)160 (Fig. 4.3G-I) 

demonstrated that ablation of Jagged1 has no effect on proliferation or neuronal differentiation in 

the spinal cord between E11 and E13.5. These findings show that the results emanating from the 

inactivation of Jagged1 in the early developing spinal cord are not reminiscent of a typical Notch 

signaling mutant phenotype where NSC maintenance is generally lost. 

 

 

 

4.2.3. Jagged1 is not involved in oligodendrocyte specification via Manic fringe 

 

While the Delta-like1 Notch ligand is expressed throughout the dorsal-ventral axis of the neural 

tube, jagged1 mRNA is expressed in two radial stripes in the ventral neural tube (Fig. 4.4A; 

Lindsell et al., 1996).  

 

Figure 4.4. Jagged1 and Manic fringe are expressed in complementary domains. A, Jagged1 (jag1) 

mRNA expression in the spinal cord at E10.5. B, B´, mRNA in situ hybridization for jag1 and manic 

fringe (mfng) on adjacent transversal sections through the spinal cord. Note the complementarity of 

jag1 and mfng mRNA expression as indicated by the arrows. C, mRNA in situ hybridization for mfng 

in the spinal cord at E10.5. 

 

In addition, the complementarity of the expression pattern of one of the Notch receptor 

modulators, Manic fringe (Mfng), to the expression of Jagged1, was particularly obvious (Fig. 
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4.4A-C). We therefore speculated about a potential role of Jagged1 either in the specification of 

ventral domains via Mfng or an influence on Mfng expression. Thus, we first analyzed the 

expression of fringes by mRNA in situ hybridization upon Jagged1 ablation. There was neither a 

detectable alteration in the mRNA expression of mfng (Fig. 4.5A,B), nor of lunatic fringe (Fig. 

4.5C,D) when comparing the Jagged1-mutant to the control spinal cord. 

Figure 4.5. Fringe mRNA expression is not altered upon Jagged1 ablation. mRNA in situ hybridization 

for mfng (A, B) and lunatic fringe (lfng, C, D) in control and mutant spinal cord at E11. 

 

 

Oligodendrocyte and motoneuron precursors emerge from a population of Olig2+ cells in the 

ventral MN (motoneuron) domain of the spinal cord adjacent to the Jagged1 domain and in the 

ventral Mfng domain. We therefore tested the expression of early oligodendrocyte and 

motoneuron markers in the Jagged1-deficient spinal cord. Olig2 mRNA was expressed accurately 

at E11 upon ablation of Jagged1 showing that the induction of olig2 is independent of Jagged1 

(Fig. 4.6A,B). Since olig2 is not an exclusive oligodendrocyte marker but is also expressed by 

motoneuron precursors, analysis of the later marker for oligodendrocytes, sox10, demonstrated its 

accurate expression in the ventral part of the Jagged1 mutant (Fig 4.6A,B). These findings strongly 

suggests, that the initiation of oligodendrocytes remains unaffected after inactivation of Jagged1. 
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Because there was no detectable effect on the olig2+ domain, we investigated the expression of 

motoneuron marker Islet1. The expression of Islet1 was not impaired in the Jagged1-mutant 

neuroepithelium (Fig. 4.6E,F), suggesting that the initiation of the motoneuronal lineage is not 

defective. 

Figure 4.6. Jagged1 ablation does not affect oligodendrocyte and motoneuron progenitor domains or 

proneural gene expression. mRNA in situ hybridization for olig2 (A, B) and sox10 (arrows in C and D) 

on transversal sections through the spinal cord at E11 and E13.5, respectively. E, F, Immuno-
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histochemistry for Islet1 on transversal sections at E11. mRNA expression of proneural gene mash1 at 

E11 (G, H) and ngn2 at E13.5 (I, J). 

 

We next investigated the expression of selected proneural genes in the ventral spinal cord. Mash1 

and Ngn2 have both an expression domain in the ventral part where Jagged1 is expressed. There 

was no apparent difference in the mRNA expression of mash1 and ngn2 at E11 and E13.5, 

respectively (Fig. 4.6G-J).  

We therefore conclude that Jagged1 ablation has no effect on the proliferation and lineage 

specification in the early ventral spinal cord. 

 

 

 

4.2.4. Manic fringe overexpression has no effect on Jagged1 expression, proneural genes, 

oligodendrocyte and motoneuron progenitors 

 

Generation of conditional knock out mice has been established as a powerful tool to study gene 

function in a specific adult or embryonic tissue. An alternative method to investigate gene function 

in the developing CNS is the manipulation of the developing chicken neural tube by 

electroporation of DNA or RNA constructs due to its easy accessibility (Sauka-Spengler and 

Barembaum, 2008). In collaboration with the Institute for Quantum Electronics, ETH Zurich, we 

engineered a simple electroporator that deliveres 5 square pulses and an adjustable voltage output. 

Recording of the signal with an oscillograph demonstrated that our pulse generator fulfilled the 

requested parameters for 5 square pulses of 50ms duration with an interval of 450ms (Fig. 4.7A). 

As a proof of principle, we electroporated the empty expression vector pCAGGs expressing a 

GFP-reporter (Persson et al., 2002) into Hamburger-Hamilton (HH) stage 11 chicken embryos and 

analyzed them 2 days after electroporation. Electroporated chicken embryos developed normally 

(Fig. 4.7B) in comparison to the unelectroporated controls (data not shown) and expressed GFP 

throughout the electroporated area (Fig. 4.7B´). Cross sections through this region demonstrated 
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efficient electroporation of the spinal cord and normal expression of ventral markers Nkx2.2 and 

Mnr2 (Fig. 4.7C,D). 

 

Figure 4.7. Electroporation of chicken embryonic neural tube using a self-made, simple pulse 

generator. A, Recordings from an oscillograph measuring the 5 square pulses when applying 24V and a 

resistance of 470 . The output is plotted against the time. The detailed recording of the single pulse 

demonstrates an accurate square pulse of 50ms duration as shown in the right graph. Bright field (BF, 

B) and immunofluorescent (B´) micrographs depicting the neural tube of a HH22 chicken embryo 2 

days after electroporation with pCAGGs expressing GFP. Immunohistochemistry for GFP, Nkx2.2 and 

Mnr2 on transversal section through the spinal cord of electroporated chicken embryos (HH22), 2 days 

post electroporation with pCAAGs vector (C, D). 
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Since no Mfng conditional mutant mouse model was available, knocking down mfng mRNA by 

RNA-interference in the chicken neural tube was a promising method (Pekarik et al., 2003). 

Therefore, we produced double-stranded RNA (dsRNA) from chicken (Gallus gallus) mfng and 

electroporated long and short mfng dsRNA into the chicken neural tube. However, efficient knock 

down of mfng mRNA could not be achieved (data not shown). In stead of a loss of function 

approach, we overexpressed Mfng in order to elucidate a potential role of this Notch signaling 

component in proliferation or patterning of the early neural tube.  

To this end, a full-length clone of mouse mfng (mmfng) – since the full-length clone of chicken 

mfng was not available - was cloned into the pCAGGs expression vector in order to overexpress 

Mfng. Chicken embryos were electroporated at HH11 and analyzed at HH22. As shown by mRNA 

in situ hybridization mmfng was efficiently expressed along the dorsal-ventral axis of the 

electroporated side (Fig. 4.8A). There was however, no effect upon ectopic mmfng overexpression 

on the mRNA expression of serrate1 (jagged1) as tested in adjacent sections (Fig. 4.8B).  

Figure 4.8. Overexpression of manic fringe has no effect on serrate1 (jagged1) expression. mRNA in 

situ hybridization on adjacent transversal sections through the spinal cord for mouse mfng (mmfng, A) 

and serrate1 (ser1, B), 2 days post electroporation with pCAGGS vector containing a full-length 

sequence of mmfng. 

 

 

Further analysis of proneural mRNAs, cash1, cath1 (chicken homologs of mouse mash1 and 

math1) and ngn1, did not show any detectable effect on their expression pattern upon constitutive 

expression of mmfng when comparing the electroporated to the control side (Fig. 4.9A-C). 
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Moreover, oligodendrocyte and motoneuron specification factors were accurately expressed upon 

mmfng overexpression as shown by mRNA in situ hybridization for olig2 and 

immunohistochemistry for Nkx2.2 and Mnr2 (Fig. 4.9D-F).  

Figure 4.9. Manic fringe overexpression does not impair expression of proneural genes and 

oligodendrocyte or motoneuron specification factors. mRNA in situ hybridization for cash1, ngn1 and 

cath1 on transversal sections through the chicken spinal cord at HH22, 2 days after the electroporation 

of pCAGGs expressing mmfng (A-C). mRNA expression analysis for olig2 (D) and 

immunohistochemistry for Nkx2.2 and Mnr2 (E, F) upon mfng overexpression. Immunohistochemical 

staining for GFP in E and F reports the area of pCAGGs-mmfng expression. The electroporated side is 

in all panels to the right. 

 

Although, a number of studies reported functional activity of mouse genes in the chicken system 

(Bylund et al., 2003; Hosking et al., 2007; Ulloa et al., 2007), it cannot be excluded, that murine 
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Mfng is not functional in the chicken neuroepithelium due to only 60% identity when aligning the 

protein sequences (data not shown). 

 

From this experiments we conclude that alblation of Jagged1 and overexpression of Mfng have no 

effect on proneural gene expression or specification of oligodendrocyte or motoneuron precursors. 
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4.3. Discussion 

 

Notch signaling is modulated by different mechanisms: differential ligand usage, modification of 

the EGF repeats on the Notch receptor and ligand by Fringes and by mechanisms that are involved 

in Notch receptor and ligand turnover or shuttling to the surface (Louvi and Artavanis-Tsakonas, 

2006). Different expression patterns of Delta-like and Jagged ligands (Lindsell et al., 1996) also 

suggest region-specific differences in Notch signal activity and function. The best example of how 

different Notch signaling activities and ligand usage influences cell fate, comes from boundary 

formation in the Drosophila wing development. Notch activity along the dorsal-ventral wing 

boundary depends on the modification of the Notch receptor on dorsal cells by Fringe, which is 

restricted in its expression to the dorsal wing imaginal disc. This process leads to a higher affinity 

to the Delta-like ligand expressed on ventral cells and to inhibition of binding to Serrate that is 

only expressed in dorsal cells. This results in the strict separation of the dorsal and ventral cell 

populations (Fortini, 2000; Rauskolb et al., 1999). In vertebrates, differential Notch signaling and 

ligand usage is also involved in boundary formation, notably in somitogenesis. In the Zebrafish 

hindbrain, Radical fringe, a fringe paralogue, is expressed in boundary cells adjacent to Delta-

expressing cells, which induces a high Notch signal activity restricted to the interface between the 

rhombomeres. Thereby the boundaries are maintained and concomitantly premature neuronal 

differentiation is prevented (Cheng et al., 2004). Similarly, in the developing chicken brain, 

specific expression and activity of Lunatic fringe delineates the boundary between the dorsal and 

the ventral thalamus (Zeltser et al., 2001). During somitogenesis Lunatic fringe and Notch 

signaling effectors were shown to be cyclically expressed. Lunatic fringe appears to periodically 

inhibit Notch, causing an oscillation of Notch signaling activity thus establishing segmental 

borders (Dale et al., 2003; Kageyama et al., 2007; Morimoto et al., 2005). 
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The Notch ligand Jagged1 is expressed in two radial stripes in the ventral neural tube. In addition, 

Manic fringe, one of the Fringe homologs, is expressed complementary to the Jagged1 expression 

pattern. These particular expression patterns suggest a potential role for these Notch signaling 

components in specifying and defining boundaries of adjacent motoneuron, interneuron or 

oligodendrocyte progenitor domains. Moreover, Jagged1 could be implicated in the local control 

of the balance between maintenance and differentiation of stem cells as numerous previous studies 

on Notch signaling have demonstrated (Louvi and Artavanis-Tsakonas, 2006). Our data however, 

do not support the notion that conditional ablation of Jagged1 in the developing CNS influences 

the expression of stem cell markers or impairs proliferation and consequently also differentiation. 

This finding suggests that other mechanisms compensate the signal-sending role of Jagged1. 

Although there was no detectable upregulation of delta-like ligand, this alternative Notch ligand 

has to be considered as potential compensatory factor that maintains the Notch signaling activity in 

the area where Jagged1 was ablated. Another compensation might come from Jagged2 that was 

shown to be uniformly expressed in the pMN domain of the ventral neural tube in Zebrafish. In the 

Zebrafish neuroepithelium, Jagged2-mediated Notch signaling plays a role in maintaining dividing 

progenitors in the ventral neural tube until they adopt specific fates (Yeo and Chitnis, 2007). 

Notch signaling has also been implicated in oligodendrocyte development. It was shown to be 

important for correct temporal and spatial differentiation of oligodendendrocytes (Genoud et al., 

2002), being specifically mediated by Jagged1 in oligodendrocytes associated with the optic nerve, 

for instance (Wang et al., 1998). Intriguingly, cytokine-induced expression of Jagged1 in 

hypertrophic astrocytes in multiple sclerosis plaques was shown to activate the Notch pathway in 

immature oligodendrocytes that express Notch1, thus preventing remyelination (John et al., 2002). 

Moreover, Notch signaling is indispensable for oligodendrocyte precursor specification, as it has 

been demonstrated in the developing Zebrafish neural tube (Kim et al., 2008; Park and Appel, 

2003). In the murine neural tube, we can exclude that oligodendrocyte progenitor specification is 
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dependent on the expression of Jagged1 since sox10-positive progenitors arise from the olig2 

domain in the conditional Jagged1 mutant. It however remains elusive whether there might be a 

potential late phenotype in terminal differentiation of oligodendrocytes during later stages of 

development. The olig2 domain also gives rise to motoneuron progenitors. Consistent with the 

proper establishment of the olig2 domain in the mutant, there is no defect in motoneuron 

specification as shown by the presence of cells that express the motoneuronal marker Islet1. 

Surprisingly, there was also no effect on selected proneural genes that are involved in patterning 

the neural tube but this is consistent with the ablation of the Notch downstream effectors Hes1 and 

Hes5, where proneural patterning is not affected (Hatakeyama et al., 2004). However, in contrast 

to Jagged1, Hes gene expression is not limited to such restricted domains, which most probably 

leads to a more widespread Notch signal interference upon Hes ablation as compared upon 

inactivation of Jagged1. These results are analogous to the finding that Jagged1-deficient neural 

stem cells are not impaired in their multipotency (Nyfeler et al., 2005). 

We therefore conclude that Jagged1 ablation has no effect on patterning and the specification of 

oligodendrocyte or motoneuron progenitors. 

 

Since Manic fringe shares the borders of the expression domains with Jagged1, the depletion of 

the latter could have potentially been involved in establishing the expression borders of Manic 

fringe. Ablation of Jagged1 does not influence the expression of Manic fringe and its paralog 

Lunatic fringe. Therefore, it was of interest whether, vice versa, manipulation of Manic fringe 

expression alters the Jagged1 domain, as it was observed for Delta-like upon Lunatic fringe 

expression alteration (ME et al., 2007; Zhang and Gridley, 1998). Due to the lack of a suitable 

mouse model, we took advantage of manipulating the chicken embryonic neural tube by 

electroporation of nucleic acid constructs. Since RNA-interference with dsRNA obtained from a 

chicken Manic fringe expressed sequence tag (EST) was not efficient, we overexpressed Manic 
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fringe in the developing chicken neural tube. Although Manic fringe was efficiently expressed 

throughout the dorsal-ventral axis of the neural tube, there was no effect on the expression pattern 

or level of serrate1 (jagged1). This data suggests no mutual regulation between Jagged1 and Manic 

fringe in the early developing neural tube. 

 

The glial lineage is promoted by Notch signaling (Gaiano and Fishell, 2002) and might therefore 

also be implicated in the generation of an oligodendroglial precursor although late oligodendrocyte 

differentiation is inhibited by Notch (Louvi and Artavanis-Tsakonas, 2006). Whether Notch signal 

modulation by Fringes plays a role in oligodendrocyte fate induction has not yet been investigated. 

We provide evidence that at least Manic fringe overexpression does not interfere with 

oligodendrocyte cell fate specification, the generation of motoneurons and expression of selected 

proneural genes. 

It remains unclear whether ectopic expression and overexpression of Manic fringe in the 

developing neural tube is indeed not involved in oligodendrocyte, motoneuron or interneuron fate 

specification and rather provides positional information along the rostral-caudal axis, as Lunatic 

fringe does during somitogenesis, or whether mouse Manic fringe is not functional in the chicken. 

Numerous studies used expression of mouse genes, particularly also murine Lunatic fringe (Zeltser 

et al., 2001), in the chicken system and they have been shown to lead to functional expression of 

the proteins (Bylund et al., 2003; Hosking et al., 2007; Ulloa et al., 2007).  

 

The reason for the particular expression patterns of Jagged1 and Manic fringe and which functions 

these two proteins fulfill during the early developing neural tube remains an unanswered and 

interesting question that will need further investigations. Apart from its role in oligodendrocyte 

differentiation, as discussed before, Jagged1 appears to play several roles as for example a 

presumptive role in maintaining subventricular zone progenitors in concert with Notch1 in the 
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adult CNS (Nyfeler et al., 2005). In terminal neuronal differentiation, Jagged1 was found to be a 

possible candidate that is involved in mediating Notch1 signaling in hippocampal mature neurons 

thereby enhancing synaptic plasticity (Wang et al., 2004). 

These data demonstrate that our understanding of differential Notch ligand usage and signal 

modulation in the developing and adult CNS is still modest. 



PART I                                                                                                                                    Outlook 

47 

4.4. Outlook 

 

Conditional ablation of Jagged1 in the early developing CNS has no effect on proneural 

patterning, altered neuroepithelial stem cell proliferation or specification of the motoneuron and 

oligodendroglial lineage. These findings demonstrate that Jagged1 is basically dispensable for 

normal development of the neural tube at early stages. The observation that mice deficient for 

Jagged1 die postnatally suggests specific late defects in CNS development that affect the viability 

of the born animals. The analysis of later stages of Jagged1-mutant animals could shed light on 

possible malfunctions of the neuronal network due to defects possibly related to those observed in 

the Jagged1-deficient cerebellum (Weller et al., 2006) that might finally lead to lethality. 

Moreover, such an analysis could give information about a putative function in maintenance of 

late restricted progenitors or of a subset of adult neural stem cells as suggested by the expression 

pattern of Jagged1 in the subventricular zone (Nyfeler et al., 2005). Since Jagged1 was shown to 

efficiently activate Notch signaling in neural stem cells in vitro (Lindsell et al., 1995; Nikopoulos 

et al., 2007; Nyfeler et al., 2005), an interesting aspect to address is whether Jagged1 could replace 

the function of Delta-like ligand in vivo. To this end, Jagged1 expression would need to be driven 

from the Delta-like promoter, ideally in the absence of Delta-like ligand. Such an experiment 

would not only reveal to which extent neuroepithelial stem cells can be maintained by Jagged1 in 

vivo but also whether Notch pathway activation by an alternative Notch ligand affects neuronal 

subtype specification or whether Notch signaling could even have an instructive role for certain 

lineages depending on the Notch signal-sending component. Consequently, this would rise the 

issue of how downstream targets can be differentially activated and which additional components 

are required in order to discriminate a Notch signal that emerges from Delta-like or Jagged binding 

to the Notch receptor. 



PART I                                                                                                                                    Outlook 

48 

Notch receptors can in principle bind to several Notch ligands of the Delta-like and Jagged family 

(Hicks et al., 2000; Jarriault et al., 1998; Kuroda et al., 1999; Li et al., 1998; Lindsell et al., 1995; 

Shimizu et al., 2000a; Shimizu et al., 1999; Shimizu et al., 2000b). It has been suggested that 

Fringes play an important role in influencing ligand selectivity. Fringe activity has so far not been 

shown to prevent binding of a ligand to a particular Notch receptor but rather alters receptor 

affinity to the ligand thereby inhibiting or potentiating Notch signals in the signal-receiving cell 

(Hicks et al., 2000; Yang et al., 2005). We were particularly interested in Manic fringe due to its 

complementary expression pattern to Jagged1 in the neural tube. Since our RNA-interference-

mediated knock down approaches for Manic fringe by directly electroporating dsRNA constructs 

to the neuroepithelium were not efficient, an alternative method, such as the production of dsRNA 

from an electroporated plasmid, should be considered. This technique would also advantageously 

allow direct monitoring of the electroporation efficiency. The loss of Manic fringe function could 

provide insight in its function in the neuroepithelium what remains so far still elusive. 

Additionally, it would be beneficial to improve overexpression of a Manic fringe gene that 

corresponds to the investigated species thus ensuring the correct function in the targeted 

developing neuroepithelium in mice or chicken. Together with the analysis of differential target 

gene activation, this approach would provide new insight in how combinatorial Notch signaling 

influences neuroepithelial stem cell fate choice.  



PART II                                                                                                                   Title and Abstract 

49 
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Abstract 

The early developing central nervous system (CNS) consists of neuroepithelial and radial 

glial cells that divide either symmetrically to expand the neural stem cell (NSC) pool or 

asymmetrically to give rise to neuronal cells. Some divisions, normally restricted to the 

forebrain, also produce transiently existing basal progenitors that amplify the number of 

neurons and are assumed to be crucial for cortical expansion. Notch signaling is one of the 

central pathways that controls maintenance versus differentiation of NSCs during 

neuroepithelial development and is highly active in the ventricular zone. Here we show that 

ablation of Notch1 in the CNS leads to increased generation of basal progenitors throughout 

the CNS, before neuroepithelial cells precociously exit the cell cycle and acquire neuronal 

traits. The accumulation of basally dividing progenitors was not secondary to overall 

changes in proliferation, disruption of neuroepithelial integrity, or impaired interkinetic 

nuclear migration (INM). Rather, the increase in basal cell divisions upon Notch1 

inactivation was accompanied by a decrease in apical mitosis, suggesting a switch from 

direct to indirect neurogenesis even in areas usually devoid of basal progenitors. 

Importantly, when neuronal differentiation was prevented, Notch1 inactivation still led to 

enhanced basal progenitor cell numbers, indicating that the control of basal progenitor 

formation represents a Notch1 function independent of its reported role in inhibiting 

neuronal differentiation. 
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5.1. Introduction 

 

Maintenance of neural stem cells (NSCs) and their sequential fate commitment are key processes 

during the development of the central nervous system (CNS). One of the fundamental signaling 

pathways coordinating these processes in stem cells of the neuroepithelium is the Notch pathway 

(Louvi and Artavanis-Tsakonas, 2006). Primary targets of the activated intracellular domain of 

Notch together with the transcriptional regulator C-promoter binding factor 1 (CBF1) are the 

Hairy and enhancer-of-split (Hes) genes encoding transcriptional repressors (Fortini and 

Artavanis-Tsakonas, 1994) that bind to the promoter regions of proneural genes and thus prevent 

differentiation into neural progenitors (Jarriault et al., 1995). Several studies demonstrated that 

interference with the Notch/Hes pathway leads to premature neurogenesis and depletion of the 

NSC pool (Hitoshi et al., 2002; Nakamura et al., 2000; Ohtsuka et al., 2001). However, Notch 

signaling is not only repressive but also promotes and is required for the generation of the glial 

lineage (Gaiano et al., 2000). 

 

One of the Notch receptors, Notch1, is strongly expressed at the apical side of the neuroepithelium 

that contains NSCs (Lindsell et al., 1996). The NSC pool of the early developing CNS consists of 

neuroepithelial cells that are thought to transform into radial glial cells at later stages (Gotz and 

Huttner, 2005; Merkle and Alvarez-Buylla, 2006). These highly polar cell types span the 

neuroepithelial layer from the apical side to the basal membrane and their nuclei migrate along the 

apical-basal axis during the cell cycle, a phenomenon known as interkinetic nuclear migration 

(Seymour and Berry, 1975; Takahashi et al., 1993). Neuroepithelial and radial glial cells divide 

symmetrically or asymmetrically, as defined by the cleavage plane orientation and the subsequent 

distribution of apical proteins to the daughter cells. A symmetric division results in two NSCs, an 

asymmetric division in a NSC and a differentiating cell (Huttner and Kosodo, 2005). However, 
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some divisions in the developing telencephalon produce transiently existing apical short neural 

precursors (SNPs; Gal et al., 2006) and basal progenitors, also called intermediate progenitors, that 

divide symmetrically in the subventricular zone and give rise to two neurons and thus contribute to 

the cortical expansion (Haubensak et al., 2004). Neurons therefore either arise directly from 

asymmetric divisions of NSCs, or indirectly from SNPs or basal progenitors. As shown in the 

forebrain, indirect neurogenesis involving SNPs is regulated by CBF1 (Mizutani et al., 2007), 

while Mind bomb 1 (Mib1) – an activator of the Notch pathway (Koo et al., 2005) – has been 

associated with indirect neurogenesis involving basal progenitors (Yoon et al., 2008). It remains 

elusive, however, whether the generation of basal progenitors and neuronal differentiation are 

independently regulated processes. 

 

Here, we show that conditional depletion of Notch1 leads to an accumulation of basal progenitors 

in the entire developing CNS independently of neuronal differentiation and without primarily 

affecting overall proliferation, the integrity of the neuroepithelium, the cleavage plane orientation, 

or INM. Our data suggest that Notch signaling suppresses indirect neurogenesis by inhibiting the 

generation of basal progenitor cells. 



PART II                                                                                                                                    Results 

53 

5.2. Results 

 

5.2.1. Conditional ablation of Notch1 in the CNS 

 

To address the role of Notch signaling during early CNS development, we conditionally 

inactivated Notch1 using the Cre-loxP system. In this system, exon1 of the Notch1 gene, encoding 

the Notch1 signaling peptide, is excised by Cre-dependent recombination (Fig. 5.1A; Radtke et al., 

1999). We took advantage of the Brn4-Cre transgenic mouse line, in which Cre is active in the 

CNS from embryonic day (E)9 onwards (Heydemann et al., 2001), as monitored by Cre-induced 

-Galactosidase expression using the ROSA26 mouse Cre reporter line (Soriano, 1999). X-Gal 

staining of transversal sections of the dorsal telencephalon, the hindbrain, and the spinal cord at 

E10.5 revealed Cre recombinase activity throughout the entire neuroepithelium of these CNS 

regions (Fig. 5.1B-E). Genomic recombination was proven by PCR as shown in Fig. 5.1F. In situ 

hybridization revealed highly reduced levels of notch1 mRNA and its downstream effector hes5 in 

the telencephalic region (Fig. 5.1G-J) and the developing spinal cord (data not shown), 

demonstrating the efficient inactivation of Notch1. Hes1 and hes3 mRNA levels, however, were 

not affected upon Notch1 ablation, suggesting a specific role for Notch1 in the control of Hes5 

(data not shown). 

 

Figure 5.1. Brn4-Cre-mediated Notch1 ablation in the CNS. A, Notch1 contains a signal peptide, EGF 

repeats (EGF), a cystein-rich region (LN), a transmembrane domain (TM), cytoplasmic ankyrin repeats 

(Cdc10), and a PEST sequence. Exon1 (ex1), encoding the signaling peptide (SP), is flanked by loxP 

sites and is excised upon Cre expression. Primers P1 and P2 detect the allele with loxP sites, primers P3 

(annealing between second loxP site and ex2) and P1 the deleted form. B-E, Cre reporter analysis 

reveals -Galactosidase activity (lacZ) in the entire CNS. Transversal sections through an E10.5 

embryo are shown for the telencephalon (C), hindbrain (D) and spinal cord (E). F, Proof of genomic 

recombination by PCR. Identification of the wt (297bp), floxed (350bp) and deleted (del, 400bp) alleles 

in recombined and non-recombined tissue. The left panel shows PCR analysis of an embryonic tail 

section, the right panel of neuroepithelium from the neural tube at E10.5. mRNA in situ hybridization 

analysis for notch1 and hes5 in the control (co) and mutant (N1 cko) telencephalon at E11.5 are shown 

in G-J. 
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Previous studies on impaired Notch signaling in the developing nervous system reported 

precocious neuronal differentiation and loss of the glial lineage (Louvi and Artavanis-Tsakonas, 

2006). Consistently, we found interneuronal markers lhx1, lhx2, and Brn3a to be prematurely 

expressed in the ventricular area of the neural tube (supplemental Fig. 6.1). Importantly, Notch1 
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ablation did not interfere with patterning and neuronal subtype specification in the developing 

neural tube, as also shown in Hes1-Hes5 double knockout animals (Hatakeyama et al., 2004). 

Selected dorsal and ventral interneuronal populations were correctly specified by the 

corresponding transcription factors (supplemental Fig. 6.2). As expected from previous 

investigations (Gaiano et al., 2000; Hatakeyama et al., 2004), radial glia were depleted at E13.5 

and astroglia failed to form in the Notch1-deficient CNS (supplemental Fig. 6.3A-F). Moreover, 

unlike early neuronal subtype specification factors, olig2 was depleted at E10.5 and the 

oligodendrocyte specification factor sox10 as well as the oligodendrocyte marker pdgf-receptor-  

were absent in the Notch1-deficient neural tube (supplemental Fig. 6.3G-L). These findings 

demonstrate a role of Notch1 in oligodendrocyte specification in the mouse, consistent with a 

similar role of Notch signaling in Zebrafish (Park and Appel, 2003). 

 

5.2.2. Impaired Notch1 signaling leads to an increase in basal progenitor cell numbers 

 

While not yet apparent at E10.5, we observed an increase in neurogenesis (Neurofilament 

(NF)160+ cells) in the mutant forebrain at E11.5 (Fig. 5.2A-D), as expected (Louvi and Artavanis-

Tsakonas, 2006). At these stages, the majority of the neuroepithelial cells were proliferative in 

both control and mutant, as assessed by Ki67 staining. But already at E10.5, significantly more 

phospho-histone 3 (PH3)+ progenitors were found that were dividing basally in the mutant 

telencephalon as compared to the control. This finding correlated with an increase in the number 

of cells expressing the basal progenitor marker T-brain gene 2 (Tbr2) in the Notch1-deficient 

telencephalon (Fig. 5.2E,F). The expansion of Tbr2 expression was even more pronounced at 

E11.5 (Fig. 5.2H,I). Quantification of basally dividing progenitors confirmed an increase in the 

number of such cells in the mutant as compared to the control telencephalon (Fig. 5.2G,J). This 
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phenotype is similar to the one obtained in the murine forebrain upon mutation of Mib1, an 

essential component for Notch ligand endocytosis (Yoon et al., 2008). 

Figure 5.2. Impaired Notch1 signaling leads to an increase in basal progenitors in the telencephalon. 

Immunohistochemistry for Ki67 and NF160 in the telencephalic region at E10.5 (A, B) and at E11.5 (C, 

D). Insets show a magnification of the lateral ganglionic eminence. Note increased expression of 

NF160 in the mutant telencephalon as indicated by the arrow in D. Increase in basally dividing cells 

shown with PH3- and Tbr2-positive basal progenitors in the forebrain at E10.5 (E, F) and E11.5 (H, I). 

Magnifications of telencephalic neuroepithelium are shown in the corresponding insets. PH3+ nuclei 

within the neuroepithelium are quantified as fraction of basally dividing progenitors at E10.5 and E11.5 

in G and J, respectively. Error bars indicate SD. **p < 0.01; ***p < 0.001. 
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We next assessed whether, in conditional Notch1 knock out embryos, basal progenitors also 

emerge in CNS regions where such progenitors normally do not occur. Staining for Ki67, NF160, 

and doublecortin (dcx) demonstrated a premature loss of proliferation and neurogenesis in the 

ventral spinal cord and destruction of the midline, similar to what has been described for Hes1-

Hes5-double mutant embryos (Hatakeyama et al., 2004). In contrast, the dorsal spinal cord lacking 

Notch1 was still proliferative, and neurogenesis did not take place yet at E10.5 (Fig. 5.3A-D). This 

dorsal-ventral gradient of overt neurogenesis in the mutant spinal cord allowed us to assess early 

effects on the neuroepithelium in control and mutant spinal cord before the onset of neuronal 

differentiation. Intriguingly, as in Notch1-deficient telencephalon, we observed an increase in 

basally dividing progenitors at E10.5, an effect that was even more distinct at E11.5 (Fig. 

5.3F,G,I,J). Quantifications of the fraction of progenitors dividing basally established a significant 

difference between the mutant and control, demonstrating that at E10.5 about one third and at 

E11.5 up to 45% of the PH3+ nuclei were found in the periventricular area in the Notch1-deficient 

spinal cord, while this number amounted to only about 7% in the control (Fig. 5.3E,H). Likewise, 

in the hindbrain of conditional Notch1 knock out embryos at E11.5, about 40% of the PH3+ nuclei 

were found to divide basally (Fig. 5.3K-M) as compared to the control neuroepithelium, where in 

general only 12% of mitotic cells were located basally. To confirm that the basally dividing cells 

in the mutant were indeed progenitor cells rather than aberrantly proliferating neuronal cells, we 

performed confocal analysis of PH3, Sox2, and Dcx triple-labeled neural tube sections. The 

majority of basal PH3+ cells were positive for the transcription factor Sox2 and negative for Dcx, 

and the ratio between PH3+/Sox2+ and PH3+/Sox2- nuclei in the mutant and control remained 

unaffected (Fig. 5.4A-C). These results suggest that Notch signaling controls the number of 

dividing basal progenitors, including in areas that usually display only limited indirect 

neurogenesis (Haubensak et al., 2004). 
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Figure 5.3. Basally dividing progenitors emerging in the mutant spinal cord and hindbrain. A-D, 

Premature neurogenesis in the mutant spinal cord and loss of proliferation shown by 

immunohistochemistry for Ki67, NF160 (A, B) and mRNA in situ hybridization for doublecortin (dcx) 

in C, D. Arrow indicates precocious expression of dcx in the ventral ventricular area. Increased 

emergence of PH3+ nuclei in the mutant spinal cord at E10.5 and E11.5 (F, G, I, J) and hindbrain at 

E11.5 (K, L). Insets in F, G, I, J show magnifications of the neuroepithelium. The fraction of basally 

dividing PH3+ cells are quantified in the graphs in E and H for the spinal cord at E10.5 and E11.5, 

respectively, and for the neuroepithelium of the hindbrain at E11.5 in M. Error bars indicate SD. ***p < 

0.001.  

 

It remained however unclear whether the emergence of a larger number of basally dividing cells in 

the mutant is accompanied by a change in the overall proliferation rate upon Notch1 ablation or 
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whether it reflects an altered preference between apical and basal divisions. Therefore, we counted 

PH3+ cells per defined area in the control and mutant neuroepithelium of the neural tube. We did 

not find the proliferation rate in conditional Notch1 knock out embryos to be changed (Fig. 5.4D). 

Moreover, the ratio between basal vs. apical mitosis was significantly increased in the mutant, 

indicating a shift from apical, in the control, to basal progenitor division, in the mutant 

neuroepithelium (Fig. 5.4E).  

Figure 5.4. Basally dividing progenitors are non-neuronal and proliferation rate is not altered. A, B, 

Confocal pictures of dividing neuroepithelial cells stained for PH3, Sox2, and Dcx at E10.5. C, 

Quantitative analysis of the ratio between basally dividing neuroepithelial progenitors negative for Dcx 

and the total of dividing cells. D, Graph depicts the proliferation rate quantified by the number of PH3+ 
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nuclei per 10
4μm

2
. E, Quantification of basally per apically dividing cells. Error bars indicate SD. **p 

< 0.01. 

 

 

5.2.3. Polarity, apical junctional complexes, and extracellular matrix of the mutant 

neuroepithelium are not affected 

 

Mutants defective in the polarity or the apical junctional complexes display dividing progenitors 

localized within the neuropithelial layer (Imai et al., 2006; Lien et al., 2006). Therefore, we 

investigated whether loss of apical integrity of the neuroepithelium might contribute to the 

appearance of basal progenitors in conditional Notch1 knock out embryos. Immunohistochemical 

staining for the polarity-associated proteins Prominin1 (Prom1), F-actin, aPKC, and Par3 did not 

reveal engulfment of apical areas (data not shown) or abnormal expression at the apical side in the 

Notch1-deficient neuroepithelium (Fig. 5.5A-D). To test whether apical junctional complex-

associated proteins are expressed accurately, adherens junction-associated catenins, E-catenin 

(Ctnna1) and -catenin (Ctnnb1), and tight-junction-associated ZO-1, were labeled. There was no 

difference between the control and mutant neuroepithelium in the expression of these proteins 

(Fig. 5.5E-H). These findings suggest that the overall integrity of the proliferative neuroepithelium 

is not affected in the absence of Notch1. 
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Figure 5.5. Polarity and apical junctional complexes of the proliferative Notch1-deficient 

neuroepithelium are not affected. Confocal micrographs of the neuroepithelium of the neural tube at 

E10.5 labeled for Prom1, F-actin (A, B), aPKC, Par3 (C, D), Ctnna1, Ctnnb1 and ZO1 (E-H). 

 

 

In Hes1-Hes5 double knock out embryos, the neuroepithelium becomes disorganized, and the 

extracellular matrix (ECM) fragmentary or lacking (Hatakeyama et al., 2004). In contrast, even 
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though massive premature neurogenesis was already taking place in the ventral part of the spinal 

cord at E10.5, Laminin- 1 (Lamc1), as component of the ECM, was still properly expressed in the 

Notch1-deficient neural tube (Fig. 5.6A,B). These results were supported by an in vitro adhesion 

assay where neuroepithelial cells were isolated from the neural tube, plated onto Laminin-coated 

cell culture dishes and washed away over a time course. In case of impaired adhesion of mutant 

neuroepithelial cells to Laminin, significantly more cells would have detached from the substrate 

than in the control. There was however no detectable difference in adhesion capacity between 

mutant and control cells (Fig. 5.6C). These results reinforce our in vivo findings that cellular 

adhesion to the ECM is not primarily affected upon interference with Notch1 signaling. 

Figure 5.6. ECM and adhesion are not primarily affected upon Notch1 ablation. A, B, ECM, 

immunolabeled for Lamc1, is intact at E10.5. Arrow in B indicates the presence of the ECM in the 

ventral mutant spinal cord, where precocious neurogenesis takes place. Number of neuroepithelial cells 

that do not adhere to Laminin in vitro over a time course of 120min is depicted in C. Error bars indicate 

SD. 
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5.2.4. Notch1 ablation does not impair cleavage plane orientation and interkinetic nuclear 

migration 

 

Emergence of basally dividing progenitor cells has also been found upon interference with 

mechanisms that position the spindle apparatus and thus define the cleavage plane orientation in 

apically dividing cells (Konno et al., 2008; Morin et al., 2007). We therefore determined the 

cleavage plane of apical cells in control and Notch1-deficient spinal cord at E10.5 by confocal 

microscopy of sections labeled for PH3, -tubulin (Tubg), and DAPI. This allowed us to detect 

dividing nuclei and their corresponding spindle poles in order to determine the cleavage plane 

orientation relative to the apical surface (Fish et al., 2006). Ablation of Notch1 did not affect the 

cleavage plane orientation of apically dividing cells when compared to the control neuroepithelium 

(Fig. 5.7A,B). Indeed, quantification shows that the average angle of the cleavage plane is about 

80° in both cases (Fig. 5.7C).  

Figure 5.7. Notch1 ablation does not alter the cleavage plane orientation. A, B, Determination of the 

cleavage plane by immunolabeling mitotic nuclei with PH3, Tubg, and DAPI. The line orthogonal to 

the connection between the corresponding spindle poles, labeled by Tubg, and relative to the 

ventricular surface defines the angle  of the cleaveage plane. C, Quantification of the axis of the 

cleavage plane in the control and mutant neuroepithelium as shown in A and B. The values in the 15° 
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sections of the quadrants are the percentages of nuclei with the corresponding angle . The average 

angle of the cleavage plane including the SD is indicated in red. 

 

Neuroepithelial cells have an apical-basal axis, along which the nucleus migrates during the cell 

cycle, a phenomenon known as interkinetic nuclear migration (Seymour and Berry, 1975; 

Takahashi et al., 1993). Interference with this mechanism might also lead to uncoordinated entry 

into M-phase and thus to generation of basally dividing nuclei. Therefore, we assessed INM by an 

IdU-BrdU-double labeling: IdU and BrdU were sequentially injected into pregnant females 

120min and 55min, respectively, before sacrificing the animals. This resulted in a small IdU-single 

positive population of neuroepithelial cells that left S-phase before the BrdU pulse and a large 

IdU-BrdU-double positive population of neuroepithelial cells that entered S-phase during these 

120min. We then assessed the fraction of single-positive nuclei that remained basally vs. those that 

were able to migrate back to the apical side (Fig. 5.8A,B), and found no significant difference 

between the mutant and the control neuroepithelium (Fig. 5.8C).  

Figure 5.8. Notch1 ablation does not impair INM. A, B, Analysis of the control and mutant 

neuroepithelium after a sequential pulse with IdU (green) and BrdU (red). The sections are 

counterstained with DAPI (blue). Only a few exclusively IdU+ nuclei remain in the basal area as 
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indicated by the arrows, whereas most of the single labeled nuclei migrated back to the apical side. 

Graph in C depicts the fraction of exclusively IdU+ basal nuclei. D, Quantification of IdU-BrdU-double 

positive nuclei per total of IdU-single and IdU-BrdU-double positive nuclei. Error bars indicate SD. 

 

It remained possible that mutant cells would actually display an inappropriate INM, accompanied, 

though, with altered cell cycle kinetics, remaining longer in S-phase and thus incorporating BrdU. 

If so, more double-positive cells should have been found in the mutant, which was however not 

the case (Fig. 5.8D). We therefore conclude, that the emergence of basally dividing progenitors in 

the Notch1-deficient neuroepithelium is neither caused by alterations in the cleavage plane 

orientation, nor by interference with INM. 

 

 

5.2.5. Basally dividing progenitors in the Notch1-deficient neuroepithelium lose their extension 

to the apical surface 

 

Although they did not express Tbr2 (data not shown), basally dividing progenitors in the mutant 

spinal cord neuroepithelium resemble intermediate progenitors involved in indirect neurogenesis 

in the developing forebrain. We therefore explored whether they lose their apical process similar 

to forebrain basal progenitors (Gotz and Huttner, 2005). To this end, we directly traced cellular 

processes of dividing PH3+ cells by immunolabeling for Cyclin B1 (Ccnb1), which is cytoplasmic 

during M-phase (Huo et al., 2005). In combination with confocal scanning through neuroepithelial 

sections, a 3-dimensional image reconstitution of basally dividing progenitors was obtained (Fig. 

5.9A,B). Whereas the majority of the rarely occurring basally dividing progenitors in the control 

neuroepithelium still possessed an apical extension, those in the mutant lacked an apical process to 

a significantly higher degree (Fig. 5.9C). This finding suggests that basally dividing progenitors in 

the neural tube and hindbrain region are similar to basal progenitors in the forebrain regarding 

their position in the neuroepithelium and their morphology. 
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Figure 5.9. The apical processes are lost in basally dividing progenitors in the Notch1-deficient 

neuroepithelium. A, B, Micrographs of 3D-reconstructed basally dividing progenitors immunolabeled 

for PH3 and Cyclin B1 (Ccnb1) in control and mutant neuroepithelium. Staining against Ccnb1 

visualizes cellular processes. Note that the apical process of the dividing cell in the control reaches the 

apical surface (arrow). Apical is at the top, basal is to the bottom of the picture. C, Quantification of the 

fraction of basally dividing progenitors possessing an apical process. Error bars indicate SD. 

 

 

5.2.6. Notch1-dependent control of basal progenitor generation can be uncoupled from neuronal 

differentiation 

 

The above results suggest a more general role for Notch1 in the control of basal progenitor cell 

generation in the developing CNS. It was thus of interest whether basal progenitor formation in 

conditional Notch1 knock out embryos is invariably linked to the known function of Notch1 in 

suppressing neuronal differentiation or whether these processes are controlled separately by Notch 

signaling. As shown in Fig. 5.3, lack of Notch1 in the developing spinal cord results in a dorsal-

ventral phenotypic gradient, with much less precocious neurogenesis in the dorsal than the ventral 

spinal cord.  
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Figure 5.10. Notch1 controls generation of basal progenitors independently of neuronal differentiation. 

A, B, Neurogenesis and proliferation visualized by NF160 and Ki67 at E11.25 in the telencephalon of a 

mutant expressing a constitutively active form of -catenin (Ctnnb1
ex3

) and a double mutant with 

ablated Notch1 and constitutively active -catenin (N1 cko/Ctnnb1
ex3

). Insets show a magnification of 



PART II                                                                                                                                    Results 

68 

the lateral ganglionic eminence where neurogenesis normally starts. Open arrows indicate that NF160 

expression is almost absent. C, D, Transversal section through the telencephalon of Ctnnb1
ex3

 and N1 

cko/Ctnnb1
ex3

 mutant embryos stained for dividing cells (PH3) and basal progenitors (Tbr2). Note the 

presence of Tbr2+ progenitors in the N1 cko/Ctnnb1
ex3

 mutant (arrow). The fraction of basally dividing 

cells in Ctnnb1
ex3

 and N1 cko/Ctnnb1
ex3

 mutants are quantified in E. F, G, Analysis for Ki67 and 

NF160 on transversal section through the spinal cord at E10.5. The open arrows in the ventral part 

indicate that expression of NF160 is marginal as compared to the Notch1 mutant (see Fig. 3). 

Emergence of basally dividing progenitors in the spinal cord of Ctnnb1
ex3

 and N1 cko/Ctnnb1
ex3

 

mutants (arrows), documented by staining for PH3 in H and I. The quantification of the fraction of 

basally dividing progenitors in the single and double mutant spinal cord is shown in J. Note that the 

Ctnnb1
ex3

 mutant displays a comparable value of basally dividing progenitors to the Notch1 mutant 

(see Fig. 3) and the N1 cko/Ctnnb1
ex3

 mutant an additional increase. Error bars indicate SD (in E, J). 

*p < 0.05; ***p < 0.001. K, Schematic drawing summarizes the findings by depicting neurogenesis 

from neural stem cell (NSC, red) to basal progenitors (BP, blue) to neurons (N, green). Interference 

with Notch signaling increases generation of BPs and neuronal differentiation. Constitutively active 

Wnt/ -catenin signaling inhibits neurogenesis and the generation of BPs. In the compound mutant (N1 

cko/Ctnnb1
ex3

), neuronal differentiation is inhibited whereas BPs are still generated. 

 

 

Since dorsal Wnt/ -catenin signaling has been demonstrated to suppress neurogenesis (Ille et al., 

2007), we reasoned that Wnt signaling from the roof plate might rescue at least in part premature 

neurogenesis in the Notch1-deficient neuroepithelium. With the goal to generally suppress 

neuronal differentiation, we therefore chose a genetic approach to express a constitutively active 

form of -catenin throughout the Notch1-deficient neuroepithelium. To this end, mice carrying the 

conditional Notch1 allele were crossed to animals that express a constitutively active form of -

catenin (Ctnnb1
ex3

) upon Brn4-Cre-mediated recombination (Harada et al., 1999; Ille et al., 

2007). Sections through the telencephalon and spinal cord of such animals demonstrated that 

neurogenesis in the telencephalon, even in the absence of Notch1, was suppressed by 

constitutively active Wnt/ -catenin signaling, as shown by staining for Ki67 and NF (Fig. 

5.10A,B,F,G). Interestingly, however, Tbr2+ basal progenitors were still generated upon Notch1 

inactivation in the forebrain, despite the absence of overt neuronal differentiation in compound 

Notch1/ -catenin
ex3 

mutants (Fig. 10C,D). Moreover, quantification revealed an accumulation of 

basally dividing, PH3+ nuclei in compound mutants significantly surmounting the numbers of 
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such progenitors found in -catenin
ex3

 mutants (Fig. 5.10E). Likewise, in the developing spinal 

cord, Notch1 inactivation on a -catenin
ex3 

background led to a significant increase in the number 

of basally dividing progenitor cells (Fig. 5.10F-J). These data indicate that Notch signaling 

controls the generation of basal progenitors independently of neuronal differentiation. 
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5.3. Discussion 

 

Here we demonstrate that inactivation of Notch1 in the early CNS leads to increased formation of 

basal progenitors throughout the CNS, before neuroepithelial cells precociously exit the cell cycle 

and acquire overt neuronal traits. The appearance of basally dividing progenitors was not 

secondary to disruption of the neuroepithelial integrity or perturbed INM. Rather, the control of 

basal progenitor formation appears to represent a specific Notch1 function, independent of its 

reported role in suppressing neuronal differentiation. Indeed, forced Wnt/ -catenin signaling 

blocked neuronal differentiation but not the generation of basal progenitors in the Notch1-deficient 

CNS, indicating that these processes are separately controlled by Notch1. Intriguingly, Notch1 

suppresses the emergence of basal progenitors also in areas that are usually largely devoid of 

indirect neurogenesis, such as the developing hindbrain and spinal cord. Thus, by controlling the 

extent of indirect neurogenesis, fine tuning of Notch1 signal activity might be involved in area-

specific brain growth. 

 

Notch signaling is well known for its role in NSC maintenance (Hitoshi et al., 2002; Louvi and 

Artavanis-Tsakonas, 2006; Nakamura et al., 2000) and in promoting radial and astroglial fates 

(Lutolf et al., 2002). In addition, Notch signaling has been implicated in oligodendrocyte 

specification in Zebrafish (Kim et al., 2008; Park and Appel, 2003), a role that has been confirmed 

in the present study for the mouse: Sustained expression of the transcription factors Olig2 and 

expression of Sox10 is dependent on Notch1 and, accordingly, oligodendrocytes fail to form in the 

absence of Notch1. Loss of the radial glial lineage upon impaired Notch signaling leads to 

disruption of the inner and outer barrier of the neuroepithelium and, consequently, to a 

disorganized neuroepithelial layer largely composed of precociously formed neurons (Hatakeyama 

et al., 2004). These anomalies are phenocopied in Notch1 conditional knock out embryos. 
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However, our study also reveals an earlier function of Notch1, as basally dividing cells emerge in 

the Notch1-deficient neuroepithelium before the onset of premature neuronal differentiation and 

neural tube disorganization.  

 

Multiple evidence suggests that the basally dividing cells generated upon conditional Notch1 

inactivation represent intermediate neuronal progenitors normally involved in indirect 

neurogenesis. First and foremost, in the developing forebrain - the major site of indirect 

neurogenesis - basally dividing cells excessively formed upon loss of Notch1 are characterized by 

expression of Tbr2. Tbr2 marks basal intermediate neuronal progenitors and is involved in their 

formation and transient maintenance (Sessa et al., 2008). The absence of Tbr2 expression in basal 

progenitors of the Notch1-deficient hindbrain and spinal cord suggests that Notch1 signaling 

regulates positioning of mitotic progenitors within the neuroepithelium throughout the developing 

CNS, but that area-specific cues are necessary to impose a forebrain fate on these cells. 

Importantly, the basal localization of mitotic cells found in the Notch1 conditional knock out is not 

due to disintegration or disorganization of the neuroepithelium. An increase in basally dividing 

progenitors was indeed reported in mutants with a disturbed neuroepithelial integrity caused by 

impaired maintenance of apical junctions as, for instance, through ablation of E-catenin (Lien et 

al., 2006), aPKC (Imai et al., 2006), or Cdc42 (Cappello et al., 2006). Loss of apical junctional 

complexes has diverse consequences: Upon aPKC ablation mutant neuroepithelial cells retract 

their apical endfeet, but neurogenesis is not increased. Likewise, Numb and Numbl inactivation 

disrupts adherens junctions and polarity, leading to progenitor dispersion and disorganized cortical 

lamination but without affecting premature differentiation (Rasin et al., 2007). In contrast, loss of 

apical junctions upon Cdc42 depletion in the forebrain leads to premature neurogenesis preceded 

by an accumulation of basally dividing cells (Cappello et al., 2006). Disturbing adhesion of 

neuroepithelial cells to the basal side, on the other hand, has surprisingly little effect on progenitor 
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cell localization, as found after inactivation of various ECM components (Haubst et al., 2006). 

Unlike in these examples, we did not observe any ECM adhesion, apical junctional complex, or 

polarity defects in the Notch1-deficient neural tube at the time point of basal progenitor cell 

appearance. 

 

Basally dividing progenitor cells also emerge as a result of a general increase in the proliferation 

rate of neuroepithelial cells. For instance, conditional deletion of E-catenin not only leads to 

disintegration of adherens junctions, but also to a highly proliferative neuroepithelium due to 

Sonic hedgehog signal activation, which apparently accounts for elevated basal mitosis (Lien et 

al., 2006). Stimulation of proliferation by Wnt/ -catenin signal activation is also accompanied by 

an increase in cells undergoing mitosis at basal positions. Likewise, increased overall proliferation 

and an enhanced number of basally dividing progenitors were found recently as a consequence of 

cleavage plane alteration. Neuroepithelial layers deficient for Lgn, a protein that associates with 

the spindle apparatus, were shown to accumulate dividing progenitors with randomized cleavage 

plane orientations (Konno et al., 2008; Morin et al., 2007). However, in Notch1-deficient 

neuroepithelial cells, there was no significant difference in the orientation of the cleavage plane as 

compared to the control, and the mutant neuroepithelium did not display an overall increased 

mitotic rate.  

 

The emergence of basal mitosis could in principle also be explained by a disturbed INM. In this 

case, the nuclei would no longer enter M-phase at the apical side of neuroepithelial cells but 

randomly between the apical and basal pole. Interference with INM was not only shown to lead to 

basal mitosis but also to premature neurogenesis (Xie et al., 2007). Notch signaling activity was 

demonstrated to decrease from the apical to the basal pole of neuroepithelial cells. Cell cycle exit 

and neurogenesis has therefore been suggested to increase as a consequence of more nuclei being 



PART II                                                                                                                               Discussion 

73 

basal (Del Bene et al., 2008). We tested whether Notch signal alterations could also be the cause 

and not only the consequence of impaired INM. Thus, INM was assessed by a double-labeling 

experiment, in which S-phase nuclei were first labeled with IdU and then, with an empirically 

defined delay, with BrdU. Impaired migration of the nuclei would have revealed a significant 

number of IdU-single-positive nuclei in the periventricular area, which was however not observed. 

We conclude therefore, that INM is not affected upon Notch1 ablation. In sum, our findings 

strongly suggest that the basally dividing progenitors in the Notch1-deficient neuroepithelium 

emerge in a structurally intact neural tube, and that disturbed overall proliferation, adhesion, and 

INM cannot account for elevated numbers of basally dividing cells in the mutant. Notably, as 

revealed by morphological 3D analysis, the majority of these basally dividing progenitors have 

lost their apical extension, a typical feature of basal progenitors (Miyata et al., 2004; Noctor et al., 

2004). Thus, the Notch1-deficient progenitors described here are reminiscent of basal intermediate 

neuronal progenitors that normally form during the process of indirect neurogenesis to ensure the 

spatially-restricted generation of a high number of neurons.  

 

Since Notch signaling is well known for its role in controlling neurogenesis, the question arises of 

whether the increase in basal progenitor numbers in the conditional knock out embryos is simply 

coupled to the increase in neuronal differentiation observed upon Notch signal inactivation or 

whether it reflects an independent, earlier role of Notch1 during neurogenesis. Intriguingly, basal 

progenitors still accumulated in the Notch1-deficient neural tube after blocking neuronal 

differentiation by overexpression of Wnt/ -catenin signaling, indicating that Notch1-controlled 

basal progenitor formation can be uncoupled from neuronal differentiation. Moreover, throughout 

the Notch1-deficient CNS, the ratio between basal and apical divisions was affected without 

changes in overall proliferation. Thus, loss of Notch1 in the developing CNS appears to promote a 
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shift from apical to basal divisions, pointing to a role of Notch1 signaling in the choice between 

direct and indirect neurogenesis.  

 

Our data are consistent with findings in Mib1 conditional knock out embryos, in which Notch can 

no longer bind to its ligands and where radial glial cells were observed to prematurely differentiate 

into Tbr2-positive basal progenitors and finally neurons, in the forebrain (Yoon et al., 2008). 

However, unlike in the Notch1 conditional knock out, Mib1 is critical for the integrity of the 

forebrain structure, at least at E14.5, a finding that possibly also contributes to the Mib1-mutant 

phenotype. Similarly, knock down of the canonical Notch effector CBF1 promotes the conversion 

of radial glial cells to so-called SNPs (Mizutani et al., 2007). SNPs are neuronal forebrain 

progenitors marked by Tubulin- 1 expression and distinct from Tbr2-positive intermediate 

neuronal progenitors addressed in this study, in that SNPs coexist with neural stem cells in the 

ventricular zone and divide apically rather than basally (Gal et al., 2006). Accordingly, CBF1 

knock down leads to an increase in the number of apical Tubulin- 1-positive cells at the expense 

of radial glia (Mizutani et al., 2007). The generation of neurons by symmetric division of both 

apical SNPs and basal neuronal progenitors is assumed to represent a process predominantly found 

in the telencephalon to ensure the generation of the neuronal cell numbers necessary for 

neocortical neurogenesis. This mechanism is believed to have emerged in evolution to give rise to 

the significant cortical expansion in mammals (Kriegstein et al., 2006). Surprisingly, upon 

conditional Notch1 inactivation, basally dividing progenitor cells emerge also in CNS regions, as 

in the hindbrain and the developing spinal cord, that are normally devoid of indirect neurogenesis. 

The emergence of basal progenitors in these CNS areas raises the question of whether, normally, 

Notch1 exerts an area-specific control of basal progenitor generation. In this case, Notch signal 

activity might differ in strength or be modulated in a CNS area-dependent manner. Although this 

hypothesis needs to be addressed, our findings point to a specific function of Notch1, apart from 
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its role in neuronal differentiation, in suppressing indirect neurogenesis in the entire CNS by 

counteracting basal progenitor cell generation. 
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5.4. Outlook 

 

The analysis of conditional Notch1 ablation in the early developing CNS demonstrated an 

increased generation of basal progenitors, an effect that appears to be independent of the reported 

role for Notch in neuronal differentiation. Intriguingly, basal progenitor formation also occurs in 

CNS areas that are normally devoid of such progenitors. This finding implicates differential Notch 

signaling strength with higher activities in CNS regions where usually no basal progenitors are 

generated. In order to address whether such differences in the Notch signaling activity exist, the 

analysis of a Notch signaling reporter would bring substantial progress. Since Hes5 expression is 

specifically affected upon Notch1 ablation (data not shown), a Hes5-GFP reporter mouse line 

(Basak and Taylor, 2007) would represent a valuable tool for investigating the signaling activity of 

Notch1 in different brain areas. Results from this analysis could underline the novel role for 

Notch1 signaling in the control of basal progenitor formation. 

 

In the telencephalon, basal progenitors can be identified by the expression of Tbr2 which has 

however also been shown to be expressed by a subset of early postmitotic neurons (Englund et al., 

2005; Kowalczyk et al., 2009). It is therefore important to quantify the Tbr2-positive cell 

population that is associated with proliferation markers. Such an analysis would identify the 

fraction of basal progenitors and reveal to which extent postmitotic neurons still express Tbr2. 

Basal progenitors in the spinal cord are devoid of Tbr2 expression. Morphological characterization 

of these basally dividing progenitors using the marker CyclinB1 revealed the loss of apical 

processes, confirming the assumption that these cells are reminiscent of basal progenitors in the 

telencephalon. It cannot be excluded that CyclinB1 expression is altered in basally dividing cells 

and thus might no longer reliably label cellular processes. An alternative approach to label cellular 

extensions is the use of retrograde membrane labeling by DiI (1,1 -dioctadecyl-3,3,3 ,3 -
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tetramethylindocarbocyanine perchlorate) which has been proven to effectively trace radial glial 

cell processes (Miyata et al., 2001; Miyata et al., 2004). If basally dividing cells are lacking apical 

processes, they should not be labeled by DiI and would thus confirm the data obtained by 

analyzing CyclinB1. 

The loss of apical extensions prevents nuclei from migrating to the apical side and this obviously 

contrasts the finding that INM in general in the Notch1 mutant is not impaired as shown by the 

IdU-BrdU double-labeling experiment. If approximately one third of the mitotic progenitors divide 

basally, they should be detectable in the IdU-BrdU pulse experiment. Assuming that the cell cycle 

of basal progenitors is prolonged as generally observed in neurogenic divisions when compared to 

symmetric proliferative divisions (Calegari et al., 2005), they would become double-labeled 

without significantly increasing the double-labeled population due to their relatively low 

abundance. Therefore, it would possibly be necessary to increase the amount of single-labeled 

nuclei by prolonging the interval between the first and second pulse with the nucleotide analogs. 

Consequently, additional time will be required in order to allow the last single-labeled nuclei to 

migrate back to the apical side. If the cell cycle kinetics of the telencephalon (Calegari et al., 2005) 

also apply to the spinal cord, this is in principle possible without running the risk that the first 

labeled nuclei moved towards the basal side again. The adaptation of these parameters would 

enhance the chance to label and detect basal progenitors in the periventricular area of the 

neuroepithelium. Taken together, these experiments would provide data that might resolve the 

remaining contradiction. 

The most elegant way to analyze INM, morphology and general behavior of basal progenitors 

would result from brain slice culture experiments. Tissue slices from different brain regions can be 

cultured for several days to weeks while tissue architecture and even neuronal network 

connections are maintained (Gahwiler et al., 1997). The direct accessibility allows labeling of 

single cells within the neuroepithelium that can be traced in real time (Minobe et al., 2009; Miyata 
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et al., 2004). However, the highly proliferative neuroepithelial tissue and its unstable structure at 

early embryonic stages (data not shown) represent major obstacles that first have to be overcome 

in order to implement this powerful technique. 

 

Neurons can either be directly generated from neural stem cells or indirectly via basal progenitors 

during development of the forebrain. These modes of neurogenesis require two different 

asymmetric divisions (Huttner and Kosodo, 2005). It remains to be elucidated whether Notch 

signaling can influence neural stem cells in their decision to undergo an asymmetric division 

leading to direct or indirect neurogenesis. In general, the transition from an uncommitted, self-

renewing neural stem cell to a more differentiated basal progenitor is not only associated with an 

asymmetric division but also with a lengthening of the cell cycle (Calegari et al., 2005; Farkas and 

Huttner, 2008). Thus, cell cycle control is likely crucially involved in the switch from symmetric 

to different asymmetric divisions. It is therefore not surprising that one of the first detected genes 

that is expressed prior to a neurogenic division, Tis21, is controlled by the key cell cycle regulator 

p53 and inhibits cell cycle progression (Iacopetti et al., 1999; Rouault et al., 1996).  The 

mechanistic link between Notch and the cell cycle in neural stem cells is still unclear and remains 

an exciting aspect of Notch signaling that will shed light on the early effects of Notch signaling in 

the balance between proliferation and differentiation.  
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6. Supplemental Material 

 

6.1. Supplemental Figures 

 

 

 

 

Supplemental Figure 6.1. Premature expression of periventricular neuronal subclass markers. A-D, 

mRNA in situ hybridization for interneuronal markers lhx1 and lhx2. Arrows indicate premature 

expression of the transcription factors in the ventricular area of the mutant neuroepithelium. E, F, 

Immunohistochemistry shows Brn3a expression in the Notch1-defiecient ventricular area as 

emphasized by the arrow. 
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Supplemental Figure 6.2. Notch1 ablation does not interfere with dorsal-ventral patterning and 

neuronal subtype specification. A-D, Analysis of dorsal interneuron markers math1 and Pax7 by mRNA 

in situ hybridization and immunohistochemistry, respectively, in control and mutant spinal cord at 

E10.5. Mash1 and ngn1 both label dorsal and ventral interneuron populations (E-H) whereas nkx2.2 

defines ventral interneurons population V3 exclusively (I, J) as visualized by mRNA in situ 

hybridization. 
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Supplemental Figure 6.3. Notch1 ablation leads to depletion of the glial lineage. A-D', Radial glia are 

reduced as visualized by immunohistochemistry for RC2, FABP7 and Glast. C' and D' depict 

magnifications of the panels C and D. E, F, Astroglial lineage, labeled by S100 is absent in the ventral 
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spinal cord at E15.5. G-L, mRNA in situ hybridization for olig2, sox10 and platelet derived growth 

factor receptor  (pdgfra, arrow in K and open arrow in L) that mark the oligodendroglial lineage are 

depleted in the mutant. Note that olig2 is already absent at E10.5. 
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7. Materials and Methods 

 

7.1. Experimental model systems 

 

7.1.1. Experimental mouse models 

 

Female animals homozygous for the R26R allele (Soriano, 1999) and the floxed Notch1 allele 

(Radtke et al., 1999) were mated to male animals carrying a floxed Notch1 allele and a Cre-

recombinase transgene under the control of the Brn4-promoter (Heydemann et al., 2001). The 

Brn4-Cre males that were mated to the females homozygous for the floxed Jagged1 allele (Nyfeler 

et al., 2005) and the R26R allele were carrying a null-allele for the Jagged1 locus (Xue et al., 

1999) instead of a floxed allele. All the animals were bred on a C57BL/6/J background. 

 

7.1.2. Genotyping 

 

Tail cuts of adult mice and embryos were incubated in Proteinase K buffer consisting of 50mM 

KCl, 10mM Tris pH8.3, 0.45% Nonident P-40, 0.45% Tween20 and 2μg/ml Proteinase K (Roche, 

Cat. No. 3115828001) at 50°C. Embryonic tail cuts were processed for 10min, adult for 30min, 

respectively, and Proteinase K was inactivated at 95°C for 10min. For the genotyping PCR-

reactions the following primers and cycle parameters were used: jag 4716 up AGG TTG GCC 

ACC TCT AAA TC, jag 5032 lo GCA AGT CTG TCT GCT TTC ATC, jag 1102 up (jag del), 

ACG ACA GCG GTT AGG TTC TT, 94°C, 1min; 57°C, 1min; 72°C 1min; 35 cycles, floxed 

notch1 fwd CTG ACT TAG TAG GGG GAA AAC, floxed notch1 rev AGT GGT CCA GGG 

TGT GAG TGT, 94°C, 1min; 58°C, 1min 30s; 72°C 1min; 40 cycles, notch1 del3 AAT CAG 

AGC GGC CCA TTG TCG, 94°C, 45s; 64°C, 45s; 72°C 1min; 40 cycles, Cre-lo AGG CTA AGT 

GCC TTC TCT ACA C, Cre-up ACC AGG TTC GTT CAC TCA TGG, 94°C, 45s; 58°C, 30s; 

72°C 1min; 35 cycles, Rosa SoA AAA GTC GCT CTG AGT TGT TAT, Rosa SoB GCG AAG 
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AGT TTG TCC  TCA ACC, Rosa SoC GGA GCG GGA GAA ATG GAT ATG, 94°C, 1min; 

53°C, 1min; 72°C 1min; 35 cycles. All PCR reactions were performed with PCR cycler, Biometra 

T3000. 

 

7.1.3. BrdU labeling 

 

IdU (Sigma; Cat. No. I7125) and BrdU (Sigma; Cat. No. B9285) were sequentially injected 

intraperitoneally (50mg/kg body weight) into pregnant females 120min and 55min, respectively, 

before sacrificing the animals. 

 

7.1.4. Electroporation of chicken embryos 

 

Firtilized eggs were incubated at 38°C for 48h until the chicken embryos (Gallus gallus) reached 

Hamburger-Hamilton (HH) stage 12. At one of the poles, 5ml of the egg white was previously 

removed using a syringe. A hole of about 15mm in diameter in the egg shell gave access to the 

embryo and black ink was injected underneath the embryo using a bended syringe in order to 

increase the contrast. Using a thin glass capillary, nucleic acid constructs in FastGreen (Sigma) 

solution were injected into the central canal of the neural tube. 250ng/μl of dsRNA for Mfng was 

coelectroporated with 1μg/μl of empty pCAGGs vector (J. Briscoe, NIMR, London, UK). For 

overexpression studies, 1-2.5μg/μl of pCAGGs plasmid containing full-length mouse Mfng cDNA 

(MRC, Geneservice, London, UK) was electroporated. For electroporations 5 square pulses of 28-

35V, 50ms with an interval of 450ms were applied using an electroporator constructed in 

collaboration with the Institute for Quantum Electronics, ETH Zurich. The electroporator was 

engineered with the following components: CMOS timer 7555 DIL-8, Dual ICM7555 DIL-14, 

4093 QUAD 2 Input NAND Schmitt-Trigger DIL-14, IGBT SKP 10N60 600V 10A TO-220, high 

voltage linear controller VB 409 Pentawatt HV, resistor 1M, Elko 100μF, Elko 47μF, Tantal 
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Condenser 1μF TAP105M035CCS, Tantal Condenser 4.7μF TAP475M035CCS, Ceramic 

Condenser 10nF, Diode BAS 34, resistors 32k, 470k, 300k, 120k, 10k, 1.5k, pushbutton, Cermet 

Trimmers 25k, 500k, 200k, connectors, diodes for reverse polarity protection, LEDs green, red, 

enclosure. After electroporation the eggs were sealed with Parafilm M (American National Can) 

and developed at 38°C for 2 days. Chicken embryos were fixed in 4% paraformaldehyde, 

cryoprotected with 30% succrose and embedded in Tissue-Tek (Sakura Finetek).  

 

7.2. Staining procedures 

 
7.2.1. X-Gal staining 

 

Embryos were weakly fixed with 0.2% glutaraldehyde and 2% formaldehyde, washed and the 

stained in X-Gal solution according to standard protocols; briefly: X-Gal solution consisted of 

5mM K3Fe(CN)6, 5mM K4Fe(CN)6, 0.2mM MgCl2 and 0.06% Nonident P-40. 1mg X-Gal 

(AppliChem, Cat. No. A1007,0001) solved in dimethylformamide (DMF) was added to the X-Gal 

solution. 

 

 

7.2.2. Immunohistochemistry 

 

Immunohistochemistry on 12μm cryosections or 5-10μm paraffin sections was carried out 

according to Table 7.1. Antibodies, providers, applied dilutions and antigen retrieval parameters 

are listed therein. Where necessary, antigen retrieval was carried out with the Rapid Microwave 

Histoprocessor, HistosPRO (SW 2.0.0). The antigen retrieval buffers were either Tris-EDTA 

buffer pH9 with or without 0.05% Tween 20 or citrate buffer pH6. Blocking and antibody 

incubation buffer for all stainings was 10% goat serum, 0.2% Triton-X100, PBS. All sections were 
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stained for 10min with DAPI (4',6-Diamidino-2-phenylindole dihydrochloride) at room 

temperature. 

Table 7.1. List of antibodies used for immunohistochemistry.  

 

 

7.2.3. RNA in situ hybridization 

 

18μm cryo-sections were warmed to room temperature and dried at 60°C for 10min. Subsequently 

the section were fixed in 4% RNase-free parafomaldehyde (PFA) for 20min and washed in RNase-

free phosphate buffered saline (PBS). Optionally, paraffin sections were bleached in addition with 

6%H2O2 for 15min and treated with 50μg/ml Proteinase K for 10min. Acetylation was carried out 

by incubation in RNase-free 0.1M triethanolamine pH8 with 0.25% acetic anhydride at room 

temperature for 10min and thereafter washed in PBS before refixing the section in 4% RNase-free 

PFA for 15min. After washing in PBS, the sections were incubated in prehybridization solution 

consisting of 50% formamide, 5x saline sodium citrate (SSC), 1mg/ml yeast tRNA, 100μg/ml 
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heparin, 1x Denhardt’s solution, 0.1% Tween 20, 0.1% 3-[(3-Cholamidopropyl) 

dimethylammonio]-1-propanesulfonate (CHAPS) and 5mM ethylene-diamine-tetra-acetate 

(EDTA) pH8 at 65°C for 6h. Prehybridization solution was replaced by the hybridization solution 

composed as the prehybridization solution but with the appropriate DIG-labeled RNA antisense 

probe (all probes from the Sommer laboratory). The washing steps were carried out using 1.5x 

SSC at 65°C, 2x SSC at 37°. For dcx, dll1, hes1, olig2 RNA in situ hybridizations, sections were 

additionally treated with 2x SSC containing 0.5-1.5μg/ml RNaseA (Roche, Cat. No. 

10109142001) and then washed in 0.2x SSC at 65°C. Then, the tissue was washed in 1% Tween 

20, Tris buffered saline (TTBS) before blocking in 20% lamb serum, TTBS at room temperature 

for 4-6h followed by incubation with anti-DIG antibody (Roche, Cat. No. 11 093 274 910), diluted 

1:2000 in blocking TTBS, at 4°C for 12h. Subsequently, washing in alkaline phosphatase (AP) 

buffer composed of 100mM Tris pH9.5, 50mM MgCl2, 100mM NaCl, 0.1% Tween 20, 5mM 

levamisole (Sigma, Cat. No. L9756) was carried out followed by the developing the hybridized 

sections in AP buffer containing 5-bromo-4-chloro-3-indolyl-phosphate, 4-toluidine salt (BCIP, 

Roche, Cat. No. 11383221001), diluted 1:4000 and 4-Nitro blue tetrazolium chloride solution 

(NBT, Roche, Cat. No. 11383213001), diluted 1:14000, in the dark at 37°C. As soon as the 

solution adopted a weak purple color, the developing solution was replaced. The reaction was 

stopped by placing the sections in PBS, followed by fixation in 0.1M MOPS pH7.5, 2mM EGTA, 

1mM MgSo4, 3.7% formaldehyde (MEMFA) and mounting with glycerol. 

The following riboprobes were used and kindly provided by investigators in brackets: cash1, cath1 

(MRC Geneservice, London, UK), dcx (Sommer laboratory), dll (G. Weinmaster, Department of 

Biological Chemistry, David Geffen School of Medicine at UCLA, Los Angeles, CA), hes5 (R. 

Kageyama, Institute for Virus Research, Kyoto University, Japan), jagged1 (G. Weinmaster), lhx1 

(S. Arber, Biozentrum, Basel, Switzerland), lhx2 (V. Brault, INRA, Strasbourg, France), lunatic 

fringe, manic fringe, mash1, math1, ngn1, ngn2 and nkx2.2 (J.E. Johnson, Center for Basic 
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Neuroscience, UT Southwestern Medical Center, Dallas, TX), notch1 (M. Götz, ISF, Munich, 

Germany), olig2 (D.H. Rowitch, Harvard Medical School, Boston, MA), pdfra (W.D. Richardson, 

Wolfson Institute for Biomedical Research, University College, London, UK), radical fringe (G. 

Weinmaster), sox2 (M. Rao, National Institute of Aging, 5600 Nathan Shock Drive, Baltimore, 

MD), sox10 (M. Wegner, University of Erlangen, Germany). 

 

7.3. Cell culture 

 

7.3.1. Adhesion assay 

 

Neural tubes and dorsal forebrains were isolated from mouse embryos E10 and E10.5, 

respectively, by DispaseI (Roche, Cat. No. 4942086001) treatment and mechanical dissection. 

Isolated tissue was dissociated by Trypsin/EDTA (Invitrogen/Gibco, Cat. No. 25300-054) and 

trituration using a Pasteur pipet.  10000 cells per well of a Nunclon 48-well plate coated with poly-

D-lysine (solution of 100μg/ml, Sigma, Cat. No. P7280) and laminin (solution of 20μg/ml, Sigma 

Cat. No. L2020) were plated in neurosphere medium. The neurosphere medium consisted of B27 

supplement (Gibco, Cat. No. 12587-010), N2 supplement (Invitrogen, Cat. No. 17502-048), 

20ng/ml bFGF (Peprotech, Cat. No. 100-18B-50), 20ng/ml EGF (Peprotech, Cat. No. 100-15), 

2μg/ml heparin (Sigma, Cat. No. H1027) supplied with penicillin/streptomycin (Invitrogen, Cat. 

No. 15140-122) in DMEM-F12 (Invitrogen, Cat. No. 31331-093). Cells were incubated at 37°C, 

5%CO2 and washed from the plates over a time course and counted. 

 

7.4. Imaging 

 

Epifluorescent and bright field pictures were done with fluorescence microscope DMI6000 B 

(Leica, Wetzlar, Germany). Confocal analysis was performed using TCS SP2 and TCS SP5 
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confocal microscopes (Leica). 3D-reconstructions of confocal pictures were performed using 

Imaris (Bitplane AG, Zurich, Switzerland). 

 

7.5. Quantitative analysis and statistics 

 

Each experiment was performed with data collected from at least three independent samples. 

Average values were calculated if more than 10 values were available per sample, in cases with a 

smaller number of values, median was taken. PH3+ nuclei were considered as basally dividing 

progenitors when not located within the three most apical nuclear rows. To summarize the average 

or median values of the independent samples, the average was calculated. Areas were measured 

using ImageJ. Statistical significance was tested with the unpaired, 2-tailed, homoscedastic 

Student’s t-test using Microsoft Excel. 
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