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Abstract 

Cell recognition molecules comprise a prominent group of molecules regulating cell-

cell or cell-matrix interactions in the developing, adult and pathologically altered nervous 

system. They have been implicated in several critical processes of nervous system 

development, including cell migration, axon outgrowth and fasciculation, myelination and 

synapse formation. Cell recognition molecules of the immunoglobulin superfamily are 

characterized by the existence of at least one immunoglobulin like domain, enabling them to 

mediate cell adhesion in a calcium independent manner. 

The neural cell adhesion molecule (NCAM) is implicated in nervous system 

development and plasticity and its ablation in mice causes a range of functional abnormalities. 

In this study we performed quantitative immunohistochemical analyses of catecholaminergic 

and cholinergic nuclei and their hippocampal projections in NCAM deficient (NCAM-/-) 

mice and wild-type (NCAM+/+) littermates with the aim to identify structural aberrations 

underlying abnormal functions. It was found that total numbers of cholinergic neurons in the 

medial septa / diagonal band nuclear complex and dopaminergic neurons in the A9-A10 

nuclei were by 18-27% decreased in both young and adult (2- and 13-month-old, respectively) 

NCAM-/- mice versus NCAM+/+ littermates. The number of noradrenergic neurons in the 

locus coeruleus was not affected by the mutation. Despite reduced numbers of projecting 

neurons, length densities and total length of catecholaminergic and cholinergic axons in the 

hippocampus were normal in young NCAM-/- mice. In adult NCAM -/- mice, however, the 

abnormally small dentate gyrus was deficiently innervated by catecholaminergic fibers (by 

27% lower fiber length compared to NCAM+/+ littermates), while the cornu ammonis 

received abnormally higher cholinergic input (by 27% and 47% in CA1 and CA3, 

respectively). These results indicate early developmental loss of cholinergic and dopaminergic 

cells in NCAM-/- mice and differential age-related effects of the mutation on two types of 

hippocampal projections. 

The functions of a second member of the Ig superfamily, the neural recognition 

molecule L1, were also investigated. L1 is implicated in migration of nerve cells, outgrowth, 

pathfinding, fasciculation and regeneration of axons, adhesion between neurons and between 

neurons and Schwann cells, neuronal cell survival, and proliferation and fate decision of 

neural precursor cells. Neural stem cells (NSCs) are characterized by their multipotentiality 

and capability for self-renewal, and are considered as candidate cells to develop cell-based 



Abstract                                                                                                                                      8 
 
 
therapies for the treatment of neurodegenerative disorders. Genetic manipulations of these 

cells prior to transplantation might improve their therapeutic potential by, for instance, 

enhancing their migratory capacity, influencing their differentiation potential or improving 

their survival. These aims might be achieved by transfecting these cells with the neural 

recognition molecule L1. To test this hypothesis, we established a method that allows 

efficient non-viral stable transfection of mouse NSCs using the nucleofection technique. To 

characterize the properties of L1-nucleofected NSCs in vivo, cells were grafted into the 

quinolinic acid-lesioned striatum of adult mice. In this animal model, stably L1-nucleofected 

NSCs showed improved migratory capacity when compared to control NSCs. Moreover, 

stably L1-nucleofected NSCs showed increased neuronal and decreased astrocytic 

differentiation when compared to control cells.  
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Zusammenfassung 

Zellerkennungsmoleküle stellen eine bedeutende Gruppe von Molekülen dar, die Zell-

Zell- oder Zell-Matrix-Interaktionen im sich entwickelnden, adulten und pathologisch 

veränderten Nervensystem regulieren,. Diese Moleküle steuern verschiedene wichtige 

Abläufe während der Entwicklung des Nervensystems wie das Wandern von Zellen, das 

Auswachsen und Bündeln von Neuriten, Myelinisierung und die Bildung von Synapsen. 

Zellerkennungsmoleküle der Immunglobulin-Superfamilie sind durch die Existenz von 

mindestens einer Immunglobulin-ähnlichen Domäne gekennzeichnet, welche es ihnen 

ermöglicht, eine Calcium-unabhängige Zelladhäsion vermitteln. 

Das neurale Zelladhäsionsmolekül (NCAM) spielt eine Rolle bei der Entwicklung und 

Plastizität des zentralen Nervensystems, und seine Ablation in Mäusen verursacht eine Reihe 

von funktionellen Störungen. In dieser Studie haben wir quantitative immunhistochemische 

Analysen von catecholaminergen und cholinergen Kernen und deren hippocampalen 

Projektionen in NCAM-defizienten (NCAM-/-) und Wildtyp (NCAM+/+) Mäusen mit dem 

Ziel durchgeführt, strukturelle Aberrationen zu identifizieren, welche die gestörten 

Funktionen bedingen. Es wurde gefunden, dass die Gesamtzahl der cholinergen Neurone im 

Kernkomplex des medialen Septums / diagonalen Bandes und die der dopaminergen Neurone 

in den A9-A10 Kernen sowohl in jungen als auch adulten (2 beziehungsweise 13 Monate 

alten) NCAM-/- Mäusen um 18-27% im Vergleich zu deren NCAM+/+ Geschwistertieren 

reduziert war. Demgegenüber war die Zahl der noradrenergen Neurone im Locus coeruleus 

durch die Mutation nicht verändert. Trotz der reduzierten Anzahl an Projektionsneuronen 

waren Dichte und Gesamtlänge der catecholaminergen und cholinergen Axone im 

Hippocampus von jungen NCAM-/- Mäusen normal. In adulten NCAM-/- Mäusen hingegen 

zeigte der abnormal verkleinerte Gyrus dentatus eine verminderte Innervation durch 

catecholaminerge Fasern (eine um 27% geringere Faserlänge im Vergleich zu NCAM+/+ 

Geschwistertieren), während das Cornu ammonis eine abnormal erhöhte cholinerge 

Innervation aufwies (um 27% und 47% höher in der CA1- beziehungsweise in der CA3-

Region).  Diese Ergebnisse zeigen eine Reduktion von cholinergen und dopaminergen Zellen 

in NCAM-/- Mäusen während der frühen Entwicklung und differentielle, altersabhängige 

Effekte der Mutation auf zwei Formen hippocampaler Projektionen.  

Die Funktionen eines zweiten Mitglieds der Immunglobulin-Superfamilie, die des 

neuralen Erkennungsmoleküls L1, wurden ebenfalls untersucht. L1 beeinflußt die Migration 
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von Nervenzellen, das Auswachsen, die Wegfindung, Bündelung und Regeneration von 

Axonen, die Adhäsion zwischen Neuronen sowie zwischen Neuronen und Schwann`schen 

Zellen, das Überleben von neuronalen Zellen und die Proliferation und die Differenzierung 

von neuralen Vorläuferzellen. Neurale Stammzellen (NSCs) sind durch ihre Multipotenz und 

ihre Fähigkeit zur Selbsterneuerung charakterisiert und werden als potentielle 

Kandidatenzellen für die Entwicklung zellbasierter Therapien zur Behandlung 

neurodegenerativer Erkrankungen betrachtet. Die genetische Manipulation dieser Zellen vor 

deren Transplantation könnte ihr therapeutisches Potential verbessern, zum Beispiel durch 

Erhöhung ihrer Migrationsfähigkeit, durch Beeinflussung ihres Differenzierungspotentials 

oder durch Verbesserung ihres Überlebens. Diese Ziele könnten durch eine Transfektion mit 

dem neuralen Erkennungsmolekül L1 erreicht werden. Zur Überprüfung dieser Hypothese 

haben wir eine Methode etabliert, die eine effiziente nicht-virale, stabile Transfektion von 

Maus-NSCs unter Anwendung der Nucleofektionstechnik erlaubt. Um die Eigenschaften von 

L1-transfizierten NSCs in vivo zu testen, wurden die Zellen in das Quinolinsäure-lädierte 

Striatum adulter Mäuse transplantiert. In diesem Tiermodell wiesen stabil L1-transfizierte 

NSCs ein verbesserte Migrationvermögen im Vergleich zu Kontrollzellen auf. Weiterhin 

zeigten L1-transfizierte NSCs eine verstärkte neuronale und eine verminderte  astrozytäre 

Differenzierung im Vergleich zu Kontrollzellen.  
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Study one: Hippocampal dysplasia and aberrations in 

cholinergic and catecholaminergic nuclei and their 

hippocampal projections in NCAM-deficient mice 

1. Introduction 

1.1. General Introduction 

During development of the nervous system, neurons migrate and extend axons in order 

to find their final functional position and to innervate their appropriate targets. These 

developmental processes are crucially dependent on cell-cell and cell-matrix interactions. 

Migrating cells and outgrowing processes orient themselves along short-range and long-range, 

attractive or repulsive guidance cues. These guidance cues can be expressed on the cell 

surface of, for instance, glial cells or pioneering axons, or they are secreted into the 

extracellular matrix.  

One prominent group of molecules regulating cell-cell or cell-matrix interactions are 

the cell recognition molecules. There exist three main families of recognition molecules, the 

integrins, the cadherins and the immunoglobulin superfamily (Ig superfamily). Characteristic 

for the members of the Ig superfamily is the existence of at least one Ig-like domain, which 

allows them to mediate cell adhesion via a calcium independent mechanism. Three 

subfamilies have been distinguished within the Ig superfamily: (1) molecules, that contain 

only Ig-like domains, (2) molecules that possess Ig and fibronectin type III- (FN III) like 

domains and (3) molecules with Ig-like and various other domains (Brümmendorf et al., 

1998). This work focuses on the neural cell adhesion molecule (NCAM), a transmembrane 

protein belonging to the second subgroup of Ig superfamily members (Cunningham et al., 

1987; Walmod et al., 2004). 



Introduction                                                                                                                             12 
 
 
1.2. NCAM 

1.2.1. Structure of NCAM 

NCAM was the first cell adhesion molecule identified in the nervous system. It 

consists of five Ig-like domains and two fibronectin type III like domains (Fig. 1). From all 

members of the Ig-superfamily, it displays the highest homology to the myelin-associated 

glycoprotein (MAG) both with respect to sequence and overall structure (Salzer et al., 

1987).The NCAM gene, which is located on chromosome 9 in mice (D’Eustachio et al., 1985) 

and on chromosome 11 in humans (Nguyen et al., 1986), gives rise to several different protein 

isoforms by alternative splicing of the primary transcript. The major isoforms have a size of 

180, 140 and 120 kD and differ only in the size of their cytoplasmic domain (Fig.1). The 180 

kD and the 140 kD forms are transmembrane molecules, whereas the 120 kD form is attached 

to the membrane by a glycosylphosphaditylinositol (GPI) anchor (Gennarini et al., 1984 a, b). 
 

Figure 1: Modular structure of the 
major isoforms of NCAM. The 
schematic drawing displays the modular 
structure of the three major isoforms of 
NCAM. The different domains are 
described underneath the scheme. PSA 
stands for polysialic acid and VASE is 
an acronym for variable alternative 
spliced exon. Arrowheads indicate the 
attachment site of PSA and the insertion 
site of VASE.  

 

 

 

 

 

 

 

 

NCAM is involved in signal transduction (Schuch et al., 1989; Walsh et al., 1997; 

Niethammer et al., 2002; Walmod et al., 2004) and promotes a variety of developmental 

processes such as neurite outgrowth and fasciculation (Rutishauser and Edelman, 1980; 

Doherty et al., 1990), neural crest cell migration (Bronner-Fraser et al., 1992), muscle 

innervation (Landmesser et al., 1988), as well as adult neurogenesis (Kim et al., 2005; Seki 

and Arai, 1991). 
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1.2.2. NCAM expression 

Expression of NCAM starts very early during development. In Xenopus, for instance, 

the first NCAM transcripts can be detected already 2 hours after neural induction (Balak et al., 

1987). Generally, NCAM is very ubiquitously expressed. It can be found on nearly all 

postmitotic neurons, on Schwann cells, oligodendrocytes, astrocytes and denervated or 

developing skeletal muscle fibers (Moore and Walsh, 1986; Neugebauer et al., 1988; 

Seilheimer and Schachner, 1988). Some cell types or subcellular structures specifically 

express one of the three main isoforms. The 180 kD form, for instance, is strongly associated 

with synapses. Its long cytoplasmic tail interacts with the spectrin-actin cytoskeleton and 

thereby stabilizes synapses (Pollerberg et al., 1987; Persohn et al. 1989). Of the three major 

isoforms of NCAM, NCAM-120 is not detectable in synaptosomal membranes, whereas 

NCAM-140 is expressed on both pre- and postsynaptic membranes and NCAM-180 is 

restricted to postsynaptic sites, with localization of the NCAM-180 specific epitope in 

postsynaptic densities. Interestingly, NCAM-180 is only detectable in subpopulations of 

synapses in the adult rat hippocampus (Schuster et al., 1998; Schuster et al., 2001) and 

becomes upregulated after the induction of LTP (Schuster et al., 1998).  

 Astrocytes mainly express the 140 kD form while the 120 kD form is strongly 

expressed by oligodendrocytes and muscle cells and within the axons of the white matter, and 

in Lamina X of the gray matter of the spinal cord (Chuong and Edelman, 1984; Walsh and 

Doherty 1991; Filiz at al., 2002). 

Immunostaining with polyclonal antibodies that recognize all NCAM isoforms is 

intense in the hilus and inner molecular layer of the dentate gyrus with lighter staining in the 

dentate outer molecular layer. The mossy fiber tract, comprising axons traveling from the 

dentate granule cells to CA3 pyramidal cells, is strongly stained. There is abundant staining of 

the stratum radiatum and stratum oriens of CA1, but the stratum lacunosum-moleculare shows 

very little staining. A monoclonal antibody, which recognizes specifically NCAM-140 and 

NCAM-180, intensely stains the mossy fiber tract, hilus, and inner molecular layer (Miller et 

al., 1993). 

 

1.2.3. PSA-NCAM and VASE 

An interesting feature of NCAM is its developmentally regulated post-translational 

modification, which has an important impact on its functional properties. Two different 

mechanisms are known. The first occurs very early during development. After translation, a 
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2,8-polysialic polymer is attached to the fifth Ig-like domain. This process is calcium 

dependent and is regulated by two different enzymes, designated ST8SiaII/STX and 

ST8SiaIV/PST (Ong et al., 1998). While all isoforms of NCAM might be sialylated, the 

180kD form is the main carrier of polysialic acid (PSA) (Franceschini et al., 2001b). The PSA 

polymer is negatively charged and it is strongly hydrated. Both its size and its negative charge 

are believed to reduce NCAM-mediated cell-cell adhesion, but also cell-cell interactions 

mediated by other cell surface associated ligands, including L1 (reviewed in Rutishauser and 

Landmesser 1996; Kiss et al., 2001). By attenuating cell-cell contacts, the polysialylated form 

of NCAM is thought to be involved in dynamic processes, such as cell migration, axonal 

growth, pathfinding and synaptic plasticity (Bruses and Rutishauer, 2001). After contact 

formation and establishment of axonal projections, the amount of NCAM-associated PSA 

decreases. However, PSA-NCAM remains expressed in adult brain regions exhibiting a 

permanent capacity for structural and synaptic plasticity, including the olfactory bulb, the 

hippocampus and the pituitary gland (Bonfanti et al., 1992; Gubkina et al., 2001). 

Coinciding with the decrease of PSA, expression of the second type of NCAM 

modification becomes pronounced, an alternatively spliced NCAM mRNA variant 

characterized by a 10 amino acid sequence insert within the fourth Ig-like domain, the so 

called variable alternative spliced exon (VASE) (Fig. 1). The VASE insert has been found in 

every major isoform of NCAM (Small and Akeson, 1990). Its presence correlates with a 

decreased capacity of NCAM to promote neurite outgrowth without, however, affecting its 

adhesive properties (Lahrtz et al., 1997). At the beginning of neural development, only less 

than 3% of the NCAM transcripts contain this exon. With ongoing developmental progress, 

the amount of VASE-bearing transcripts increases up to 50% of all NCAM molecules in the 

adult, although at this time point, it is never found in brain regions characterized by synaptic 

and morphogenic plasticity, like the hippocampus and the olfactory bulb (Small et al., 1988). 

Together, the shift of the functional properties of NCAM nicely correlates with the shift of its 

structural features, without changing the overall expression levels of NCAM. At the 

beginning of development, dynamic processes like axon outgrowth, pathfinding, migration 

and synaptic plasticity are relevant, involving the PSA polymer. Later on, maintenance of 

fasciculation and stabilization of synaptic contacts are of greater importance, which correlates 

with an increase of the VASE insert-bearing form of NCAM. 
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1.2.4. NCAM deficient mice  

Despite of its presumed versatile roles in CNS development, disruption of the NCAM 

gene in mice evokes only subtle morphological changes in the adult nervous system (Cremer 

et al., 1994; 1997). The olfactory bulb of NCAM deficient (NCAM-/-) mice is reduced in size, 

probably as a result of disturbed cell migration. Similar observations have been reported for 

adult mice deficient for NCAM180 (Tomasiewicz et al., 1993) and for wild-type mice treated 

with endoneuraminidase-N to remove NCAM-associated polysialic acid (Ono et al., 1994), 

indicating that absence of PSA on migrating granule cells is a major factor for such abnormal 

development. Furthermore, disorganization of the pyramidal cell layer in the hippocampal 

area CA3 and disorganized growth of mossy fiber bundles, with reduced fasciculation and 

quantitative reduction of mossy fibers and their terminals have been observed in NCAM-/- 

mice (Cremer et al., 1994; 1997).  

In addition to such altered morphology, behavioral changes are apparent in NCAM-/- 

mice. Modest alteration of exploratory activity, deficits in spacial learning and strongly 

increased intermale aggression associated with increased activation of the limbic system have 

been observed in NCAM-/- mice (Cremer et al., 1994; Stork et al., 1997). Furthermore, 

NCAM-/- mice show increased anxiety-like behavior compared with wild-type mice that could 

be reduced by systemic administration of the 5-HT1A –( serotonin 1A) receptor agonists 

buspirone and 8-OH-DPAT. This behavior could be related to increased cell surface 

expression of the downstream signaling target of both NCAM and the 5-HT1A receptor, the 

Kir3.1/2 inwardly rectifying K+ channels (Delling et al., 2002). Anxiolysis in NCAM-/- mice 

is achieved at lower doses of buspirone and 8-OH-DPAT compared with wild-type mice 

(Stork et al., 1999). Such increased response to 5-HT1A receptor stimulation suggests a 

functional change in the serotonergic system of NCAM-/- mice, likely involved in the control 

of anxiety and aggression (for review, see Graeff et al., 1996).  

 

1.3. Anatomy of the septo-hippocampal system 

In rodents, the septo-hippocampal system includes the hippocampal formation, the 

septal area, their interconnections and the afferent and efferent pathways that connect them to 

other brain areas. The septum and the hippocampus are connected mainly by the fimbria and 

the dorsal fornix bundles (Fig. 2) 
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Figure 2: A three-dimensional organization of the septo-hippocampal system in the rat brain. The hippocampus 
is the C-shaped structure. Abbreviations: fx = fornix; fi = fimbria; HC = hippocampus; MS = medial septum 
(modified from Amaral and Witter 1995). 
 

1.3.1. The hippocampus 

The hippocampus is a specialized part of the limbic cortex, which is located in the 

temporal lobe in humans. It is known to function in the formation of memory. The formation 

of new memories requires the function of the hippocampus, but eventually the memory trace 

is stored in another part of the brain and is no longer dependent on the hippocampus (Scoville 

and Milner, 1957; Morris et al., 1982; Zola-Morgan and Squire, 1986; Squire and Zola-

Morgan, 1991) 

The notion that the hippocampus is mainly involved in spatial encoding in rodents has 

been challenged by studies showing that the pyramidal cells of the hippocampus can have 

other than spatial learning functions (Bunsey and Eichenbaum, 1996; Dusek and Eichenbaum, 

1997; Wood et al. 1999; for review, see Eichenbaum and Cohen, 1988). These results indicate 

that the function of the hippocampus in animals is not limited to spatial encoding alone, but 

also non-spatial declarative processing takes place in the hippocampus, as does in humans 

(Scoville and Milner, 1957). However, spatial memory is still the most universally accepted 

critical function of the hippocampus in rodents, monkeys and humans. 

The term hippocampal formation encompasses six subregions: the dentate gyrus, 

hippocampus proper, subiculum, presubiculum, parasubiculum and the entorhinal cortex 

(Amaral and Witter, 1989; 1995). Often, as here, the word hippocampus is used to refer to a 

structure that is composed of the hippocampus proper and the dentate gyrus. The 



Introduction                                                                                                                             17 
 
 
hippocampus is a C-shaped structure (Fig. 2) that has a characteristic laminar organization: if 

the hippocampus is cross-sectioned at any septo-temporal level, it can be seen that the cells 

are packed into distinct layers. In rodents, the hippocampus proper comprises of three parts: 

CA1, CA2 and CA3. In humans, there are four parts: CA1, CA2, CA3 and CA4. The 

abreviation CA stands for the Latin words cornu ammonis; “Ammon’s horn” in English. 

The intrahippocampal connections form a tri-synaptic loop, which is composed of the 

cells of the dentate gyrus, CA3 and CA1 and their interconnections (Fig. 3) (Amaral and 

Witter, 1995). 
 

 

Figure 3: The tri-synaptic loop of the hippocampus. The filled triangles represent the pyramidal cell layer (CA1 
and CA3) and the filled circles represent the granular cell layer of the dentate gyrus. Abbreviations: EC = 
entorhinal cortex; DG = dentate gyrus; pp = perforant pathway; mf = mossy fibers; sc = Schaffer collaterals; ff = 
fimbria fornix (modified from Amaral and Witter 1995). 

 

The first synaptic connections of the loop are formed between the entorhinal cortex 

and dentate gyrus. The cells in the superficial layers (mainly layer II) of the entorhinal cortex 

send their axons to the molecular layer of the dentate gyrus and provide the main 

glutamatergic input to the hippocampus. This pathway is called the perforant pathway. 

Collaterals of the same axons form also connections with CA3 pyramidal cells. The second 

synaptic connection is formed between the dentate gyrus and the CA3. The axons from the 

granular cells of the dentate gyrus innervate the dendrites of the CA3 pyramidal cells. These 

axons are called mossy fibers. As in the case of the perforant pathway, also mossy fibers form 

connections with another cell population, namely the mossy cells of the dentate gyrus. These 



Introduction                                                                                                                             18 
 
 
interneurons provide feedback excitation back to the granule cells. In the third and last stage 

of the tri-synaptic loop, the axons of the CA3 pyramidal cells form connections with the 

dendrites of the CA1 pyramidal cells in the layers stratum radiatum and stratum oriens. These 

axons are called Schaffer collaterals, and they also branch to form connections with other cell 

population: the cells of the lateral septum and the mammillary bodies. These axons pass 

through the fimbria/fornix. Thus, the tri-synaptic loop is closed, but the information that is 

processed in the loop by the principal cells and the interneurons is projected back to the 

entorhinal cortex by the CA1 pyramidal cell axons, either directly or via the subiculum. While 

the input cells to the hippocampus are located in the superficial layers of the entorhinal cortex, 

the output axons from the hippocampus project to the deep layers of the entorhinal cortex 

(Amaral and Witter, 1995). 

While the tri-synaptic loop is the main circuit of the hippocampus, it is still only one 

part of the entire circuitry. There are several other connections with important contributions to 

the function of the hippocampus such as connections from the entorhinal cortex to the CA1 

and the subiculum, connections between the two hippocampi via the commissures, and the 

subcortical connections via the fimbria/fornix, mostly with the septum. Other connections that 

pass via the fimbria/fornix are noradrenergic connections from the locus coeruleus, 

serotonergic connections from the raphe nuclei, histaminergic connections from the 

supramammillary nucleus and dopaminergic connections from the ventral tegmental area and 

the substantia nigra (see Dutar et al., 1995). A common feature of the hippocampal 

connections other than the tri-synaptic loop is that they provide, in addition to some sparse 

excitation, massive inhibition of the pyramidal cells of the hippocampus enabling 

synchronization of the pyramidal cell firing (Freund and Gulyas, 1997). 

 

1.3.2. Classification of the cholinergic nuclei in the central nervous system 

According to the classification by Satoh (Satoh et al., 1983), there are four main 

groups of cholinergic cells in the rat brain. The first group is composed of cells of the basal 

forebrain that constitute the “rostral column”. The second group is composed of cells that are 

located in the pons and midbrain, and which are called the “caudal column”. The cells in the 

neostriatum, nucleus accumbens and olfactory tubercle constitute the third group, and the 

fourth groups of cholinergic cells are in the spinal cord and the nuclei of the cranial nerves. 

Another, more commonly used classification by Mesulam (Mesulam et al., 1983), classifies 

the cholinergic cells into six groups (Fig. 4). This classification is based on topographical 
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variations in the projection fields. The first group (Ch1) is composed of the cholinergic cells 

of the medial septum (MS) and cells in the vertical limb of diagonal band, DB (vDB, Ch2). 

These two groups project mainly to the hippocampus. The horizontal limb of the DB (hDB) 

that projects to the olfactory bulb is classified as Ch3. The neocortex and amygdala are 

innervated by the fourth group of cells, Ch4. These Ch4 cells constitute a large group that is 

located in the nucleus basalis (NB), the preoptic magnocellular nucleus and some parts of the 

hDB. The thalamus is innervated by the two remaining groups of cells, Ch5 and Ch6. They 

are located in the pedunculopontine nucleus and laterodorsal tegmental nucleus. Although 

these nuclei (Ch1-6) are generally considered to be cholinergic, they contain also other types 

of cell (Mesulam et al., 1983). For example, only 10-20 % of the cells in the Ch3 nucleus are 

cholinergic, whereas in Ch4 the proportion of cholinergic cells is 80-90 %. Most of the 

studies concerning the role of the cholinergic system in learning and memory have 

concentrated on Ch1/Ch2 and Ch4, because they are supposed to be the most important ones 

based on their projection areas (hippocampus and cortex). 
 

 
Figure 4: The cholinergic nuclei of the rodent brain (Ch1-6). Abbreviations: AMG = amygdala; CB = 
cerebellum; HC = hippocampus; NC = neocortex; OB = olfactory bulb; TH = thalamus (modified from Mesulam 
et al., 1983). 
 

1.3.3. The septum 

Already in the second century A.D. the Greek neuroanatomist Galen has  defined the 

septum as a separate brain structure including the area which is located between the anterior 

horns of the lateral ventricles (septum = from Latin, saeptum: a dividing wall or membrane 

especially between bodily spaces or masses of soft tissue). The first detailed description of the 
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anatomy of the septum was provided in 1901 by Cajal, who was also the first to classify it as a 

part of the basal ganglia on the contrary to the previous generally accepted notion that it is a 

specialized part of cerebral cortex. Even today, a general agreement about the classification 

has not been accomplished. Furthermore, not even the exact boundaries defining the septum 

are generally agreed upon. What is generally accepted is that the septum can be viewed as an 

interface or a relay station between the evolutionarily “old brain” (diencephalon) and “new 

brain” (telencephalon). It is assumed to maintain the balance between the endocrine and 

emotional components of the central nervous system. 

The septal complex is usually divided into three parts: the medial septum / diagonal 

band of Broca (MSDB), the lateral septum (LS) and the posterior septum. The two subnuclei 

of the MSDB are the medial septal nucleus (MS) and the nucleus of the diagonal band of 

Broca (DB). DB is further composed of two parts: the horizontal limb of DB (hDB) and 

vertical limb of DB (vDB). MS and DB are often classified as separate nuclei even though 

they are actually continuous and no anatomical boundary can be determined between them 

(Fig. 5). In fact, a more functional classification would be to combine MS and the vertical 

limb of the DB. Therefore, in this text, this complex is considered to be one functional unit 

and is called medial septum / diagonal band of Broca nuclear complex (MSDbBnc). The 

second part of the entire septal complex, the lateral septum can be divided into three main 

parts: dorsal, intermediate and ventral parts. The third part, posterior septum is composed of 

two parts: the bilateral septofimbrial nucleus and triangular septal nucleus (Jakab and Leranth, 

1995). 

As most brain structures, the septum was originally defined on the basis of gross 

dissections rather than any rational structure-based principle. As a result, the septal complex is 

actually a group of functionally unrelated nuclei that are considered under one category only 

for historical reasons. For example, the functions of MSDbBnc and LS are quite different. 

MSDbBnc primarily relays the ascending information from the diencephalon to the 

telencephalic structures, whereas LS mediates the descending information from the 

telencephalon to the diencephalon (Jakab and Leranth, 1995). Furthermore, connections 

between the MSDbBnc and lateral septum are very sparse (Jakab and Leranth, 1995). 
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Figure 5: Coronal section of the rat brain. Abbreviations: MS = medial septum; vDB = vertical limb of the 
diagonal band of Broca; hDB = horizontal limb of the diagonal band of Broca; STR = striatum; ca = commissura 
anterior; cc = corpus callosum. Adapted from Paxinos and Watson (1986). 

 

The cells of the MSDbBnc project mainly to the hippocampus and less extensively to 

the entorhinal cortex and the cingulate cortex (Gaykema et al., 1990). Approximately 40-50% 

of the cells in this area that project to the hippocampus are cholinergic and 10-20% are 

GABAergic (Linke et al., 1994). The cholinergic cells of the MSDbBnc have long been 

considered its functionally most important cell type, since it provides most of the cholinergic 

innervation of the hippocampus. However, the GABAergic cells have been shown to 

contribute to the maintenance of the hippocampal theta activity (Lee et al., 1994; Wenk et al., 

1994). 

The septum is involved in the regulation of the hippocampal rhythmic electrical 

activities. The theta rhythm is a regular electroencephalographic 4-12 Hz oscillation in the 

hippocampus and related structures. There are two types of theta rhythm: Type I theta has an 

overall frequency range of 6-12 Hz and it occurs mainly during walking and running. Type II 

theta has a lower frequency range of 4-9 Hz and it occurs during immobility (Kramis et al., 

1975). The septum is considered the pacemaker of the theta rhythm since the discovery of 

pacemaker cells in the septum by Petsche (Petsche et al., 1962). This view has been 

confirmed by studies showing that lesions of the septal area completely eliminate the theta 

rhythm in the hippocampus of experimental animals (Andersen et al., 1979; Leung et al., 

1994). Pharmacological studies of the theta rhythm have revealed that the cholinergic 

innervation from the MS is the most important input that regulates the hippocampal theta 

rhythm. Indeed, various cholinergic agonists produce theta activity when administered 
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systemically (Teitelbaum et al., 1975), when microinfused into the septum (Monmaur and 

Breton, 1991) or hippocampus (Rowntree and Bland, 1986; Colom et al., 1991) and even in 

vitro, when applied to hippocampal slices (Konopacki et al., 1987). Conversely, cholinergic 

antagonists attenuate the theta rhythm (Bennett et al., 1971; Kramis et al., 1975). In 

conclusion, the most convincing view is that the theta rhythm is crucial for the proper 

function of the hippocampus and that the septum is crucial for the generation of theta activity 

but that the cholinergic cells are not the only determinant of the theta rhythm. It is the 

complex circuitry of the entire septal area that orchestrates the function of hippocampal 

pyramidal cells and interneurons in a way that allows the hippocampus to function properly 

and that this orchestration can be recorded as an oscillation that can be called the hippocampal 

theta rhythm. 

 

1.3.4. Interconnections 

The interconnections between the septum and the hippocampus are reciprocal. The 

ascending connections from the septum to the hippocampus arise from the MSDbBnc. There 

are two types of connections: cholinergic and GABAergic. About 90 % of the cholinergic 

innervation of the hippocampus comes from the MSDbBnc. The cholinergic input provides a 

modulatory input to principal cells and GABAergic interneurons of the hippocampus (Wainer 

et al., 1984; Frotscher and Leranth, 1985). The GABAergic projections terminate at 

GABAergic interneurons of the hippocampus and thus provide a massive disinhibition of the 

pyramidal cells (Freund and Antal, 1988). Both the cholinergic and the GABA-to-GABAergic 

input provide a synchronous orchestration of the entire hippocampal formation (see Chrobak, 

2000). The hippocampus projects descending connections back to the septum. The main target 

area of the hippocampal projections is the LS. The CA1 pyramidal cells project to the entire 

LS whereas CA3 pyramidal cells project only to the caudal part of the LS (Jakab and Leranth, 

1995). Although the LS is the main target of the hippocampal projections, there are also some 

connections to the MSDbBnc from the (mainly GABAergic) interneurons of the 

hippocampus. These projections arise from the calbindin-containing interneurons and they 

terminate at both cholinergic and GABAergic cells of the MSDbBnc (Jakab and Leranth, 

1995). The fiber bundles that contain the main projections between the septum and the 

hippocampus are called the fimbria/fornix, the dorsal fornix and the supracallosal striae. A 

fourth ventral route passing through the amygdala has also been described (Milner and 
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Amara, 1984). These bundles contain also other projections, for example noradrenergic and 

serotonergic projections from the brain stem to the hippocampus. 

 

1.4. Anatomy of substantia nigra 

The substantia nigra and its adjacent dopaminergic cell groups have attracted the 

interests of many researchers since the discovery that degeneration of one chemically defined 

cell types – the dopaminergic neuron – causes Parkinson’s disease (Zold et al., 2007; Chen et 

al., 2007). One of the major inputs of sunstantia nigra – the striato-nigral pathway – 

degenerates during the course of Huntington’s chorea (Petersén et al., 2001; Yohrling et al., 

2003; Tang et al., 2007). In addition to these largely extrapyramidal motor disorders, the 

substantia nigra and its adjacent nuclei in the ventral tegmental area have been strongly 

implicated in thought and affective disorders such as schizophrenia, manic-depressive illness, 

and tardive dyskinesia (Lauterbach 1996; Mitchell et al., 2002; McCormick and Stoessl, 

2002; Andreassen et al., 2003; Mueller et al., 2004; Fachinetto et al., 2005; Kumamoto et al., 

2006; Ulla et al., 2006; Murray et al., 2007). The substantia nigra and the adjacent cell group 

also play key roles in generation of pleasure and in the development of drug addiction (Belin 

et al., 2007; Iacovelli et al., 2006; Sun et al., 2005; Shepard et al., 2006; Berretta et al., 2001). 

This area also involved in the control of gonadal hormones, the autonomic nervous system, 

reinforcement behavior, stress, and a broad array of behavioral processes and clinical 

disorders (Fallon and Loughlin, 1995). 

The substantia nigra (Latin for "black substance") is a heterogeneous structure in the 

midbrain, and lies in the ventral tegmentum of the mesencephalon. In rat, it is 2.5 mm long in 

the rostro-caudal plane, and 3 mm wide in the medio-lateral plane. The substantia nigra (SN) 

consists of two ensembles, the pars compacta (SNC) and related adjacent dopaminergic 

groups, and another ensemble made up of the pars reticulata and the pars lateralis. SN pars 

reticulata and pars lateralis, along with the pallidal nuclei, are elements of the core of the 

basal ganglia. Although intricate and interconnected, the two ensembles must be clearly 

distinguished. The SNC has a volume of 0.3 mm3 in rat and contains 10,000-12,000 neurons 

on each side, whereas VTA is 1,2 mm3 in volume and contains 27,000 neurons on each side 

(Halliday and Tork, 1986).  

 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Lauterbach%20EC%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22McCormick%20SE%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
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1.4.1. Pars compacta and adjacent dopaminergic groups 

1.4.1.1. Anatomy 

Substantia nigra pars compacta contains neurons which, in humans, are colored black 

by the pigment neuromelanin which accumulates intracellularly with age. This pigmentation 

is visible as a distinctive black stripe in brain sections and is the origin of the name given to 

this area. The neurons in SNC have particularly long and thick dendrites (Francois et al., 

1984). The ventral dendrites go down deeply into the pars reticulata. Neurons with similar 

morphology are sparsely distributed in the mesencephalon outside SNC and constitute 

"groups" with no clear borders, although continuous to the pars compacta, in prerubral 

positions. In early works in rats these cell groups have been given the names "area A8" and 

"A10". The pars compacta itself ("A9") is usually subdivided into a ventral and a dorsal tier, 

the last being calbindin positive (Francois et al., 1987). The ventral tier is considered as A9v. 

The dorsal tier A9d is linked to an ensemble comprising also A8 and A10 (Langer et al., 

1991), A8, A9d and A10 representing 28% of all dopaminergic neurons in the monkey brain. 

The long dendrites of pars compacta neurons receive striatal innervation. This cannot be the 

case for the more posterior groups that are located outside the striato-pallidonigral bundle 

territory. Neurons of the pars compacta receive inhibiting signals from the collateral axons 

from the neurons of the pars reticulata (Hajos and Greenfield., 1994). All these neurons send 

their axons along the nigrostriatal pathway to the striatum where they release the 

neurotransmitter dopamine. Dopaminergic axons also innervate other elements of the basal 

ganglia system including the lateral and medial pallidum (Lavoie et al., 1989), substantia 

nigra pars reticulata and the subthalamic nucleus (Cragg et al., 2004). 

1.4.1.2. Function  

The function of the dopamine neurons in the substantia nigra pars compacta is 

complex (Fallon and Loughlin, 1995). Contrary to what has been thought initially, it is not 

directly linked to movements. Dopamine neurons are activated by novel, unexpected stimuli, 

by primary rewards in the absence of predictive stimuli and during learning. Dopamine 

neurons are thought to be involved in learning to predict which behaviors will lead to a 

reward (for example food or sex). In particular, it is suggested that dopamine neurons fire 

when a reward is greater than that previously expected, a key component of many 

reinforcement learning models. This signal can then be used to update the expected value of 

http://en.wikipedia.org/wiki/Neurons
http://en.wikipedia.org/wiki/Pigment
http://en.wikipedia.org/wiki/Neuromelanin
http://en.wikipedia.org/wiki/Axon
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http://en.wikipedia.org/wiki/Neurotransmitter
http://en.wikipedia.org/wiki/Dopamine
http://en.wikipedia.org/wiki/Subthalamic_nucleus
http://en.wikipedia.org/wiki/Food
http://en.wikipedia.org/wiki/Sex
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that action. Many drugs of abuse, such as cocaine, mimic this reward response which provides 

an explanation for their addictive nature (Fallon and Loughlin, 1995). 

 

1.4.1.3. Pathology 

Degeneration of pigmented neurons in the substantia nigra is the principal pathology 

that underlies the Parkinson's disease (Zold et al., 2007; Chen et al., 2007). In some patients 

the cause of the Parkison's disease is genetic, but in most cases the reason for the death of 

these dopamine neurons is unknown. Parkinsonism can also be produced by viral infections 

such as encephalitis or a number of toxins, such as MPTP, an industrial toxin which can be 

produced during synthesis of the meperidine analog MPPP. Many such toxins appear to work 

by producing reactive oxygen species. Binding to neuromelanin by means of charge transfer 

complexes may concentrate radical-generating toxins in the substantia nigra. Pathological 

changes to the dopaminergic neurons of the pars compacta are also thought to be involved in 

schizophrenia (the dopamine hypothesis of schizophrenia) and psychomotor retardation 

sometimes seen in clinical depression (Lauterbach 1996; Mitchell et al., 2002; McCormick 

and Stoessl, 2002; Andreassen et al., 2003; Mueller et al., 2004; Fachinetto et al., 2005; 

Kumamoto et al., 2006; Ulla et al., 2006; Murray et al., 2007). 

 

1.4.2. Pars reticulata and lateralis 

1.4.2.1. Anatomy 

Neurons in the pars reticulata and lateralis are much less densely packed than those in 

pars compacta and therefore sometimes named pars diffusa. The neurons are smaller than the 

dopaminergic neurons and morphologically similar to the pallidal neurons. Their dendrites are 

preferentially perpendicular to the striatal afferents which arise from the medial end of the 

striato-pallidonigral bundle (Francois et al., 1999). Nigral neurons in pars reticulata and 

lateralis make synaptic connections with the dopamine neurons of pars compacta at the level 

of their long dendrites that plunge deeply into pars reticulata. The neurons of the pars 

reticulata and lateralis produce the neurotransmitter gamma-aminobutyric acid (GABA). In 

addition, pars reticulata sends axons to the pars parafascicularis of the central region of the 

thalamus and to the pedunculopontine complex. The particularity of the pars lateralis is that it 

innervates the superior colliculus (Atherton and Bevan, 2005). 
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1.4.2.2. Function 

The neurons of the pars reticulata are fast-spiking pacemakers, generating action 

potentials in the absence of synaptic input (Schultz, 1986). In primates, they discharge at a 

mean rate of 68 Hz in contrast to dopaminergic neurons (below 8 Hz) (Hikosaka and Wurtz, 

1983). Pars reticulata neurons receive abundant afferrents from the striatum (mainly from the 

associative striatum), the subthalamic nucleus and dopaminergic innervation from the 

dopaminergic ensemble. 

The pars reticulata is one of the two primary output nuclei of the basal ganglia system 

to the motor thalamus. The second output of the basal ganglia is the internal segment of the 

globus pallidus.  

 

1.4.2.3. Pathology 

The function of the neurons of the pars reticulata is profoundly changed in 

parkinsonism and epilepsy (Lauterbach 1996; Mitchell et al., 2002; McCormick and Stoessl, 

2002; Andreassen et al., 2003; Mueller et al., 2004; Fachinetto et al., 2005; Kumamoto et al., 

2006; Ulla et al., 2006; Murray et al., 2007). These changes are thought to be mostly 

secondary to pathology elsewhere in the brain, but may be crucial to understanding the 

generation of the symptoms of these disorders. 

http://en.wikipedia.org/wiki/Action_potential
http://en.wikipedia.org/wiki/Action_potential
http://en.wikipedia.org/wiki/Nucleus_%28neuroanatomy%29
http://en.wikipedia.org/wiki/Basal_ganglia
http://en.wikipedia.org/wiki/Globus_pallidus
http://en.wikipedia.org/wiki/Parkinson%27s_disease
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Lauterbach%20EC%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22McCormick%20SE%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
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2. Rationale and aims of the study 

Different behavioral and physiological abnormalities have been identified so far in NCAM 

deficient mice. The morphological substrates of these anomalies are largely unknown. This 

study was designed to address the question of the structural basis of functional impairments. 

In particular, analysis of cholinergic nuclei and their hippocampal projections appeared 

warranted with a view to the major impact of the cholinergic system on hippocampal 

functions. The methodological approach applied in this study has been previously described 

(Irintchev et al., 2005). It is based on immunohistochemical visualization of defined cell types 

and stereological estimation of cell densities and volumes of structures. In addition, densities 

of immunohistochemically visualized projecting axons in the hippocampus were estimated 

using a stereological approach. The particular aims of these investigations were to determine 

whether NCAM deficiency causes: 

1. Changes in the number of cholinergic cells in the medial septum / diagonal band of 

Broca nuclear complex, dopaminergic cells in substantia nigra/ ventral tegmental area and 

noradrenergic cells in locus coeruleus.  

2. Alterations in the cholinergic and catacolaminergic fiber densities in different subfields 

and layers of the hippocampus. 

Both young (2 months of age) and adult (13 months) NCAM deficient mice and wild-type 

littermates were analyzed in order to detect possible age-related impacts of the NCAM 

deficiency.   
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3. Materials and methods 

3.1. Chemicals 

The chemicals used in this study were obtained from the following companies:  

Dianova (Hamburg, Germany), donkey serum; Fluka (Buchs, Germany), paraformaldehyde, 

cacodylate, sucrose; Merck (Darmstadt, Germany), 2-methyl-butane; Roth (Karlsruhe, 

Germany), sodium citrate. 

3.2. Solutions and buffers 

Antigen retrieval buffer 10 mM sodium citrate in H2O 

Blocking buffer 0.2 

0.02 

5 

% (v/v) 

% (w/v) 

% (v/v) 

Triton X-100 

sodium azide 

normal donkey serum 

Cacodylate buffer 0.1 M sodium cacodylate in H2O, 

pH 7.3   

Cryoprotection buffer 15 % (w/v) in 0.1 M cacodylate buffer 

Fixative 4 

0.1 

% (w/v) 

(w/v) 

formaldehyde 

CaCl2 

in cacodylate buffer, pH 7.3   

Phosphate-buffered saline (PBS) 150 

20 

mM 

mM 

NaCl 

Na3PO4, pH 7.4 

PBS-carrageenan 0.5 

0.02 

% (w/v) 

(w/v) 

lambda-carrageenan 

sodium azide 

Post-fixation solution 15 % (w/v) sucrose in fixative 
 

3.3. Animals 

Male and female NCAM deficient (NCAM-/-) mice (n = 9) and wild-type 

(NCAM+/+) littermates (n = 9) were used at the age 2 months. Only male NCAM-/- (n = 9) 

and NCAM+/+ mice (n = 7) were used at the age 13 months. The generation of the NCAM-

deficient mice has been described previously (Cremer et al., 1994). Prior to the experiments, 

the genotype of the animals had been determined by a polymerase-chain reaction assay using 
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tissue samples taken after birth as described previously (Cremer et al., 1994). To confirm the 

results of the first genotyping, second biopsy and genotyping were performed after sacrificing 

of the animals.  The 2-month-old animals were bred in the animal facility of the 

Univeritätsklinikum Hamburg and delivered to the Institute several days before sacrifice. The 

13-month-old animals, also bred in the animal facility of the Univeritätsklinikum Hamburg, 

were used for behavioral analysis prior to morphological analysis and kept in the animal 

facility of the Institut für Biosynthese neuraler Strukturen until sacrifice. All animals used 

appeared healthy and were treated in accordance to the German law on protection of 

experimental animals. 

 

3.4. Tissue processing 

Tissue processing, sectioning and immunohistochemical stainings were performed as 

described (Irintchev et al., 2005). Mice were weighed and anesthetized with 16% w/v 

(weight/volume) solution of sodium pentobarbital (Narcoren, Merial, Hallbergmoos, 5 µl g-1 

body weight, i.p.). After surgical tolerance was achieved, the animals were transcardially 

perfused with physiologic saline for 60 seconds followed by fixative consisting of 4% 

formaldehyde and 0.1% CaCl2 in 0.1M cacodylate buffer, pH 7.3, for 30 minutes at room 

temperature (RT). Cacodylate buffer supplemented with calcium was selected for use in order 

to ensure optimal tissue fixation including preservation of highly soluble antigens. Following 

perfusion, the animals were left in situ for 2 hours at RT to reduce fixation artifacts. 

Subsequently, the brains were dissected out without the olfactory bulbs and post-fixed 

overnight (18-22 hours) at 4°C in the formaldehyde solution used for perfusion. Tissue was 

then immersed into 15% sucrose solution in 0.1M cacodylate buffer, pH 7.3, at 4°C for two 

days for cryoprotection. Fixed and cryoprotected (sucrose-infiltrated) brains were carefully 

examined under a stereomicroscope and hair, rests of dura mater or other tissue debri were 

removed with fine tweezers. Following this, the brains were placed in a mouse brain matrix 

(World Precision Instruments, Berlin) and the caudal end was cut at a defined level (1 mm 

from the most caudal slot of the matrix). Then brain mass and volume were measured (see 

3.6.2 and 3.6.3). Finally, the brains were frozen by insertion into 2-methyl-butane 

(isopentane) which had been precooled to -30°C in the cryostat. The brains were stored in 

liquid nitrogen until sectioned.  
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3.5. Preparation of cryostat sections 

For sectioning, the caudal pole of each brain was attached to a cryostat specimen 

holder using a drop of distilled water placed on a pre-frozen layer of Tissue Tek (Sakura 

Finetek Europe, Zoeterwoude, The Netherlands). The ventral surface of the brain was oriented 

to face the cryostat knife edge and serial coronal sections were cut in a cryostat Leica 

CM3050 (Leica Instruments, Nußloch, Germany).  Sections of 25-µm thickness for 

immunohistochemical analysis were prepared. Sections were collected on SuperFrost Plus 

glass slides (Roth, Karlsruhe, Germany). Since stereological analyses require extensive 

sectioning of the structures studied and use of spaced-serial sections (Howard and Reed, 

1998) sampling was always done in a standard sequence so that 4 sections that were 250 apart 

from each otherwere present on each slide (Figure 6). 
 

Figure 6: Standardized sequence of 
collecting sections (25-µm thickness) 
on glass slides. Staining of slides from 
one row (e.g. 1, 11, etc.) with a given 
antibody gives the opportunity to 
evaluate a cell population using 
randomly spaced samples from a brain 
structure of interest. 
 

 

 

 

 

 

 

 

 

 

3.6. Analysis of anatomical variables 

3.6.1 Body weight 

The body weight of the animals was measured after anesthesia for perfusion fixation 

using a digit scale (Mettler Toledo, Switzerland).  
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3.6.2 Brain volume 

Brain volume was determined by measurement of volume displacement using a 5-ml 

measuring cylinder (Roth) prefilled with 4 ml sucrose/cacodylate solution. 

 

3.6.3 Brain weight 

Brains were blotted with filter paper to remove excess liquid from the surface and the 

brain mass was measured using a fine 4-digit scale (BP61, Sartorius, Göttingen, Germany). 

 

3.7. Analysis of immunohistochemically defined cell density and 

fiber 

3.7.1. Antibodies 

3.7.1.1. Primary antibodies  

Goat anti-ChAT (choline-acetyltransferase) affinity-purified Ig polyclonal antibody 

(Chemicon, Hofheim, Germany) was used at dilution of 1:100 in PBS containing 0.5% 

lambda-carrageenan and 0.2% sodium azide. Choline acetyltransferase is found in cholinergic 

neurons in the central nervous system. 

Rabbit anti-TH (tyrosine hydroxylase) affinity-purified polyclonal antibody 

(Chemicon, Hofheim, Germany) was used at a dilution of 1:500 in PBS containing 0.5% 

lambda-carrageenan and 0.2% sodium azide. Tyrosine hydroxylase is the rate-limiting 

enzyme in the synthesis of the catecholamine neurotransmitters (dopamine, epinephrine, and 

norepinephrine) and is present in catacalominergic neurons. 

 

3.7.1.2. Secondary antibodies  

Donkey anti-goat IgG - Alexa Fluor® 555 (Molecular Probe, Mo Bi Tec, Göttingen, 

Germany) was used diluted 1:200 in PBS containing 0.5% lambda-carrageenan and 0.2% 

sodium azide. 

Goat anti-rabbit IgG conjugated with Cy3 (Jackson ImmunoResearch Laboratories) 

was used diluted 1:200 in PBS containing 0.5% lambda-carrageenan and 0.2% sodium azide. 
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3.7.2. Immunohistochemical stainings 

For immunohistochemical staining, a method described by Irintchev and colleagues 

(Irintchev et al., 2005) was used because it allows repeated use of antibody solutions 

(stabilized by the non-gelling vegetable gelatin lambda-carrageenan), convenient incubation 

in jars and high reproducibility. Sections, stored at -20°C, were air-dried for 30 minutes at 

37°C. A 10mM sodium citrate solution (pH 9.0, adjusted with 0.1M NaOH) was freshly 

prepared and sections were immersed for antigen de-masking in the solution preheated in a 

water bath to 80°C for 30 minutes. Afterwards, the jar was taken out of the water bath and left 

to cool down at room temperature. Sections were briefly rinsed with PBS to prevent 

contamination of the jars with sodium citrate. Then blocking of unspecific binding sites was 

performed. The sections were incubated at room temperature for two hours in PBS containing 

0.2% v/v Triton X-100 (Fluka, Buchs, Germany), 0.02 w/v sodium azide (Merck, Darmstadt, 

Germany) and 5% v/v normal donkey serum (NDS) or normal goat serum (NGS, Jackson 

Immuno Research Laboratories, Dianova, Hamburg, Germany). After one hour, the blocking 

solution was aspired and the slides were incubated with the primary antibody against choline 

acetyltransferase (ChAT, Chemicon, goat polyclonal antibody) diluted 1:100 in PBS 

containing 0.5% w/v lamda-carrageenan and 0.02% w/v sodium azide in PBS or against 

tyrosine hydroxylase (anti-TH, Chemicon, rabbit polyclonal antibody) in dilution 1:500 in 

PBS containing 0.5% lambda-carrageenan and 0.2% sodium azide The slides were incubated 

for 3 days at 4°C in a well closed plastic staining jar (Roth). Following this, the sections were 

washed 3 times in PBS (15 minutes each) before secondary antibody was applied. The 

sections were incubated with donkey anti-goat IgG - Alexa Fluor® 555 (Molecular Probe, Mo 

Bi Tec, Göttingen, Germany) for cholinergic staining or goat anti-rabbit IgG conjugated with 

Cy3 (Jackson ImmunoResearch Laboratories) for tyrosine hydroxylase staining, both diluted 

1:200 in PBS containing 0.5% lambda-carrageenan and 0.2% sodium azide, at RT for 2 hours. 

After a subsequent wash in PBS, cell nuclei were stained for 10 minutes at room temperature 

with bis-benzimide solution (Hoechst 33258 dye, 5 µg/ml in PBS, Sigma, Deisenhofen, 

Germany). Finally the sections were washed again 3 times (10 minutes each), mounted with 

anti-fading medium (Fluoromount G, Southern Biotechnology Associates, Biozol, Eching, 

Germany) and stored in the dark at 4°C. 

Specificity of staining was tested by omitting the first antibody or replacing it by 

variable concentrations of normal serum or IgG (1 – 30 µg/ml). In both mutant and wild-type 

animals the morphology of the immunofluorescent cells appeared to be characteristic of the 

cell type expected to be labeled. 
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3.7.3. Stereological analysis 

3.7.3.1 Cavalieri method 

This method of volume estimation is named after the Italian mathematician Bonaventura 

Cavalieri (1598-1647), a student of Galileo. Being very straightforward to apply, it is the most 

commonly used method for the estimation of reference volume (Howard and Reed, 1998). 

According to the Cavalieri method, an unbiased estimate of the volume, V, of a structure of 

interest may be obtained by sectioning it from end to end with a series of systematic sections 

a constant distance, T, apart and measuring the area, A, of the transect through the object on 

each section, whereby: 

est1V= T (A1 + A2 + A3 + .......... + Am) 

Volume estimates were performed using bis-benzimide stained spaced-serial sections with T 

= 250 µm. The area of each transect was measured with an Axioskop microscope (Zeiss, 

Oberkochen, Germany, objective 10x) equipped with a motorized stage and a Neurolucida 

software-controlled computer system (MicroBrightField Europe, Magdeburg, Germany ). 

 

3.7.3.2 Volume of the hippocampus 

The areas of the hippocampal subfields CA1, CA3 and the dentate gyrus (DG) and 

their layers, strata oriens, pyramidale and stratum radiatum in CA1, srata pyramidale, oriens 

and lucidum in CA3 and strata polymorphe, granulosum and moleculare in DG were 

measured bilaterally in three coronal sections from each animal stained with bis-bensimide 

using the Neurolucida system. The criterion for the selection of the mid-section was similarity 

in appearance to that of section (Bregma –2,10 mm) shown in the mouse brain atlas of 

Sidman (Sidman et al., 1971). The other two sections were 250 µm apart from the mid-

section, one rostral to it, one caudal. The average of three values per animals and area was 

used to calculate group mean values.  

 

3.7.3.3 Estimation of cell numbers 

Numerical density and total cell number were estimated using the optical dissector and 

Cavalieri methods (Gundersen, 1986). The optical disector method was chosen for 

quantitative analysis because of its efficiency (Howard and Reed, 1998), an important 

prerequisite when aiming to quantify numerical densities of a variety of cell types in a given 

brain region (Irintchev et al., 2005). The method consists of direct counting of objects in 

relatively thick sections (e.g. 25–50 µm) under the microscope using a three-dimensional 

counting frame (“counting brick” of Howard and Reed, here simply referred to as disector) to 
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“probe” the tissue at random. The base of the frame (dimensions in the x/y plane) is defined 

by the size of the squares formed by a grid projected into the visual field of the microscope. 

The height of the disector is a portion of the section thickness defined by two focus planes in 

the z axis at a distance of x µm. Objects, for example, cells, within each disector are counted 

according to stereological rules: those entirely within the disector as well as those touching or 

being dissected by the “acceptance”, but not the “forbidden” planes of the frame are counted. 

The cell counts and area estimation were performed on a Ziess Axioskop microscope (Zeiss) 

equipped with a motorized stage and Neurolucida software controlled computer system 

(Neurolucida, MicroBrightField Europe). For the identification of medial septal/diagonal band 

of Broca nuclear complex, the immunohistochemical ChAT staining was used. The viewed 

area was randomized by setting a reference point at an arbitrary place resulting in an overlay 

of the visible field by a grid with lines spaced 30 µm in both axes. The contours of the area of 

interest were outlined with the cursor using 10x objective. Squares within the marked area 

separated by distances of 60 µm were labeled with a symbol starting from the uppermost left 

side of the field. A dissector depth of 10 µm was chosen since antibody penetration was 

sufficient to enable clear recognition of stained objects within a depth of at least 15 µm. The 

sections were viewed with the 40x magnification objective and 546/590nm 

excitation/emission filter set (15, Zeiss, red fluorescence) for cell counting. The marked 

disectors were meander scanned to view all marked frames consecutively. Immunolabeled 

cell profiles that were entirely within the counting frame at any focus level, as well as those 

attaching to or intercrossed by the forbidden or acceptance lines were marked with a symbol. 

Then by repeated switching between the red and blue filter sets and changing the focus plane, 

the nuclei of the labeled cells were identified. All nuclei that were in focus beyond a guard 

space (depth 0-2 µm from the section surface), i.e. lying within 2 and 12 µm below the top of 

the section, were counted except for those at the “look-up” level (2 µm) and such intercrossed 

by or touching the forbidden lines.  

 

3.7.3.4. Cell profile density 

The locus coeruleus was too small, with regard to outlines in coronal sections and 

rostro-caudal extent, to apply in a straightforward manner the three-dimensional counting 

strategy used for the other nuclei. Therefore, analysis here was reduced to counting of cell 

profiles which has been shown to correlate well with stereological estimates (Irintchev et al., 

2005). The locus coeruleus was outlined using the immunofluorescence staining to define the 
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boundaries of the nucleus. All cell profiles in the outlined area were counted using the 40x 

objective.  

 

3.7.3.5 Length density and total length of fibers 

To estimate the densities of projecting immunolabeled fibers, 2 µm-thick optical slices 

were obtained, assuring a guard distance of about 2 µm from the section’s surface, on a Zeiss 

confocal laser scanning microscope (LSM510, Zeiss, Oberkochen, Germany). Images from 

the following subdivisions and layers of the hippocampus were taken: strata moleculare, 

granulosum and polymorphe of the dentate gyrus, strata oriens, pyramidale and lucidum of the 

CA3 region and strata oriens, pyramidale and radiatum of the CA1 region (Fig. 7A). For each 

animal and layer, four pictures per field were taken from the left and right hippocampus.  Bis-

benzimide nuclear staining was used to aid delineation of the hippocampal layers (Fig. 7B).  

The confocal images were saved in TIFF format.  
 

 

 

 

 

 
 
 
 
 

 
 
 
 
 

Figure 7: A coronal section from the hippocampus of a 2-month-old wild-type mouse stained for ChAT (A) and 
nuclei (B) viewed at low-power magnification using appropriate filter sets. Layers in CA1, CA3 and dentate 
gyrus are indicated: (or) statum oriens, (py) stratum pyramidale, (ra) stratum radiatum, (lu) stratum lucidum, (po) 
stratum polymorphe, (gr) stratum granulosum, (mo) stratum moleculare. 

 

The digital images were overlaid with a stereological test grid (grid C4; Howard and 

Reed, 1998, Figure 8) using Adobe Photoshop, and the number of intersections of fibers with 

the grid or touching point with the curved side of grid were counted. Length densities of 

projecting fibers were calculated in m per m3, i.e. m-2 according to the formula: 

Lv =2/t x PL 

where LV is the length density, t is the thickness of slice and PL is the number of crosses 

divided by the summed length of the grid arcs. Total fiber length is in for given structure was 

calculated using the formula:  
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TLV = LV x V 

where TLV is total length density, LV is length density and V is the volume the structure of 

interest. 
Figure 8: Stereological test grid. Counting 
interceptions of fibers with curved side allows 
calculate length density. 
 

 

 

 

 

 

 

 

3.7.4. Photographic documentation 

Photographic documentation was made on an Axiophot 2 microscope equipped with a 

digital camera AxioCam HRC and AxioVision software (Zeiss) at highest resolution (2300 x 

2030 pixel, RGB) or a Zeiss confocal laser scanning microscope (LSM510) at resolution 1024 

x 1024 pixel for fiber density estimation. The images were processed using LSM 5 Image 

Browser (Zeiss) and Adobe® Photoshop® 6.0 software (Adobe Systems Inc., San Jose, 

California). 

 

3.7.5. Statistical analysis 

Statistical analysis was restricted to comparisons of mean values of age-matched 

groups, i.e. littermates, using the two-sided t test for independent groups. By two or more 

measurements per parameter and animal, the mean was used as a representative value. Thus, 

for all comparisons the degree of freedom was determined by the number of animals. 

Regression analyses were performed with SigmsPlot 8.0 software (SPSS Inc., Chicago, 

Illinois). The accepted level of significance for all tests was 5%. 
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4. Results 

4.1 Body weight 

Body weights were estimated separately for female and male two-month-old animals 

(Figure 9). For both genders, knock-out animals had 13% smaller body weight compared with 

wild-type mice. This finding is in correspondence to a previous observation (Cremer et al., 

1994).  Similar tendency for smaller body mass was observed for thirteen-month-old NCAM-

/- mice (-10% compared with wild-type littermates) but this difference was not statistically 

significant because of the large variability within the groups (Fig. 9).  
 

Figure 9: Body mass in NCAM 
deficient (NCAM-/-) mice and 
wild-type littermates (NCAM+/+) 
studied at 2 months (females and 
males) and 13 months of age. 
Shown are mean values + SEM. 
Number of animals studied per 
genotype and age are indicated. 
Asterisks indicate significant 
differences between groups mean 
values (p < 0.05, two-sided t test 
for independent samples). 

 

 

 

 

 

 

4.2. Brain mass and volume 

Whole brain mass in NCAM-/- mice (mean 352 mg at 9 weeks old and 365 mg at 13 

months) was 11% smaller compared with wild-type (NCAM+/+) littermates (372 mg and 387 

mg, respectively) at both ages studied (Fig. 10). Estimation of brain volume produced similar 

results (Fig. 10). These observations are consistent with previous results (Cremer et al., 1994).  
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ent samples, ~ - p 
< 0.08).

 

ing pattern for each of the detected antigens. Examples of the stainings are 

shown in Fig. 11. 

 

Figure 10: Brain mass 
and volume in NCAM 
deficient (NCAM-/-) mice 
and wild-type littermates 
(NCAM+/+) studied at 2 
months (2 mo, two 
column pairs on the left 
hand side) and 13 months 
(13 mo, column pairs on 
the right hand side) of age. 
Shown are mean values + 
SEM. Number of animals 
studied per group are 
indicated in the legend. 
Asterisks indicate 
significant differences 
between group mean 
values (p < 0.05, two-
sided t test for 
independ

  
 

 

4.3. General immunohistochemical observations 

For a particular antigen, all sections were stained in the same primary and secondary 

antibody solutions kept in staining jars and stabilized to enable repeated long-term usage 

(Sofroniew and Schrell, 1984; Irintchev et al., 2005). The previously documented 

reproducibility of this staining technique was also apparent in this study: the quality of 

staining remained constant for all batches of slides processed over a period of several months. 

No qualitative differences between NCAM+/+ and NCAM-/- animals were noticed in the 

characteristic stain
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Figure 11:  TH immunofluorescence stainings of cell bodies in substantia nigra pars compacta (A9 cell group) 
(A) and projection fibers in the CA3 subfield of the hippocampus (C).ChAT immunofluorescence stainings of 
cell bodies in the medial septal/ diagonal band of Broca cell complex (B) and projection fibers in the CA1 
subfield of the hippocampus (D) of a 2-month-old wild-type mouse. Strata oriens (or), pyramidale (py) and 
lucidum (lu) of the CA3 region are indicated in B and strata oriens (or), pyramidale (py) and radiatum (ra) of the 
CA1 region are indicated in D. Scale bar in B indicates 20 µm for A and B and 50 µm for C and D.  
 

4.4. Volume of the hippocampus and its subdivisions 

The cross-sectional area of the structures was measured in three spaced-serial sections 

(250 µm apart) from the dorsal hippocampus cut at defined levels (see Materials and 

Methods). The values of the three sections were averaged. Since spacing between the 

evaluated sections was equal and relatively large (250 µm), the area estimates are proportional 

to the volume of a significant portion of the dorsal hippocampus. All measurements were 
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performed bilaterally and evaluated separately for the left and right hippocampus. Since the 

results for the left and the right hippocampus and the degree of asymmetry were similar with 

respect to genotype-related differences, for clarity and brevity the averaged bilateral values 

are presented here.  

The total area of the hippocampus, CA1 and CA3 regions were similar in 2-month-old 

animals indicating a normal size of these structures in mutant animals (Fig. 12). In contrast, 

the DG in NCAM-deficient animals was smaller (15%). Also in 13-month-old mice, the area 

of the whole hippocampus and the CA1 subfield were similar in the two groups and the DG of 

NCAM-/- mice was smaller (11%). In contrast to 2-month-old animals, however, the CA3 

area was larger (16%) in adult NCAM-/- mice compared with wild-type littermates (Fig. 13). 

The areas of all tree layers of the DG in 2-month-old animals (Fig. 14) were smaller in 

NCAM-deficient animals (by 21%, 11% and 10% for stratum moleculare, stratum 

granulosum and stratum polymorphe compared with wild-type mice, respectively). In 13-

month-old mice (Fig. 15), reduced area of stratum moleculare (-11%) and stratum granulosum 

(-16%) of NCAM-/- animals was also observed. A tendency for smaller stratum polymorphe 

in NCAM-/- compared with NCAM+/+ mice was also present but the difference (8 %) was 

not statistically significant. 
 

Figure 12: Cross-sectional area of the 
whole hippocampus and its subdivisions in 
coronal brain sections of NCAM+/+ (black 
bars) and NCAM-/- animals (grey bars) 
studied at the age of 2 months. Shown are 
averaged bilateral mean values + SEM. 
Number of animals studied per group are 
indicated. Asterisk indicates significant 
difference between the group mean values 
(p < 0.05, t test).   
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Figure 13: Cross-sectional area of the 
whole hippocampus and its subdivisions in 
coronal brain sections of NCAM+/+ (black 
bars) and NCAM-/- animals (gray bars) 
studied at the age of 13 months. Shown are 
averaged bilateral mean values + SEM. 
Number of animals studied per group are 
indicated. Asterisks indicate significant 
difference between group mean values (p < 
0.05, t test).   

 

 

 

 

 
Figure 14: Cross-sectional areas of the DG layers in 
NCAM+/+ (black bars) and NCAM-/- animals (gray 
bars) studied at the age of 2 months. Shown are 
averaged bilateral mean values + SEM. Number of 
animals studied per group are indicated. Asterisks 
indicate significant difference between group mean 
values (p < 0.05, t test).   

 

 

 

 

 

 

 

 

Figure 15: Cross-sectional areas of the DG layers in 
NCAM+/+ (black bars) and NCAM-/- animals (gray 
bars) studied at the age of 13 months. Shown are 
averaged bilateral mean values + SEM. Number of 
animals studied per group are indicated. Asterisk 
indicates significant difference between the group 
mean values (p < 0.05, t test).   
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Stratum pyramidale of the CA1 region of NCAM-/- mice was by 13% smaller 

compared with wild-type littermates at both ages studied (Fig. 16 and Fig. 17). No significant 

differences were found for stratum oriens and stratum radiatum of the CA1 region for both 

ages studied (Fig. 16 and Fig. 17). 

Two-month-old NCAM deficient animals had smaller size of the stratum lucidum in 

the CA3 region (12%) while the areas of the stratum oriens and stratum pyramidale were 

similar in the two genotype groups (Fig. 18). In contrast to the young animals, 13-month-old 

NCAM-/- mice had reduced size of the stratum pyramidale (-20% compared with wild-type 

littermates) and stratum lucidum (-18%) while stratum oriens was not affected (Fig. 19). 
 
Figure 16: Cross-sectional areas of the CA1 layers in 
NCAM+/+ (black bars) and NCAM-/- animals (gray 
bars) studied at the age of 2 months. Shown are 
averaged bilateral mean values + SEM. Number of 
animals studied per group are indicated. Asterisk 
indicates significant difference between the group 
mean values (p < 0.05, t test).   

 

 

 

 

 

 

 

 
 
Figure 17: Cross-sectional areas of the CA1 layers in 
NCAM+/+ (black bars) and NCAM-/- animals (gray 
bars) studied at the age of 13 months. Shown are 
averaged bilateral mean values + SEM. Number of 
animals studied per group are indicated. Asterisk 
indicates significant difference between the group 
mean values (p < 0.05, t test).   
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Figure 18: Cross-sectional areas of the CA3 layers in 
NCAM+/+ (black bars) and NCAM-/- animals (gray 
bars) studied at the age of 2 months. Shown are 
averaged bilateral mean values + SEM. Number of 
animals studied per group are indicated. Asterisk 
indicates significant difference between the group 
mean values (p < 0.05, t test).   

 

 

 

 

 

 

 

 
 
Figure 19: Cross-sectional areas of the CA3 layers in 
NCAM+/+ (black bars) and NCAM-/- animals (gray 
bars) studied at the age of 13 months. Shown are 
averaged bilateral mean values + SEM. Number of 
animals studied per group are indicated. Asterisks 
indicate significant difference between group mean 
values (p < 0.05, t test).   

 

 

 

 

 

 

4.5. Cholinergic cells in the medial septal/ diagonal band of Broca 

nuclear complex 

To get an insight into the structural integrity of the cholinergic system, the density and 

total cell number of ChAT-positive neurons was evaluated in the medial septal/diagonal band 

of Broca nuclear complex. This complex provides the major cholinergic innervation of the 

hippocampus.  

Total numbers of choline acetyltransferase immunoreactive (ChAT+) neurons were 

significantly lower in NCAM-/- animals compared with NCAM+/+ mice at both ages studied 

(-23% and 18% at 2 and 13 months, respectively, Fig. 20 and 21, bar pairs on the right hand 

side). These differences were due to a reduced volume of the nuclear complex in the mutant 

animals (Fig. 20, 21, bar pairs in the middle). Cell densities were similar in the two groups. 
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The numbers of cholinergic neurons estimated in this study (about 12000 at both ages in wild-

type animals) was higher than the previously reported numbers in different inbred mouse 

strains (1200 – 2200, Beck et al., 2002; Boncristiano et al., 2002; Schwegler et al., 1996b). 

These differences could be attributed to the exclusion of the horizontal limb of the diagonal 

band from quantitative analyses in the earlier studies, as opposed to the present investigation, 

as well as to methodological differences (e.g., variance in the depth of antibody penetration 

into the sections due to different incubation time periods and types of section used (Irintchev 

et al., 2005).   

 
 
Figure 20: Numbers of ChAT+ cells in the medial septal/ 
diagonal band of Broca nuclear of young (2 month-old) 
NCAM+/+ and NCAM-/- mice. Shown are mean values + 
SEM for numerical cell density (Density), total nuclear 
volume (Volume) and total cell number. Numbers of animals 
studied per group are indicated in the legend. Asterisks 
indicate significant differences between groups mean values 
(p < 0.05, two-sided t test for independent samples).   
 

 
 

 

 

 

 
Figure 21: Numbers of ChAT+ cells in the medial septal/ 
diagonal band of Broca nuclear complex of adult (13-month-
old) NCAM+/+ and NCAM-/- mice. Shown are mean values 
+ SEM for numerical cell density (Density), total nuclear 
volume (Volume) and total cell number. Numbers of 
animals studied per group are indicated in the legend. 
Asterisks indicate significant differences between groups 
mean values (p < 0.05, two-sided t test for independent 
samples).   
 

 

 

 

 

4.6. Length densities of cholinergic axons in the hippocampus  

Length density (density per unit volume) was measured in most regions and layers of 

hippocampus: molecular, granular and polymorph layer, in the dentate gyrus, strata oriens, 

pyramidale and lucidum in CA3 and oriens, pyramidale and radiatum of CA1. 
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In contrast to the numbers of cholinergic neuronal cell bodies, an overall tendency for 

higher ChAT+ fiber densities were found in the hippocampus of NCAM-/- mice compared 

with wild-type littermates at both ages (Fig. 22-27). This increase was significant at both ages 

for the granular (27-35% higher in NCAM-/- versus NCAM+/+ mice) and polymorph (by 

+33-35%) layers of the dentate gyrus (Fig.22, 23), and the oriens (+19-29%) and pyramidal 

cell layer (+21-29%) of CA1 (Fig. 24, 25). In addition, increased densities were found in the 

NCAM-/- mice at 13 months in the stratum lucidum of CA3 (by 74%, Fig.27) and the stratum 

radiatum of CA1 (by 44%, Fig. 25). Comparisons of previous data on cholinergic axon 

densities in the hippocampus of inbred mice (see, for example, Schwegler et al., 1996a; 

Aznavour et al., 2002) with our results is difficult because largely different methodologies 

have been used. 
 

 
 
Figure 22: Length densities of ChAT+ fibers (mean values + 
SEM) in the dentate gyrus of NCAM+/+ and NCAM-/- mice 
studied at the age of 2 months. Shown are mean values + 
SEM. Fiber densities were analyzed in the molecular, 
granular and polymorph layers. Asterisks indicate significant 
differences between group mean values (p < 0.05, t test).   

 

 

 

 

 
 
Figure 23: Length densities of ChAT+ fibers (mean values + 
SEM) in the dentate gyrus region of NCAM+/+ and NCAM-
/- mice studied at the age of 13 months. Shown are mean 
values + SEM. Fiber densities were analyzed in the 
molecular, granular and polymorph layers. Asterisks indicate 
significant differences between group mean values (p < 0.05, 
t test).   
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Figure 24: Length densities of ChAT+ fibers (mean values 
+ SEM) in the CA1 region of NCAM+/+ and NCAM-/- 
mice studied at the age of 2 months. Shown are mean 
values + SEM. Fiber densities were analyzed in the strata 
oriens, pyramidale and radiatum. Asterisks indicate 
significant differences between group mean values (p < 
0.05, t test).   
 

 

 

 

 
 
 
 
Figure 25: Length densities of ChAT+ fibers (mean values 
+SEM) in the CA1 of NCAM+/+ and NCAM-/- mice 
studied at the age of 13 months. Shown are mean values + 
SEM. Fiber densities were analyzed in the strata oriens, 
pyramidale and radiatum. Asterisks indicate significant 
differences between group mean values (p < 0.05, t test).   

 

 

 

 

 

 

 

 

 
 
Figure 26: Length densities of ChAT+ fibers (mean 
values + SEM) in the CA3 region of NCAM+/+ and 
NCAM-/- mice studied at the age of 13 months. Shown 
are mean values + SEM. Fiber densities were analyzed in 
the strata oriens, pyramidale and lucidum. No significant 
differences between the groups were found (p > 0.05, t 
test)  
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Figure 27: Length densities of ChAT+ fibers (mean values 
+ SEM) in the CA3 region of NCAM+/+ and NCAM-/- 
mice studied at ages of 13 months. Shown are mean values 
+ SEM. Fiber densities were analyzed in the strata oriens, 
pyramidale and lucidum. Asterisk indicates a significant 
difference between the group mean values (p < 0.05, t 
test).   

 

 

 

 

 

4.7. Total length of cholinergic axons in the hippocampus and its 

subdivisions  

The total lengths of cholinergic fibers, calculated using length densities and volumes 

of the structures, in the whole hippocampus or separately in the dentate gyrus and the CA3 

and CA1 regions of were similar in young NCAM-/- and NCAM+/+ mice (Fig. 28). In adult 

NCAM-deficient mice, total fiber lengths in the hippocampus and its subdivisions CA3 and 

CA1, but not in the dentate gyrus, were significantly increased (by +17%, +47% and +27%, 

respectively) as compared with wild-type littermates (Fig. 29). 

 
 
Figure 28: Total lengths of ChAT+ fibers in the 
hippocampus and its subdivisions of young (2-
month-old) NCAM+/+ and NCAM-/- mice. 
Shown are mean values + SEM. Number of 
animals studied per group are indicated. No 
significant differences between the groups were 
found (p > 0.05, t test)  
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Figure 29: Total lengths of ChAT+ fibers in 
the hippocampus and its subdivisions of adult 
(13-month-old) NCAM+/+ and NCAM-/- 
mice. Shown are mean values + SEM. 
Number of animals studied per group are 
indicated. Asterisks indicate significant 
differences between group mean values (p < 
0.05, t test).   

 

 

 

 

In contrast to length density in the DG, total length of cholinergic fibers in this region 

was not affected in two-month old NCAM-/- animals (Fig. 30). In thirteen-month-old animals 

no statistically significant difference was found in NCAM-/- animals compared with wild-

type littermates either (Fig. 31). 
 
Figure 30: Total lengths of ChAT+ fibers in the DG of 
young (2-month-old) NCAM+/+ and NCAM-/- mice. 
Shown are mean values + SEM. Number of animals 
studied per group are indicated. No significant differences 
between the groups were found (p > 0.05, t test) 

 

 

 

 

 
 
 
 
 
 
 
Figure 31: Total lengths of ChAT+ fibers in the DG of 
adult (13-month-old) NCAM+/+ and NCAM-/- mice. 
Shown are mean values + SEM. Number of animals 
studied per group are indicated. No significant 
differences between the groups were found (p > 0.05, t 
test) 
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In the CA1 region, total length of ChAT fibers in two-month-old NCAM-/- animals 

was similar to that in wild-type littermates (Fig. 32). In contrast, in thirteen-month-old 

NCAM-/- mice the total fiber length in stratum radiatum of the CA1 region was increased by 

42% compared with NCAM+/+ mice (Fig. 33). 

 
 
 
Figure 32: Total lengths of ChAT+ fibers in the CA1 
region of young (2-month-old) NCAM+/+ and NCAM-/- 
mice. Shown are mean values + SEM. Number of animals 
studied per group are indicated. No significant differences 
between the groups were found (p > 0.05, t test)   
 

 

 

 

 

 
 
 
Figure 33: Total lengths of ChAT+ fibers in the CA1 
region of adult (13-month-old) NCAM+/+ and NCAM-/- 
mice. Shown are mean values + SEM. Number of 
animals studied per group are indicated. Asterisks 
indicate significant differences between group mean 
values (p < 0.05, t test).   
 

 

 

 

 

 

 

The total fiber length in stratum oriens of the CA3 region of two-month-old animals 

was reduced (- 23%) in NCAM-/- animals as compared with wild-type littermates (Fig. 34). 

In contrast, no differences were observed in stratum pyramidale and stratum lucidum. 

Thirteen-month-old NCAM-/- mice had increased total length in stratum pyramidale (+ 38%) 

and stratum lucidum (+ 118%) of CA3 region as compared with NCAM+/+ mice (Fig. 35). 
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Figure 34: Total lengths of ChAT+ fibers in the CA3 of 
young (2-month-old) NCAM+/+ and NCAM-/- mice. 
Shown are mean values + SEM. Number of animals 
studied per group are indicated. Asterisks indicate 
significant differences between group mean values (p < 
0.05, t test).   

 

 

 

 

 

 
 
 
Figure 35: Total lengths of ChAT+ fibers in the CA3 
region of adult (13-month-old) NCAM+/+ and NCAM-/- 
mice. Shown are mean values + SEM. Number of 
animals studied per group are indicated. Asterisks 
indicate significant differences between group mean 
values (p < 0.05, t test).   

 

 

 

 

 

 

4.8. Dopaminergic cells in substantia nigra/ ventral tegmental area 

The estimated numerical densities of tyrosine hydroxylase (TH+) immunoreactive 

neurons in the substantia nigra/ ventral tegmental area (A9-A10 groups) were lower in the 

NCAM-/- animals compared with NCAM+/+ mice (-27% and -21% at 2 and 13 months, 

respectively, Fig. 36, 37). The volume of the nuclear complex was similar in the two genotype 

groups and, therefore, the size of the cell population in individual groups reflects differences 

in cell densities (Fig. 36, 37). Total cell number was lower in the NCAM-/- animals compared 

with NCAM+/+ animals (-22% at 2 month and -21% at 13 month). The estimated numbers of 

TH+ cells in the A9-A10 groups in wild-type mice (29000 and 33000 cells at 2 and 13 

months, respectively) are within the range of values previously reported for different inbred 

mouse strains (20000 – 35000 cells, Zaborszky and Vadasz, 2001).  
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Figure 36: Numbers of TH+ cells in the substantia nigra/ 
ventral tegmental area of young (2 month-old) NCAM+/+ 
and NCAM-/- mice. Shown are mean values + SEM for 
numerical cell density (Density), total nuclear volume 
(Volume) and total cell number. Numbers of animals studied 
per group are indicated in the legend. Asterisks indicate 
significant differences between groups mean values (p < 
0.05, two-sided t test for independent samples). 

 

 

 

 

 

 
Figure 37: Numbers of TH+ cells in the substantia nigra/ 
ventral tegmental area of adult (13 month-old) NCAM+/+ 
and NCAM-/- mice. Shown are mean values + SEM for 
numerical cell density (Density), total nuclear volume 
(Volume) and total cell number. Numbers of animals studied 
per group are indicated in the legend. Asterisks indicate 
significant differences between groups mean values (p < 
0.05, two-sided t test for independent samples). 

 

 

 

 

 

 

4.9. Noradrenergic cells in locus coeruleus 

Locus coerulleus is too small for total cell number estimates and, therefore, profile 

density (number of cells in certain volume) estimates were performed. The estimates of 

profile densities of TH+ cell bodies in the locus coeruleus (noradrenergic cells) did not reveal 

genotype-specific differences (-7% at 2 month and -8% at 13 month NCAM-/- compared with 

NCAM+/+ animals, respectively, Fig. 38). Also, the size of the nucleus, as indicated by area 

measurements, was not affected by the NCAM deficiency (+1% at 2 month and +11% at 13 

month NCAM-/- compared with NCAM+/+ animals, respectively, Fig. 38).  
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Figure 38: Profile density of TH+ cells in the locus 
coeruleus and area of the locus coeruleus of young (2 
month-old) and adult (13 month-old) NCAM+/+ and 
NCAM-/- mice. Shown are mean values + SEM for 
prifile cell density (Density) and area of locus coerulleus 
(Area). Numbers of animals studied per group are 
indicated in the legend. No significant differences 
between the groups were found (p > 0.05, t test). 

 

 

 

 

 

4.10. Length densities of catecholaminergic axons in the 

hippocampus  

Length densities of TH+ fibers were studied in the molecular, granular and polymorph 

layers of the dentate gyrus (Fig. 39, 40), in the oriens, pyramidal and radiatum layers of CA1 

(Fig. 41, 42) and in the oriens, pyramidal and lucidum layers of CA3 (Fig. 43, 44). Fiber 

density was significantly reduced in the pyramidal layer of CA3 in NCAM deficient mice at 

both ages (Fig. 43, 44, -25% and -33% compared with the NCAM+/+ group at 2 and 13 

months, respectively). In all other areas, densities were similar in NCAM-/- and NCAM+/+ 

mice at both ages. Since TH is present in dopaminergic as well as noradrenergic axons, and 

no antibody against the noradrenergic cell-specific marker dopamine beta-hydroxylase 

suitable for axonal visualization was available, we could not dissociate between these two 

types of projections.  

 
 
 
Figure 39: Length densities of TH+ fibers in the DG region 
of NCAM+/+ and NCAM-/- mice studied at ages of 2 
months. Shown are mean values + SEM. Fiber densities 
were analyzed in the molecular, granular and polymorph 
layers. No significant differences between the groups were 
found (p > 0.05, t test) 
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Figure 40: Length densities of TH+ fibers in the DG region 
of NCAM+/+ and NCAM-/- mice studied at ages of 13 
months. Shown are mean values + SEM. Fiber densities 
were analyzed in the molecular, granular and polymorph 
layers. No significant differences between the groups were 
found (p > 0.05, t test)  
 
 

 

 

 

 
 

 
 
 
Figure 41: Length densities of TH+ fibers in the CA1 
region of NCAM+/+ and NCAM-/- mice studied at the 
age of 2 months. Shown are mean values + SEM. Fiber 
densities were analyzed in the strata oriens, pyramidale 
and radiatum. No significant differences between the 
groups were found (p > 0.05, t test) 
 

 

 

 

 

 

 

 
Figure 42: Length densities of TH+ fibers in the CA1 
region of NCAM+/+ and NCAM-/- mice studied at the 
age of 13 months. Shown are mean values + SEM. Fiber 
densities were analyzed in the strata oriens, pyramidale 
and radiatum. No significant differences between the 
groups were found (p > 0.05, t test) 
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Figure 43: Length densities of TH+ fibers in the 
CA3 region of NCAM+/+ and NCAM-/- mice 
studied at the age of 2 months. Shown are mean 
values + SEM. Fiber densities were analyzed in the 
strata oriens, pyramidale and lucidum. The asterisk 
indicates a significant difference between the group 
mean values (p < 0.05, two-sided t test for 
independent samples). 
 

 

 

 

 

 

 
 
Figure 44: Length densities of TH+ fibers in the CA3 
region of NCAM+/+ and NCAM-/- mice studied at 
the age of 13 months. Shown are mean values + SEM. 
Fiber densities were analyzed in the strata oriens, 
pyramidale and lucidum. The asterisk indicates a 
significant difference between the group mean values 
(p < 0.05, two-sided t test for independent samples). 

 

 

 

 

 

 

4.11. Total length of catecholaminergic axons in the hippocampus 

Total lengths of TH+ fibers calculated for the whole hippocampus and it’s 

subdivisions, DG, CA3 and CA1, were similar in 2-month-old NCAM-/- and NCAM+/+ mice 

(Fig. 45).  At the age of 13 months, the total length was significantly smaller in the DG (-

28%), but not in the CA3 and CA1 region, of NCAM-/- mice compared with wild-type 

littermates (Fig. 46). 
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Figure 45: Total lengths of TH+ fibers in 
the whole hippocampus and its 
subdivisions of young (2-month-old) 
NCAM+/+ and NCAM-/- mice. Shown are 
mean values + SEM. Number of animals 
studied per group are indicated. No 
significant differences between the groups 
were found (p > 0.05, t test) 

 

 

 
 
 
 
Figure 46: Total lengths of TH+ fibers in 
the whole hippocampus and its subdivisions 
of adult (13-month-old) NCAM+/+ and 
NCAM-/- mice. Shown are mean values + 
SEM. Number of animals studied per group 
are indicated. The asterisk indicates a 
significant difference between the group 
mean values (p < 0.05, t test).   

 

 

 

 

 

 

The total fiber length was significantly lower in NCAM-/- compared with NCAM+/+ 

mice at the age of two-month in stratum granulosum (- 37%) and stratum polymorphe (- 24%) 

of the DG (Fig. 47). At the age of 13 months, a significant reduction, as compared with 

NCAM+/+ littermates, was found in stratum granulosum (- 43%) of the DG of NCAM-/- 

mice (Fig. 48). 
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Figure 47: Total lengths of TH+ fibers in the DG layers 
of young (2-month-old) NCAM+/+ and NCAM-/- mice. 
Shown are mean values + SEM. Number of animals 
studied per group are indicated. Asterisks indicate 
significant differences between group mean values (p < 
0.05, t test).   
 

 

 

 

 

 
 
 
Figure 48: Total lengths of TH+ fibers in DG layers of 
adult (13-month-old) NCAM+/+ and NCAM-/- mice. 
Shown are mean values + SEM. Number of animals 
studied per group are indicated. The asterisk indicates a 
significant difference between the group mean values (p 
< 0.05, t test).   

 

 

 

 

 

 

 

For all layers (strata oriens, pyramidale and radiatum) of the CA1 region, no 

difference between the genotypes was found for total fiber length at both ages studied (Fig. 49 

and Fig. 50). 

 
 
 
Figure 49: Total lengths of TH+ fibers in the CA1 layers 
of young (2-month-old) NCAM+/+ and NCAM-/- mice. 
Shown are mean values + SEM. Number of animals 
studied per group are indicated. No significant 
differences between the groups were found (p > 0.05, t 
test) 
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Figure 50: Total lengths of TH+ fibers in the CA1 
layers of adult (13-month-old) NCAM+/+ and 
NCAM-/- mice. Shown are mean values + SEM. 
Number of animals studied per group are indicated. 
No significant differences between the groups were 
found (p > 0.05, t test). 
 

 

 

 

 

 

 

In the CA3 area, a difference between the genotypes in total fiber length was found 

only in stratum lucidum at 2 months of age (- 33% in NCAM-/- versus NCAM+/+ mice) 

(Figs. 51, 52).  
 

Figure 51: Total lengths of TH+ fibers in the CA3 
layers of young (2-month-old) NCAM+/+ and 
NCAM-/- mice. Shown are mean values + SEM. 
Number of animals studied per group are indicated. 
The asterisk indicates a significant difference 
between the group mean values (p < 0.05, t test).   
 

 

 

 

 

 

 
 
Figure 52: Total lengths of TH+ fibers in CA3 
layers of adult (13-month-old) NCAM+/+ and 
NCAM-/- mice. Shown are mean values + SEM. 
Number of animals studied per group are indicated. 
No significant differences between the groups were 
found (p > 0.05, t test) 
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5. Discussion 

The results of this study show that deficient expression of the cell recognition 

molecule NCAM in the mouse causes a range of abnormalities in different brain regions. 

Apart from discrete gross structural abnormalities in hippocampal subfields, cholinergic 

neurons in the medial septal / diagonal band of Broca nuclear complex and A9 – A10 cell 

groups (substantia nigra/ventral tegmental area) and their hippocampal projections are 

affected by the mutation. The study provides evidence for the importance of NCAM in early 

development and structural maintenance during adulthood of the cholinergic and 

dopaminergic systems of the mouse. 

A brief summary of results is shown in Table 1. 
Table 1: Summary of differences found between NCAM-/- and NCAM+/+ mice in different brain regions and at 
different ages. Arrows indicate significantly lower or higher values in mutant animals as compared with wild-
type animals, = indicates that there is no significant difference. 
Parameter 2 month 13 month 

Body weight   = 

Brain mass  = 

Brain volume   

Cholinergic cells in the medial septal/ diagonal band 

of Broca nuclear complex 

 

 

 

 

Density of cells = = 

Volume of the structure   

Total number of cells   

Length densities of cholinergic axons in the 

hippocampus 

  

DG   

Stratum moleculare = = 

Stratum granulosum   

Stratum polymorphe   

CA1   

Stratum oriens   

Stratum pyramidale   

Stratum radiatum =  

CA3   
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Stratum oriens = = 

Stratum pyramidale = = 

Stratum lucidum =  

Total length densities of cholinergic axons in the 

hippocampus and its subdivisions   

  

Hippocampus =  

DG = = 

CA1 =  

CA3 =  

DG   

Stratum moleculare = = 

Stratum granulosum = = 

Stratum polymorphe = = 

CA1   

Stratum oriens = = 

Stratum pyramidale = = 

Stratum radiatum =  

CA3   

Stratum oriens  = 

Stratum pyramidale =  

Stratum lucidum =  

Dopaminergic cells in substantia nigra/ ventral 

tegmental area 

  

Density of cells   

Volume of the structure = = 

Total number of cells   

Noradrenergic cells in locus coeruleus   

Density of cells = = 

Area of the structure = = 

Length densities of catecholaminergic axons in the 

hippocampus 

  

DG   

Stratum moleculare = = 

Stratum granulosum = = 
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Stratum polymorphe = = 

CA1   

Stratum oriens = = 

Stratum pyramidale = = 

Stratum radiatum = = 

CA3   

Stratum oriens = = 

Stratum pyramidale   

Stratum lucidum = = 

Total length densities of catecholaminergic axons in 

the hippocampus and its subdivisions   

  

Hippocampus = = 

DG =  

CA1 = = 

CA3 = = 

DG   

Stratum moleculare = = 

Stratum granulosum   

Stratum polymorphe  = 

CA1   

Stratum oriens = = 

Stratum pyramidale = = 

Stratum radiatum = = 

CA3   

Stratum oriens = = 

Stratum pyramidale = = 

Stratum lucidum  = 

Volume of the hippocampus and its subdivisions   

Hippocampus = = 

DG   

CA1 = = 

CA3 =  

Volume of  DG layers   

Stratum moleculare   
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Stratum granulosum   

Stratum polymorphe  = 

Volume of CA1 layers   

Stratum oriens = = 

Stratum pyramidale   

Stratum radiatum = = 

Volume of CA3 layers   

Stratum oriens = = 

Stratum pyramidale =  

Stratum lucidum   

 

5.1. Hippocampal dysplasia in NCAM deficient mice 

The size of the dentate gyrus, as opposed to CA1 and CA3, was found to be 

specifically reduced in both young and adult NCAM-/- mice. Since NCAM is involved in 

neurogenesis, neurite outgrowth and synaptogenesis, the deficit in volume of the dentate 

gyrus may reflect either a reduction in the number of granule cells, size of their dendritic trees 

and/or number of synapses on these. In contrast to the dentate gyrus, the CA1 and CA3 

regions in young and the CA1 region in adult NCAM-/- mice were normal in size. Even more 

surprisingly, the volume of the CA3 region was increased in adult NCAM-/- compared with 

NCAM+/+ mice. The latter finding can be interpreted as a sign of an age-related adaptive 

response the reasons for which, however, are not known. For further understanding of the role 

of NCAM in early hippocampal development and during adulthood, detailed quantitative 

analyses of defined cell populations such as principal cells, interneuronal subpopulations, 

glial cells and perisomatic synaptic coverage in NCAM-/- and NCAM+/+ mice, as performed 

in earlier studies on transgenic mice (Irintchev et al., 2005; Nikonenko et al., 2006), appear 

warranted. 

 

5.2. Reduced numbers of cholinergic neurons in NCAM deficient 

mice 

This study provides novel evidence for aberrations in defined neuronal populations 

and axonal projections in NCAM deficient mice. Numbers of cholinergic neurons in the 

medial septal/diagonal band complex were significantly lower in NCAM deficient mice (by 
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23% and 18% at 2 and 13 months, respectively). The similar differences detected at both ages 

studied indicate a lack of age-related decline in cell numbers in NCAM deficient animals 

between 2 and 13 months. These findings show that NCAM deficiency affects the embryonic 

and/or early postnatal development of the cholinergic neurons in the medial septal/diagonal 

band complex.  

Normal volume of the medial septal/diagonal band complex and lower cell density in 

the NCAM -/- mice may indicate that NCAM is involved more in maturation and survival 

than in migration of cells. This notion is strongly supported by recent findings that glia-cell-

line-derived neurotrophic factor (GDNF), a survival factor for cholinergic cells in the basal 

forebrain as indicated by in vitro experiments, tissue transplantation and lesion studies (Price 

et al., 1996; Weis et al., 2001; Williams et al., 1996), signals through, among other receptors, 

NCAM (Chao et al., 2003; Paratcha et al., 2003; Sariola and Saarma, 2003). Therefore, we 

can speculate that a failure in GDNF/NCAM signaling in NCAM deficient mice is a reason 

for the developmental loss of cholinergic cells in the medial septal/diagonal band complex. 

NCAM is also modulating brain derived neurotrophic factor (BDNF) signaling (Vutskits et 

al., 2001) that is essential for development of basal ganglia cholinergic neurons (Ward and 

Hagg, 2000) and different types of catecholaminergic neurons (Murer et al., 2001). NCAM 

also interacts with FGF receptors and this interaction is required for NCAM stimulated 

neurite outgrowth (Niethammer et al., 2002). In this respect it is remarkable that FGF 

enhances survival of cholinergic neurons and up-regulates their ChAT activity (Kanda et al., 

2000).  

Beyond development, one has to consider that the septo-hippocampal systems is more 

susceptible to genetic and environmental influences than other neural systems and is 

preferentially affected, like the nigro-striatal dopaminergic system, in neurodegenerative 

diseases. We can thus speculate that polymorphisms in the NCAM gene, alone or in 

conjunction with other genetic and epigenetic factors, may have relevance for 

neurodegenerative disorders in humans. Relevance of NCAM for the pathogenesis of 

Alzheimer type dementia has been recently suggested based on the observation that NCAM 

serum concentrations are increased in patients with this disease (Todaro et al., 2004; 

Strekalova et al., 2005). Moreover, a potential consequence of amyloid beta-mediated 

oxidative stress, a process implicated in the pathogenesis of Alzheimer’s disease, is impaired 

synthesis of the HNK-1 glycan, a functionally important carbohydrate associated with NCAM 

(Kruse et al., 1984; Thomas et al., 2005). From an experimental point of view, it thus appears 
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interesting to investigate the effects of aging and environmental factors, such as toxic 

substances and stress on cholinergic systems in NCAM homozygous and heterozygous mice.  

 

5.3. Impacts of NCAM deficiency on dopaminergic and 

noradrenergic neuronal populations 

The observed reduction in the number of dopaminergic neurons in the A9-A10 groups 

of NCAM-/- mice was considerable compared with NCAM+/+ mice (by 27% and 21% at 2 

and 13 months, respectively) and larger than could be expected if solely related to the deficit 

of 11% in brain mass observed at both ages. In contrast to cholinergic and dopaminergic cells, 

no genotype-related differences were found for noradrenergic neurons in the locus coeruleus. 

The numbers of dopaminergic and noradrenergic cell types analyzed were similar in young 

and adult NCAM-/- mice indicating a lack of age-related cell loss between 2 and 13 months of 

age. These findings and the observations on the cholinergic neurons, indicate that NCAM 

deficiency differentially affects the embryonic and/or early postnatal development of different 

cell groups with different origin, location and function.  

Previous observations of high levels of NCAM expression in dopaminergic neurons 

during embryonic development (Shults and Kimber, 1992) and of PSA-NCAM mediated 

enhancement of cell contact-dependent dopaminergic cell maturation in vitro (Loudes et al., 

1997) have suggested that NCAM may be important for the development of the dopaminergic 

system. Normal volume of and lower cell density in the A9-A10 nuclei of NCAM -/- mice 

may indicate that NCAM is involved in maturation and survival rather than migration of 

dopaminergic cells. This notion is supported by findings that glia-cell-line-derived 

neurotrophic factor (GDNF), a survival factor for midbrain dopaminergic neurons during 

development (Burke, 2004), signals through, among other receptors, NCAM (Chao et al., 

2003; Paratcha et al., 2003; Sariola and Saarma, 2003). Trophic effects of GDNF have 

additionally been shown for noradrenergic cells of the locus coeruleus after lesion and fetal 

tissue transplantation (Arenas et al., 1995; Quintero et al., 2004). The impact of GDNF on the 

early development of the locus coeruleus, however, appears to be limited (Granholm et al., 

1997; Holm et al., 2003), an observation which may explain why the locus coeruleus is not 

affected in NCAM-/- mice. NCAM modulates also brain derived neurotrophic factor (BDNF) 

signaling (Vutskits et al., 2001) that is essential for development subpopulations of 

catecholaminergic neurons (Murer et al., 2001). NCAM also interacts with FGF receptors, 

and this interaction is required for NCAM-stimulated neurite outgrowth (Niethammer et al., 
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2002). Thus, NCAM may affect development of catecholaminergic neurons and their 

hippocampal projections via modulation of receptors to several growth factors and 

neurotrophins.  

 

5.4. Aberrations in the cholinergic innervation of the 

hippocampus of NCAM deficient mice  

The density of cholinergic axons was higher in most fields and layers of the 

hippocampus and total fiber length was much larger in the CA1 and CA3 regions of NCAM-/- 

mice compared with NCAM+/+ littermates. This appears to some extent surprising in view of 

the reduced numbers of cholinergic cell bodies. However, the idea that fewer neurons can 

produce a denser, as compared with normal, axonal network in the target area is not altogether 

surprising. A well known example is the adaptive and thus compensatory axonal sprouting of 

motoneurons in disease and aging (Gordon et al., 2004). More intriguing is the question as to 

the reasons for the enhanced cholinergic innervations which are variable in its degree in 

different hippocampal subfields. A possible explanation is that NCAM may regulate 

membrane targeting, clustering or functional properties of particular neurotransmitter 

receptors, for example, the alpha7 nicotinic acetylcholine receptor (Bruses et al., 2001a). In 

this case, NCAM deficiency would cause an impairment of cholinergic signaling which, in 

turn, may induce compensatory growth of the cholinergic axonal arborization. Differences in 

receptor types and densities in different hippocampal areas would thus result in subregion-

specific responses. Several observations lend support to the plausibility of our speculation. 

NCAM regulates important signaling molecules, such as AMPA and NMDA receptors 

(Vaithianathan et al., 2004; Hammond at al., 2006; Sytnyk at al., 2006) and the Kir3.1/2 

inwardly rectifying K+ channels via lipid rafts (Delling et al., 2002). These observations are 

noteworthy since lipid rafts are important for the maintenance of alpha7 nicotinic receptors in 

the plasma membrane as shown for the somatic spines of ciliary ganglionic neurons (Bruses et 

al., 2001a). Another possibility is that NCAM may be important for acetylcholine release and, 

thus, the compensatory elaboration of cholinergic fibers reflects a deficit in release. This 

hypothesis is strongly supported by data on abnormal organization of the neuromuscular 

junction and impaired evoked release of acetylcholine vesicles at physiological rates of motor 

nerve stimulation (Rafuse et al., 2000; Polo-Parada et al., 2001). At motor endplates, NCAM 

interacts with agrin which is crucial for organization of cholinergic synapses (Huh and Fuhrer, 

2002). The hypothesis that cholinergic transmission is impaired in the absence of NCAM is 
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also attractive in functional terms: cholinergic transmission modulates anxiety as well as 

learning and memory formation (File et al., 2000; Gold, 2003) and previous work has shown 

that NCAM deficient mice are more anxious and have memory deficits as compared with 

wild-type littermates (Cremer et al., 1994; Stork et al., 1997; 1999; Bukalo et al., 2004). 

These possibilities warrant further investigations on the cholinergic transmitter system under 

conditions of NCAM deficiency. 

 

5.5. Aberrations in the catacholaminergic innervations of the 

hippocampus of NCAM deficient mice  

In contrast to cholinergic axons, the total length of catecholaminergic fibers was 

reduced in the dentate gyrus of NCAM-/- versus NCAM+/+ mice. However, this was due to a 

smaller size of the dentate gyrus in NCAM-/- mice and not due to changes in fiber density. 

We could not dissociate between dopaminergic and noradrenergic axons because of lack of 

appropriate antibodies. If we assume that the normally sized noradrenergic cell population in 

the locus coeruleus of NCAM-/- mice innervates the hippocampus normally, overall normal 

catecholaminergic fiber densities should indicate a compensatory increase in dopaminergic 

axonal branching similar to that observed for cholinergic axons in young NCAM-/- mice. 

Electrophysiological studies will be useful to investigate whether the dopaminergic and 

noradrenergic innervation of the hippocampus of NCAM-/- mice are normal.  

The structural abnormalities in hippocampal subfields observed in this study may be 

related to previously reported functional deficits in the hippocampus of NCAM-/- mice. In 

vivo electrophysiological analyses of mice deficient in expression of NCAM or PSA have 

indicated that LTP in the dentate gyrus depends on the NCAM glycoprotein backbone rather 

than on its associated PSA, while polysialylation of NCAM expressed by immature granule 

cells supports the development of basal excitatory synaptic transmission in this region 

(Stoenica et al., 2006). The increased length density of cholinergic axons in the dentate gyrus 

and the CA1 area of the hippocampus may reflect homeostatic changes in the hippocampal 

circuitry to compensate deficits in synaptic plasticity in these two regions (Muller et al., 1996; 

Bukalo et al., 2004; Stoenica et al., 2006). LTP is also impaired at mossy fiber synapses in the 

CA3 region of NCAM-/- mice (Cremer et al., 1997). This is remarkable in light of our present 

data showing a deficit in catecholaminergic innervation of the CA3 pyramidal cell layer in 

NCAM-/- mice and the reported enhancement of mossy fiber LTP by noradrenergic activation 

(Hopkins and Johnston, 1988).  
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6. Summary 

The neural cell adhesion molecule is implicated in the development and synaptic 

plasticity of the central nervous system. Although NCAM deficiency in mice causes a range 

of functional abnormalities, the underlying morphological aberrations have remained largely 

unknown. Here we addressed the question whether NCAM is important for the development 

and maintenance during postnatal life of the cholinergic, dopaminergic and catacolaminergic 

neurotransmitter system in the forebrain. Major cell nuclei containing cholinergic, 

dopaminergic and catacolaminergic neurons and their hippocampal projections were studied 

in NCAM deficient (NCAM-/-) and wild-type (NCAM+/+) littermates aged 2 or 13 months 

using immunohistochemistry and stereology. The total number of choline acetyltransferase-

immunoreactive neurons in the medial septal / diagonal band of the Broca nuclear complex 

was found to be lower in the mutant compared with wild-type animals at both ages studied. 

Despite deficient numbers of cholinergic neurons, the total lengths of cholinergic fibers 

projecting to the dentate gyrus and the CA1 and CA3 subfields of the hippocampus were 

normal at 2 months of age in NCAM-/- mice. At 13 months of age, the total length of 

cholinergic axons in the CA1 and CA3 region, but not in the dentate gyrus, of NCAM-/- mice 

was increased both compared with NCAM+/+ littermates and 2-month-old NCAM deficient 

animals indicating a region-specific compensatory response. The total number of 

dopaminergic neurons in A9-A10 cell group was found to be significantly reduced in NCAM-

/- animals at both ages studied. Noradrenergic cells in locus coerulleus were not affected by 

the mutation. These finding demonstrate that NCAM is essential for the normal development 

of the forebrain cholinergic system and dopaminergic neurons. The observed abnormalities in 

the cholinergic system may underlie physiological and behavioral abnormalities previously 

reported for NCAM deficient mice. 
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Study two: Cell recognition molecule L1 and neural 

stem cells 

1. Introduction 

1.1. Cell adhesion molecules in the nervous system 

One of the major challenges in developmental neurobiology is a full understanding of 

the molecular mechanisms that allow for the formation of specific synaptic connections in the 

central and peripheral nervous system. The development of the nervous system depends on a 

coordinate sequence of morphoregulatory processes, such as neural induction, proliferation 

and differentiation of cells, their migration to final destinations, and the patterning of neuronal 

connectivities (Purves and Lichtman, 1983; Goodman and Shatz, 1993; Edelman, 1986). In 

the adult nervous system glial cells and, in certain brain regions, also neurons are 

continuously generated and have to be integrated into the existing tissue. In addition, mature 

neurons have the capacity to change their synaptic connectivities and the efficacy of synaptic 

transmission, a process termed synaptic plasticity. A key step in all these processes is the 

ability of cells and their outgrowing axons and dendrites to interact with other cells and the 

extracellular matrix (Kater and Rehder, 1995; Gordon-Weeks and Fischer, 2000). Many of 

these interactions are mediated by a variety of integral membrane proteins, collectively 

termed cell adhesion molecules (CAMs).  

Cell adhesion molecules (CAMs) are integral membrane proteins, which play 

important role in interactions between cells or/and cells and extracellular matrix elements 

(Gordon-Weeks and Fischer, 2000; Kater and Rehder, 1995). Sequence analysis indicated that 

many proteins evolved from common precursors by duplication and subsequent 

diversification of genes. Therefore they were grouped into families and subfamilies according 

to their structural similarities (Dayhoff et al., 1983). Neural CAMs are divided into three main 

classes: the Ca
2+

-dependent cadherins (more than 40 members; Angst et al., 2001; Tepass et 

al., 2000; Fannon and Colman, 1996; Tang et al., 1998), the heterodimeric integrins (about 17 

α- and 8 β-subunits; Clark and Brugge, 1995; Staubli et al., 1998), and the Ca
2+

-independent 
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molecules of the immunoglobulin (Ig) superfamily (Aplin et al., 1998; Juliano, 2002; Dityatev 

et al., 2000; Luthi et al., 1994; Eckhardt et al., 2000; Muller et al., 1996; Perrin et al., 2001).  

 

1.1.1. The immunoglobulin superfamily  

Members of the Ig superfamily of cell recognition molecules are characterized by the 

presence of one or more immunoglobulin modules. Prototypical examples of this family are 

the immunoglobulins themselves (Edelman et al., 1969) and the MHC-antigens (major 

histocompatibility complex; Orr et al., 1979) of the immune system. In contrast to these 

molecules, which are specialized for highly specific antigen recognition, the polypeptide 

chains constructed by Ig-modules in CAMs (Williams and Barclay, 1988) do not form 

intermolecular, but intramolecular disulfide bridges within a module. Most cell recognition 

molecules in the nervous system combine their Ig-like modules with other repeated structures. 

One of these structures is the fibronectin repeat of the subtype III (FNIII domain). This motif 

was originally identified as a repeated module of 90 residues in the ECM molecule fibronectin 

(Kornblihtt et al., 1985) and was later also found in other ECM proteins (Engel, 1991). 

Functional analysis of fibronectin revealed that FNIII domains are involved in interactions of 

cells with the ECM (Ruoslahti and Pierschbacher, 1987).  

The Ig superfamily is further divided into several subgroups according to the number 

of Ig-domains, the presence and number of FNIII-domains, the mode of attachment to the cell 

membrane, and the presence of a catalytic cytoplasmic domain (Cunningham, 1995). The first 

isolated and characterized Ig-like CAMs were the neural cell adhesion molecule (N-CAM; 

Brackenbury et al., 1977; Thiery et al., 1977) and L1 (Salton et al., 1983; Rathjen and 

Schachner, 1984), representative molecules of two different subgroups. F3 (mouse F3/chicken 

F11/human contactin), DCC (deleted in colonrectal carcinoma), MAG (myelin associated 

glycoprotein), and FGF-R (fibroblast growth factor-receptor) represent additional subgroups 

that occur in the brain. 

 

1.1.2. The L1 family  

The L1 family consists of six members, among which four are found in vertebrates. 

All members of the L1 family display high similarity in the composition and conformation of 

their modules and are composed of six amino-terminal Ig-domains, four to five FNIII-repeats, 
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a single hydrophobic membrane-spanning region and a short, phylogenetically highly 

conserved cytoplasmic tail at the carboxyl terminus (Brummendorf and Rathjen, 1995). These 

molecules display a widespread expression throughout the developing nervous system and are 

involved in a variety of morphogenetic processes, such as cell migration, axon outgrowth, 

myelination, pathfinding, fasciculation and synaptic plasticity. Members of the L1 family are 

mainly found on the surface of axons and at sites of cell-cell contact and are expressed by 

neurons and glial cells (Hortsch, 1996). 

 

1.1.3. The neural cell adhesion molecule L1  

L1 is one of the first isolated and characterized cell adhesion molecules, and has been 

found in variety of species (Rathjen and Schachner, 1984). In humans, the molecule is termed 

L1CAM or L1, in chicken Ng-CAM (neuron-glia CAM), in rats NILE (nerve growth factor-

inducible large external glycoprotein), in drosophila neuroglian, in mice L1, in goldfish E587, 

and in zebrafish L1.1 and L1.2. There is a high sequence similarity among species 

homologous that ranges between 30 to 60 % with the intracellular domain showing the 

highest degree of interspecies homology. The amino acid sequence of L1 from human and 

mouse, for instance, is 92 % identical, and that between mouse and rat is 97 % identical. The 

intracellular domain of L1 from these three species shows complete identity. The presence of 

homologues across diverse species and the high degree of conservation in the course of 

evolution is indicative for the functional importance of this member of the Ig supefamily 

(Hortsch, 1996; Hortsch, 2000; Hlavin and Lemmon, 1991). 

 

1.1.4.1. Characteristics of L1 

Mammalian L1 consists of six Ig-domains of the C2-type, which are folded into a 

horseshoe shaped rather than an extended conformation (Schurmann et al., 2001), five FNIII 

repeats, a single membrane-spanning region followed by a short cytoplasmic tail. The size of 

fulllength L1 is approximately 200 kD. Proteolytic cleavage gives rise to smaller forms with a 

molecular weight of 180, 140, 80 and 50 kD (Sadoul et al., 1988). Twenty one putative sites 

for asparagine-(N-) linked glycosylation are distributed over the extracellular domain of L1. 

Since deglycosylation results in a molecular mass of about 150 kD, glycans comprise about 

25% of the total molecular mass of L1 (Lindner et al., 1983; Rathjen and Schachner, 1984). 

Substantial portions of the glycans are O-linked which is indicated by tunicamycin inhibition 

of cotranslational N-glycosylation (Faissner et al., 1985). 
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Two tissue and cell specific isoforms are known for L1, resulting from alternative 

splicing, which are expressed in a tissue- and cell type-specific pattern. The L1 protein is 

encoded by a single gene, which is located on the X-chromosome and contains 29 exons. 28 

exons encode the protein (designated 1b-28) while one exon contains 5´untranslated 

sequences (exon 1a) (Kallunki et al., 1997; Kohl et al., 1992). The mRNA provides an open 

reading frame of 3783 nucleotides. The encoded 1260 amino acids comprise a 19 amino acid 

signal peptide and a mature protein of 1241 amino acids (Moos et al., 1988).  

Neurons utilize the entire 28 exon coding sequence of L1 (Takeda et al., 1996). A 

shorter isoform of L1 (sL1), exclusively expressed in non-neuronal cells, lacks exon 2 and 27. 

This form was found on cells of hematopoetic origin, in intestinal crypt cells and in the male 

urogenital tract (Kowitz et al., 1992; Thor et al., 1987; Kujat et al., 1995), in the epidermis 

and in the kidney (Nolte et al., 1999; Debiec et al., 1998). More recently also 

oligodendrocytes were found to express sL1, regulated in a maturation-dependent manner 

(Itoh et al., 2000).  

Differential use of exons 2 and 27 is conserved for L1 orthologous in rodents (Jouet et 

al., 1995; Miura et al., 1991), and teleost fish (Coutelle et al., 1998) suggesting that it is of 

functional importance. Exon 27 encodes for the four amino acids RSLE within the 

cytoplasmic domain, which is important as a tyrosine-based sorting motif (YRSL) for 

clathrin-mediated endocytosis (Kamiguchi et al., 1998). Inclusion of exon 2 into the mRNA 

provides the six amino acids YEGHHV in human or YKGHHV in mouse, respectively, in 

place of a single leucine residue immediately amino-terminal to the first Ig-domain (Jouet et 

al., 1995).  

 

1.1.4.2. Expression and function of L1 in the nervous system 

While the following chapter focuses on the expression of L1 in the nervous system, 

the molecule is also expressed in other tissue such as the crypt cells of the intestine (Thor et 

al., 1987), the epithelia of the kidney (Nolte et al., 1999), T- and B-cells of the immune 

system (Ebeling et al., 1996) and tumor cells (Meli et al., 1999). 

In the nervous system L1 expression is temporally and spatially regulated. It is 

detected from embryonic day 10 onwards in the central nervous system on postmitotic 

neurons and the distribution in the developing nervous system already suggests its role in late 

cell migration (Rathjen and Schachner, 1984; Fushiki and Schachner, 1986). Studies in young 

mice showed that expression of L1 in the hippocampus is restricted to fasciculating axons 

forming the stratum moleculare and the hilus where expression increases with age while 
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dendrites and regions rich in cell body remain negative for L1 (Persohn and Schachner, 1990). 

Again the expression profile is indicative of one of its functions, here fasciculation of axons. 

In the developing cerebral cortex, L1 is expressed by postmitotic, premigratory granule cells 

in the inner part of the external granular layer, but is absent from proliferating neuroblasts in 

the out part of the external layer (Persohn and Schachner, 1987), suggesting a role of L1 in 

migration of nerve cells. In adulthood expression of L1 is continued on unmyelinated axons, 

but it disappears from myelinated axons (Bartsch et al., 1989). In the peripheral nervous 

system L1 is also found on non-myelinating Schwann cells and unmyelinated axons (Martini 

and Schachner, 1986). L1 has never been detected in synapses (Schuster et al., 2001). 

Several functional assays have demonstated a role of L1 in migration of postmitotic 

neurons (Lindner et al., 1983; Asou et al., 1992), axon outgrowth, pathfinding and 

fasciculation (Fischer et al., 1986; Lagenaur and Lemmon, 1987; Chang et al., 1987; Kunz et 

al., 1998), growth cone morphology (Payne et al., 1992; Burden-Gulley et al., 1995), adhesion 

between neurons and between neurons and Schwann cells (Rathjen and Schachner, 1984; 

Faissner et al., 1984; Persohn and Schachner, 1987), and myelination (Seilheimer et al., 

1989). In addition, L1 has been implicated in axonal regeneration (Martini and Schachner, 

1988), neuronal cell survival (Chen et al., 1999; Nishimune et al., 2005), and proliferation and 

differentiation of neural precursor cells (Dihne et al., 2003). Furthermore learning and 

memory formation (Rose, 1995; Venero et al., 2004) and the establishment of long-term 

potentiation in the hippocampus (Luthi et al., 1996) are modulated by L1. 

 

1.1.4.3. Neurological disorders caused by mutations in the L1 gene 

The human gene encoding L1 is located near the long arm of the X-chromosome 

(Djabali et al., 1990) in Xq28 (Chapman et al., 1990). A high number of different pathogenic 

mutations have been identified in virtually all regions of the gene, including missense, 

nonsense, and frame shift mutations, deletions, duplications, insertions, and splice site 

mutations. The syndromes caused by mutation in the L1 gene include HSAS  (hydrocephalus 

due to stenosis of the aqueduct of Sylvius; Bickers and Adams, 1949; Rosenthal et al., 1992), 

MASA (mental retardation, aphasia, shuffling gait and adducted thumbs; Bianchine and 

Lewis, 1974), X-linked complicated spastic paraplegia (SP-1; Kenwrick et al., 1986) or ACC 

(agenesis of the corpus callosum; Fransen et al., 1994; Jouet et al., 1994; Kaplan, 1983; Vits 

et al., 1994). The fact that all of these conditions are allelic disorders proved that HSAS, 

MASA, SP-1, and ACC represent overlapping clinical spectra of the same disease, and are 

therefore now summarized under the term “L1 spectrum” (Moya et al., 2002). This term 
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might be more widely acceptable than the previously proposed term CRASH – corpus 

callosum agenesis, retardation, adducted thumbs, shuffling gait, and hydrocephalus (Fransen 

et al., 1995). 

L1 mutations account for 5 % of all cases with hydrocephalus and are the most 

frequent genetic cause of this pathology. The incidence of pathological L1 mutations is 

generally estimated to be around 1 in 30,000 male births (Halliday et al., 1986; Schrander-

Stumpel and Fryns, 1998). In general, the patients show a broad spectrum of clinical and 

neurological abnormalities, already reflected by the varying nomenclature. The severity of the 

disease varies significantly between patients with different L1 mutations and might also vary 

between patients carrying the same mutation (Serville et al., 1992). The most consistent 

features of affected patients are varying degrees of lower limb spasticity, mental retardation 

with IQs ranging between 20 and 50, enlarged ventricles or hydrocephalus, and flexion 

deformities of the thumbs. Those that develop hydrocephalus in utero or soon after birth have 

a low life expectancy and many of them die neonatally. Another striking morphological 

abnormality is a hypoplasia of the corticospinal tract (CST) and the corpus callosum. Other 

brain malformations of affected patients include hypoplasia of the septum pellucidum and the 

cerebellar vermis, and fusion of the thalami and colliculi (Wong et al., 1995a,b; Fransen et al., 

1996 and 1997; Kenwrick et al., 2000).  

 

1.1.4.4. The L1-deficient mouse 

Two mouse L1 knock-out (L1ko) lines were independently generated in two 

laboratories by targeted disruption of the L1 gene (Dahme et al., 1997; Cohen et al., 1998). 

Many of the pathological features observed in human patients with L1 mutations were also 

seen in these L1ko mice, and their analysis provided important insights into the functions 

performed by L1 in vivo (Dahme et al., 1997; Cohen et al., 1998; Fransen et al., 1998; 

Demyanenko et al., 1999; Haney et al., 1999; Rolf et al., 2001). The phenotypes of the two 

independently generated L1 mutants showed many similarities. The body size of both mutants 

was significantly reduced when compared with wild-type littermates, the eyes were lacrimous 

and further back in their sockets and thus appeared smaller, and both mutants showed 

difficulties to use their hind legs (Dahme et al., 1997; Cohen et al., 1998). The latter 

observation may parallel the shuffling gait of patients with L1 spectrum. L1 mutant mice also 

showed a decreased sensitivity to touch and pain (Dahme et al., 1997). Although a few L1 

mutants were able to breed, the vast majority of them were sterile (Cohen et al., 1998). 

Compared to a 129Sv genetic background, the mortality of the mutants was increased when 
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bred in a C57 genetic background. The higher mortality on a C57 strain correlated with a 

more severe phenotype when compared to mutants with a 129-background. When L1 mutants 

and wild-type mice were subjected to a passive avoidance-learning task, both genotypes 

showed a similar learning ability (Fransen et al., 1998). However, experiments in the Morris 

water maze revealed impaired spatial learning of L1 mutants compared to wild-type controls 

(Fransen et al., 1998).  

The L1ko mice showed diverse morphological abnormalities. The CST of L1-deficient 

mice was reduced in size by about 40 % (Dahme et al., 1997). The hypoplasia of the CST was 

shown to result from pathfinding errors of corticospinal axons (Cohen et al., 1998). In wild-

type mice, the majority of these axons turns dorsally at the pyramidal decussation and extends 

into the contralateral dorsal column. In L1-deficient mice, however, the majority of axons 

stayed ventrally and entered the contralateral pyramid or turned dorsally, but entered the 

ipsilatral instead of the contralateral dorsal column (Cohen et al., 1998). The abnormalities of 

the corticospinal tract might explain the locomotor deficits of L1 mutants and also of patients 

with L1 spectrum.  

Significant hypoplasia was also reported for the corpus callosum, the major 

commissure of the brain (Demyanenko et al., 1999). This defect apparently resulted from a 

failure of callosal axons to cross the midline of the brain and is also found in patients with L1 

spectrum. Other abnormalities of L1 mutants include abnormal morphology of septal nuclei, 

an approximately 30 % reduction in the number of hippocampal pyramidal and granule cells, 

and an abnormal orientation and undulating appearance of apical dendrites of a fraction of 

pyramidal cells in motor, visual, and somatosensory cortices (Demyanenko et al., 1999).  

Given that anti-L1 antibodies interfere with the migration of granule cells in cerebellar 

explant cultures and with the elongation and fasciculation of neurites of cerebellar nerve cells, 

it is remarkable that the cytoarchitecture of the cerebellar cortex of L1 mutants showed no 

evidence for disturbed cell migration, axon outgrowth, or axon fasciculation (Dahme et al., 

1997). The only abnormality reported for the cerebellum of L1 mutants was a hypoplasia of 

the cerebellar vermis (Fransen et al., 1998), a defect also frequently observed in patients with 

L1 spectrum (Yamasaki et al., 1995). In addition to the unexpectedly mildly affected 

cerebellum, axon tracts other than the CST and the corpus callosum appear to develop normal 

in L1-mutant mice (Dahme et al., 1997; Cohen et al., 1998). One explanation might be that 

other molecules, which perform similar functions as L1, might compensate for the lack of L1 

and thus allow normal development of the cerebellum and of the majority of axon tracts in the 

mutant.  
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A striking defect of L1 mutant mice is a significant enlargement of the ventricular 

system (hydrocephalus). This abnormality is again reminiscent of pathological alterations 

reported for brains of patients with L1 spectrum. Massively enlarged lateral ventricles were 

observed in L1 mutants with a C57 genetic background, whereas only slightly enlarged 

ventricular were found in mutants with a 129 background (Dahme et al., 1997; Fransen et al., 

1998; Demyanenko et al., 1999). The strong dependence of this defect on the genetic 

background suggests that modifier genes, together with the mutated L1 gene, determine the 

severity of this morphological abnormality.  

In the PNS L1 deficient mice show reduced numbers of unmyelinated axons per 

nonmyelinating Schwann cell, Schwann cell processes extending into the endoneurial space, 

and the presence of incompletely ensheathed unmyelinated axons (Dahme et al., 1997; Haney 

et al., 1999). These defects demonstrate that L1 is essential for normal interactions between 

nerve cells and nonmyelinating Schwann cells and probably also for the long-term 

maintenance of unmyelinated axons.  

Altogehter, the clinical of patients carrying L1 mutation and the phenotype of mice 

with a targeted disruption of the L1 gene both demonstrate the critical role of L1 for normal 

brain development. 

 

1.2. Huntington’s disease and animal models of Huntington’s 

disease 

Huntington’s disease (HD) is an autosomal dominantly inherited progressive 

neuropsychiatric disorder, which starts in mid-life and inevitably leads to death. Although the 

causative mutation was already identified in 1993, the disease mechanism is not entirely 

understood and there is, as is true for all neurodegenerative diseases, no curative therapy 

available (The Huntington’s Disease Collaborative Research Group, 1993).  

Since in early disease stages, neurodegeneration is mainly confined to a distinct 

population of GABAergic projection neurons within the striatum, cell replacement therapies 

have been proposed for the treatment of this disorder (Clarke et al., 1988; Dunnett et al., 

1988; Sirinathsinghji et al., 1988; Brasted et al., 1999). Successful experimental approaches 

using human fetal tissue as a graft source have resulted in ongoing clinical trials (Bachoud-

Levi et al., 2000; Peschanski et al., 2004). However, the use of human fetal tissue has raised a 

number of ethical concerns and the availability of material is rather limited. Several 

researchers have thus started to investigate neural stem cells as an in vitro expandable 
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alternative source for cell replacement therapy in HD (Fricker et al., 1999; Hurelbrink et al., 

2002; Fricker-Gates et al., 2004; McBride et al., 2004).  

In order to investigate cell replacement therapies in HD it is essential to use animal 

models which closely resemble the striatal neuropathological characteristics of this disorder, 

i.e., selective neurodegeneration of GABAergic projection neurons with relative sparing of 

interneurons (Sharp and Ross, 1996; Li, 1999). Stereotactic injection of glutamate agonists 

such as quinolinic acid (QA) into the striatum is the most commonly used approach to 

investigate HD in animal models since glutamatergic excitotoxic cell damage has been 

postulated to play a role in the pathogenesis of HD and also because it reproduces the 

selective loss of striatal GABAergic projection neurons (Beal et al. 1986, 1989).  

Although the QA-lesion model mimics many of the neuropathological features of HD, 

it does not reproduce the pathogenetic process of the human condition. In contrast to this 

model, the R6/2 transgenic mice carrying the human exon 1 with a greatly expanded (115–

150) CAG repeat develop a progressive phenotype (Mangiarini et al., 1996). Since these mice 

show rather little overt cell death, but a shrinkage and dysfunction of the projection neurons, 

they represent the neuropathology of a very early stage of HD.  

Experiments with NSC transplants into the QA lesioned striatum have shown that cell 

survival is, by far, not as good as the survival of fetal tissue transplants (Svendsen et al., 1996; 

Lundberg et al., 1997). Thus it is crucial to identify the factors that potentially increase 

survival. One of the critical factors which may influence cell survival is the method of stem 

cell preparation in vitro prior to transplantation. In culture, NSCs grow as neurospheres 

(Reynolds et al., 1992; Reynolds and Weiss, 1992). Some groups dissociate these cells via 

different techniques before transplantation in order to promote better integration and possible 

migration into the host tissue whereas other groups transplant intact neurospheres (Carpenter 

et al., 1997; Hammang et al., 1997; Winkler et al., 1998; Ader et al., 2001, 2004; Eriksson et 

al., 2003).  

Furthermore, the survival of grafted NSCs may depend more on environmental factors 

than fetal transplants do, which are usually transplanted as a suspension of the entire striatal 

eminence (Dunnett and Bjorklund 1992; Dunnett et al., 2000; Dobrossy and Dunnett 2004). 

However, the changes occurring in the host after striatal injection of QA are only partly 

understood. QA injection induces acute cell death of striatal projection neurons (Beal et al., 

1986, 1989). In parallel, astrocytes react to the tissue damage by dedifferentiation and 

proliferation leading to striatal astrogliosis—a feature of HD pathology (Isacson et al., 1987; 

Dusart et al., 1991). Also activated microglias migrate into the lesioned striatal parenchyma 
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and proliferate as a reaction to QA induced neuronal degeneration (Marty et al., 1991; Topper 

et al., 1993). This morphological disintegration of the normal striatal anatomic architecture is 

accompanied by changes in expression of a variety of inflammatory and neurotrophic factors 

(Canals et al., 1998; Schiefer et al., 1998; Acarin et al., 2000; Haas et al., 2004). One of these 

growth factors, known to be of specific importance for differentiation and survival of striatal 

neurons, is brain-derived neurotrophic factor (BDNF) (Mizuno et al., 1994; Nakao et al., 

1995; Ventimiglia et al., 1995; Perez-Navarro et al., 2000). 

 

1.3. Stem cells and their definitions 

The nature of stem cell function dictates the complement of specific functional 

attributes that stem cells must be endowed with. In the absence of any identifying antigenic 

markers, these functional attributes provide the only basis for a reliable identification of stem 

cells. The most widely accepted definition identifies stem cells as: a) undifferentiated cells, 

that lack markers of differentiated tissue-specific cells, b) capable of proliferation and, more 

importantly, c) possessing self-renewal capacity, d) able to generate functionally 

differentiated progeny and e) able to regenerate tissue after injury (Loeffler et al., 1997). 

Some terms are given greater weight in identifying a candidate stem cell: either self-renewal 

or the capacity to generate a wide array of differentiated progeny, or the ability to regenerate a 

tissue may be accepted, even on it is own, to identify a stem cell (Morrison et al., 1997a,b). 

The proof for stem cell identity relies on the in vitro demonstration that different phenotypic 

cells can be generated from of a single cell and that this multipotentiality is maintained by the 

cells over time undergoing several subcloning steps. 

 

1.3.1. Stem cells in the developing and adult nervous system 

With the closure of the neural tube in the early vertebrate development the neural crest 

cells start migrating and give rise, among others, to the cells of the peripheral nervous system. 

At this stage (at embryonic day 8 (E8) in mouse) the lumen of the neural tube is lined with a 

ventricular layer of primitive neuroepithelial cells. They have a columnar appearance, 

touching ventricle and pial surface during the cell cycle (Fig. 53).  
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Figure 53: Neural tube. 
Electron raster microscopic picture 
of a mouse neural tube at E8. The 
transverse section shows the long 
columnar neuroepithelial cells 
lining the lumen of the tube. 

 

 

 

These cells proliferate and produce most of the cell types of the future central nervous 

system. The majority of these cells inherits a pluripotent potential with the ability to give rise 

to neuronal and glial lineages and to regenerate themselves and therefore can be described as 

neural stem cells (NSCs) (Kalyani et al., 1997). In a first wave of proliferation, during the 

neurogenic phase from E12 to E20 in rodents, the ventricular layer within the spinal cord 

produces neuroblasts (future neurons) that migrate peripherally to form an outer mantle zone, 

the future grey matter of spinal cord and brainstem. The nerve fibres from the neuroblasts 

form a marginal zone, superficial to the mantle zone, which contains fibre tracts (future white 

matter of the spinal cord and brainstem). The second wave of proliferation, the gliogenic 

phase starts around birth and produces glioblasts that migrate peripherally and become 

astrocytes and oligodendrocytes (Das, 1977). In the cerebral cortex the neuroepithelial cells 

lining the ventricles form the ventricular zone. Organized migration processes lead to the 

typically six-layered cortex. Hereby the first postmitotic cells migrating in a radial fashion out 

of the ventricular zone are forming the later on innermost layers. Later born neurons bypass 

earlier-generated neurons to form the cortical layers in an inside-out sequence (Brown et al., 

1991). Throughout embryonic development radial glia cells continue to contact both ventricle 

and pia, guiding neuronal migration and also producing cortical neurons and glia (Tamamaki 

et al., 2001). 

At mid-gestation around E13 in mouse, a second layer of proliferating cells appears 

between the ventricular zone and the adjacent intermediate zone, the subependymal or 

subventricular zone (Fig. 54).  
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Figure 54: Schematic 
drawing of the 
cortical lamination 
in mouse at E14. 
MZ: marginal zone; 
CP: cortical plate; 
SP: subplate; 
IZ: intermediate 
zone; SV: subventricular 
zone; 
V: ventricular zone 
From Uylings et al., 
1994. 

 

 

 

This germinal zone contains cells, produced in the ventricular zone, which after the 

neurogenic period ceased, mainly give rise to glia. The subventricular zone expands greatly in 

late gestation and in early postnatal life. At postnatal ages the radial glia have transformed 

into astrocytes and the ventricular zone disappears but the subventricular zone remains into 

adulthood in some areas harbouring stem cells that have the potential to give rise to glia and 

neurons (Super et al., 1998). 

De novo neurogenesis has been shown to occur in two discrete areas of the adult CNS 

of mammals, namely the subventricular zone and the dentate gyrus of the hippocampus 

(Altman and Das, 1965; Altman, 1969; Kaplan and Hinds, 1977;  Reynolds and Weiss, 1992; 

Corotto et al., 1993; Lois and Alvarez-Buylla, 1993; Luskin, 1993; Palmer et al., 1995; 

McKay, 1997; Gage, 2000; van der Kooy and Weiss, 2000; Alvarez-Buylla et al., 2001). The 

neural precursor cells in the subventricular zone provide a supply of interneurons for the 

olfactory bulb (Altman, 1969; Corotto et al., 1993; Luskin, 1993; Lois and Alvarez-Buylla, 

1994). In the adult hippocampus neural precursor cells are generated in the subgranular zone 

of the dentate gyrus and differentiate into neuronal and glial cells in the granular layer of the 

dentate gyrus (Cameron et al., 1993) and the cortex (Kaplan, 1981; Huang and Lim, 1990; 

Gould et al., 1999). The fact that in vivo newly generated neurons could be identified does not 

mean that the precursor cells were stem cells as evidence for multipotentiality and/or self-

renewal capacity for these cells is lacking. Multipotentiality and ability to self-renew could be 

validated for cells isolated from the striatum, subventricular zone, hippocampus, olfactory 

bulb and cortex of adult rodents and humans, and the spinal cord of adult mice and rats 

(Reynolds and Weiss, 1992; Weiss et al., 1996a,b; Gritti et al., 1996, 1999; Johansson et al., 

1999a,b; Taupin and Gage, 2002). 
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1.3.2. Neural stem cells 

NSCs are characterized by two cardinal features: they are self-renewing, with the 

theoretical ability to produce unlimited progeny indistinguishable from themselves; and they 

are capable to give rise to the three principal cell types of the CNS: neurons, astrocytes and 

oligodendrocytes (Gage et al., 1995; Weiss et al., 1996b; McKay, 1997). NSC have been 

isolated from the fetal (Reynolds et al., 1992; Kilpatrick and Bartlett, 1993; Davis and 

Temple, 1994; Johe et al., 1996; Vescovi et al., 1999; Uchida et al., 2000) and adult 

(Reynolds and Weiss, 1992; Lois and Alvarez-Buylla, 1993; Gritti et al., 1996; Weiss et al., 

1996a,b; Palmer et al., 1997, 1999; Johe et al., 1996; Johansson et al., 1999a,b) mammalian 

central nervous system. Embryonic stem (ES) cells provide another source of neural stem 

cells (Tropepe et al., 2001; Ying et al., 2003).  

Adult neurogenesis comprises the entire set of events of neuronal development 

beginning with the division of a precursor cell and ending with the presence and survival of a 

mature, integrated, functional new neuron. True neuronal integration depends on many 

complex variables and progressive events. Even in the absence of a completely detailed 

molecular characterization, neural stem cells of the adult brain clearly possess features that 

justify considering these cells as extremely promising candidate cells for the aims of CNS 

cellular repair. They are undifferentiated, often highly mobile cells, relatively resistant to 

hypoxia and other injury, proliferatively active, and able to produce mature neurons and glia. 

Their variable specialization and differentiation competence provides great promise for 

application in medicine.  

Neural precursor cells can be propagated in two main forms: in adherent cultures 

(Conti et al., 2005; Pollard et al., 2006; Glaser et al., 2007) and under floating conditions, in 

which they aggregate to form heterogeneous ball-like structures, termed “neurospheres” 

(Reynolds and Weiss, 1992). While it has become standard for some groups to use the so-

called “neurosphere-forming” assay as a key criterion to identify a “neural stem cell”, the 

ability of a cell to form a neurosphere alone is not a sufficiently reliable hallmark of stem cells 

and does not completely differentiate between various mitotic and precursor cell populations 

(Seaberg and van der Kooy, 2003). Clonal analysis provides important additional information. 

By subcloning individual cells, one can test whether an individual cell from these spheres can 

again give rise to secondary spheres, which upon transfer into differentiation conditions can 

produce all neural lineages. Although these studies all contribute useful information, one 

should not forget that cell culture systems are highly artificial in many respects. In vivo, 

precursor cells are not isolated cells, and their relationship to a neurogenic microenvironment 
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might thus be inseparable from their inherent properties. Survival, proliferation and 

differentiation of stem cells appear to be regulated by both cell-autonomous and 

environmental signals (Morrison et al., 1997a,b; Watt and Hogan, 2000). Intrinsic regulators 

include proteins involved in asymmetric cell division or nuclear factors controlling gene 

expression. In vivo, the external signals that control stem cell fate collectively make up the 

stem cell ‘niche’ (Fuchs et al., 2004; Li and Xie, 2005). This niche has powerful effects on 

their resident stem cells in maintaining a balance of quiescence, self-renewal, and cell fate 

commitment. Signals generated from the niche include a wide range of secreted factors, cell-

cell interactions mediated by integral membrane proteins and the extracellular matrix. 

Neurosphere cultures are supposed to provide some of these niche signals that may be 

relevant for neural stem cell maintenance, survival and proliferation.  

In addition to maintaining neural precursor cells as neurophere cultures, these cells 

might also propagated under adherent culture conditions. Initially, adherent NSC was derived 

from ES cells that were differentiated into heterogeneous neuroepithelial progenitors in 

adherent monolayer cultures (Ying et al., 2003). Fibroblast growth factor (FGF-2) and 

epidermal growth factor (EGF) supported expansion of a distinct subset of progenitor cells 

attached to tissue culture plastic in a defined basal media. These cells lost the heterogeneous 

morphology and marker expression of the primary neuroepithelial population (Li et al., 1998; 

Ying et al., 2003). Instead, over several passages, the cultures acquired a homogeneous 

morphology and were shown to uniformly express nestin and Sox2, but lost expression of 

Sox1. These cells showed characteristics of stem cells as they were clonogenic and 

maintained the capacity to generate both neurons and astrocytes over multiple passages. 

Furthermore, they displayed many hallmarks of radial glia by morphology and molecular 

markers, including brain lipid binding protein (BLBP), RC2, GLAST, and Pax6 (Götz, 2003; 

Rakic, 2003). Thus, neural differentiation of ES cells initially entails conversion to a transient 

Sox1-positive panneural progenitor cell population, containing a subpopulation of cells that 

mature to a specific Sox1-negative state without differentiation which then can be stably 

maintained and expanded using EGF and FGF-2. Similar NSC lines were also isolated from 

fetal brain tissue. Either primary cell cultures or long-term expanded neurospheres allowed to 

settle onto gelatin-coated flasks and cultured in the presence of EGF and FGF-2 will 

reproducibly give rise to NSCs that are indistinguishable in all essential features from those 

derived from ES cells (Conti et al., 2005). Some observations suggest that such cells, rather 

than being differentiation products of the neurosphere are in fact the resident stem cells of 

neurospheres. Indeed, NSC will readily form neurospheres if detached from a culture 
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substrate. The finding that the complexity of neurosphere cultures, which contain a mixture of 

stem cells, committed progenitors, and differentiated cells (Suslov et al., 2002; Bez et al., 

2003), can be eliminated by adherent culture parallels observations with ES cells. In adherent 

culture, ES cells self-renew with minimal differentiation, whereas suspension culture induces 

aggregation and differentiation into embryoid bodies (Doetschman et al., 1985). 

 

1.3.3. Neural stem cell therapy 

The rise of precursor cell biology has brought new life to neural transplantation and 

the consideration of cellular replacement strategies to treat diseases of the brain. The idea of 

“making new neurons” is appealing for neurodegenerative diseases, or selective neuronal loss 

associated with chronic neurological or psychiatric disorders. One goal of neural precursor 

biology is to learn from this regionally limited, constitutive neurogenesis how to manipulate 

neural precursors towards therapeutically useful neuronal or glial population. Elucidation of 

the relevant molecular control of neurogenesis, morphological maturation of newly generated 

neural cell types and their functional insertion into the adult brain might result in the 

development of cell replacements paradigm either by transplantation of cells or by 

recruitment of endogenous cells.  

Some studies reported a surprisingly broad differentiation potential of neural stem 

cells into cell types of other organs or even other germ layers, but these observations remain a 

source of debates and controversies (Anderson et al., 2001). In fact, some reports have raised 

concerns that the broader potential of neural stem cells could derive from phenomenon like 

cell transformation, transdifferentiation or fusion, all of which can affect the use of neural 

stem cells for therapy. For example, cell transformation may be associated with aberrant cell 

growth, and with the risk of tumor formation upon grafting. Thus, neuronal replacement 

therapies based on manipulation of endogenous precursors may be an attractive aim in the 

future. However, many questions must be answered before neuronal replacement therapies 

using endogenous precursors become reality. The multiple signals that are responsible for 

endogenous precursor division, migration, differentiation, axon extension, circuit integration 

and survival will need to be elucidated in order for such therapies to be developed efficiently. 

These challenges also exist for neuronal replacement strategies based upon transplantation of 

precursors, because donor cells, whatever may be their source, must interact with an 

extremely complex and intricate mature CNS environment in order to functionally integrate 

into the brain. 
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Altogether, NSCs might be considered as candidate cells to develop cell-based 

therapies for neurological disorders. While ES can be efficiently expanded in vitro and are 

capable to give rise to all cell types of the body, these cells might form tumors upon 

transplantation. A mulitpotent cell type for the development of cell based therapies is NSC 

that is considered not to form tumours (Winkler et al., 1998; Englund et al., 2002). 

Futhermore, the use of human ES cells is limited because of ethical concerns. Similarly, the 

use of fetal-derived primary cells for cell-based therapies is associated with ethical and also 

logistic problems. Efficient cell replacement strategies require widespread integration, long-

term survival and differentiation of grafted cells and, in particular, cell types that are capable 

to functionally integrate into the host tissue. Manipulation of NSCs prior to transplantation 

might be one strategy to achieve this aims. Indeed, several studies have demonstrated that 

neural stem/precursor cells might be “optimized” for cell based therapies by genetic 

manipulations. For instance, overexpression of PSA in neural precursor cells has been 

demonstrated to play an instructive role on the choice of a cells migration pathway depending 

on the environment (Franceschini et al., 2004). Furthermore, forced expression of the 

transcription factor Nurr1 has been shown to direct the differentiation of NSCs into 

dopaminergic neurons (Andersson et al., 2007; Li et al., 2007; Shim et al., 2007). Another 

example is the directed differentitation of neural precursor cells into actively myelinating 

oligodendrocytes by overexpression of the transcription factor olig2 (Copray et al., 2006). 

Neural precursor cells derived from L1-transfected embryonic stem cells showed 

decreased cell proliferation in vitro, enhanced neuronal differentiation in vitro and in vivo, and 

decreased astrocytic differentiation in vivo without influencing cell death. L1 overexpression 

also resulted in an increased yield of GABAergic neurons and enhanced migration of 

embryonic stem cell-derived neural precursor cells into the excitotoxicly lesioned striatum. 

Mice grafted with L1-transfected cells showed recovery in rotation behavior 1 and 4 weeks, 

but not 8 weeks, after transplantation compared with mice that had received nontransfected 

cells, thus demonstrating for the first time that neural precursor cells with a transgenic 

expression of a recognition molecule are capable to improve functional recovery during the 

initial phase in a syngeneic transplantation paradigm (Bernreuther et al., 2006). 

In another study, precursor cells derived from L1-transfected embryonic stem cells and 

injected into the lesion site after spinal cord injury migrated rostrally and caudally from the 

lesion. Anterogradely labeled corticospinal tract axons showed interdigitation with L1-

positive donor cells and extended into the lesion site 1 month after transplantation and, in 

some cases, extended beyond the lesion site (Chen et al., 2005). 
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The fate and behaviour of stem cells evidently depends on environmental cues and cell 

intrinsic properties that probably interact with each other. Which are the environmental 

factors that influence the migration and differentiation of endogenous and transplanted stem 

cells and which mechanisms are employed? Understanding which cellular characteristics 

make a NSC and which events guide them to different neural cell fates could also open up 

strategies in the therapeutic use of stem cells which is engaging the endogenous pool of NSCs 

in the CNS. The aim of the study was reveal L1 role in controlling or influencing NSC fate 

decisions and behaviour following transplantation into a diseased adult brain region.  
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2. Rationale and aims of the study 

NSCs are among the candidate cell type to develop cell-based therapies for a variety of 

neurological disorders. Strategies dependent on efficient cell replacement, widespread 

integration, long-term survival and directed differentiation of grafted cells into particular 

neutal cell types. During the development of the nervous system, L1 has ben implicated in 

migration of postmitotic neurons, outgrowth, pathfinding and fasciculation of axons, growth 

cone morphology and myelination. In addition, L1 has been implicated in axonal 

regeneration, neuronal cell survival, and proliferation and fate decision of neuronal precursor. 

The aim of the present study was to generate stably L1-transfected neural precursor 

population, and to analyze the impact of ectopic L1 expression on the functional properties of 

these cells in vitro and after transplantation in vivo. The specific aim included: 

1. To generate stably L1-transfected neural precursor population. 

2. To analyze the effect of ectopic L1 expression on fate decision of NSCs in 

vivo. 

3. To study the migrating capacity, fate decision and the survival of L1-positive 

NSCs after transplantation into a mouse model for Huntingtons disease. 
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3. Materials and methods 

3.1. Materials  

3.1.1. Reagents, disposables, etc. 

All chemicals were purchased in pro analysis quality from the following 

manufacturers/vendors: Amersham Pharmacia Biotech (APB, Freiburg, Germany), Bio-Rad 

(Munich, Germany), GibcoBRL (Life Technologies, Karlsruhe, Germany), Life Technologies 

(Karlsruhe, Germany), Macherey-Nagel (Dueren, Germany), Merck (Darmstadt, Germany), 

Roche (Mannheim, Germany), Carl Roth (Karlsruhe, Germany), Serva (Heidelberg, 

Germany), and Sigma-Aldrich (Deisenhofen, Germany).  

Cell culture material was supplied from Nunc (Roskilde, DK), Life Technologies, 

Invitrogen and Euroclone S.p.A. (Pero (MI), Italy).  

Plasmids and molecular cloning reagents were obtained from Ambion, Ltd. 

(Cambridge, UK), APB, BD Biosciences, Clontech (Heidelberg, Germany), Invitrogen 

(Karlsruhe, Germany), Pharmacia Biotech, Promega (Mannheim, Germany), Qiagen (Hilden, 

Germany), and Stratagene (Amsterdam, NL).  

DNA purification systems were purchased from APB, Life Technologies, Pharmacia 

Biotech (Freiburg, Germany), Macherey & Nagel and Qiagen (Hilden, Germany).  

 Nucleic acid molecular weight markers were purchased from Roche and NEB 

(Frankfurt a.M., Germany). 

Restriction enzymes were obtained from New England biolabs (Frankfurt am Main, 

Germany), MBI Fermentas (St. Leon-Rot, Germany), and AGS (Heidelberg, Germany). 

Molecular weight standards were obtained from GibcoBRL.  

Oligonucleotides were ordered from metabion (Munich, Germany) or MWG biotech 

AG (Ebersberg, Germany).  

CELLectionTM Biotin Binder Kit which contain CELLectionTM Dynabeads® and a 

Releasing Buffer were purchased form DYNAL® A.S, Oslo, Norway. 

Roti-Fect transfection reagent was purchased from Roth (Karlsruhe, Germany). 

Mouse NSC (Neural Stem Cell) Nucleofector Kit was obtained from AMAXA 

biosystems (Cologne, Germany). 

Lipofectamin 2000 reagent was purchased by GibcoBRL (Life Technologies, 

Karlsruhe, Germany). 
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3.1.2. Enzymes and reaction kits 

DNA polymerases 
Taq DNA Polymerase Life Technologies Karlsruhe, Germany 
AdvantageTM -GC 2 BD Biosciences Clontech Heidelberg, Germany 
HotStarTaqTM Qiagen    Hilden, Germany 
Klenow enzyme Roche Mannheim, Germany 
 
Restriction endonucleases 
various AGS Heidelberg, Germany 
various MBI Fermentas                         St. Leon-Rot, Germany 
various NEB Frankfurt a. M., Germany 
 

3.1.3. Instruments 

Particular devices are referenced throughout the respective protocols. 
 
Centrifuges 
Sorvall Kendro, Hanau, 

Germany 
RC50plus with SLA3000, SLA1500, SA600 
and HB-6 rotors 

Eppendorf 
 

Hamburg, Germany 
 

Microcentrifuge 5415D, 
Bench-top centrifuges 5417R and 5403 

Jouan, Inc. 
 

Winchester, VA, USA 
 

Bench-top centrifuge CR422 

 
Miscellaneous 
Leica 
 

Bensheim, Germany 
 

Vibratome VT1000S, 
Cryostat CM3050 

Zeiss 
 

Goettingen, Germany 
 

Axiophot, 
Confocal Laser Scanning Microscope (LSM 
510) 

DYNAL® A.S Oslo, Norway Dynal MPC 
 
Power supplies 
Bio-Rad 
 

Munich, Germany 
 

Power-Pac series 

 
Spectrophotometer, etc. 
APB Freiburg, Germany Ultrospec 3000/DPV-411 printer 
Merlin Bornheim-Hesel, Germany MIKRONAUT Skan 

Thermal cyclers 
Eppendorf Hamburg, Germany Mastercycler gradient 
MJ Research, Inc. Waltham, MA, USA USA PTC-200 DNA ENGINETM calssic 

 

3.1.4. Software 

Adobe San Jose, CA, USA Photoshop  CS 
DNASTAR, Inc. Madison, WI, USA Lasergene suite 4.05 
ISI Researchsoft Berkeley, CA, USA Reference Manager 9.5 
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Sci&Ed Software Durham, NC, USA Clonemanage 

 

3.1.5. Oligonucleotides 

Oligonucleotides/primers were purchased from MWG biotech AG (Ebersberg, 

Germany) or Metabion (Planegg-Martinsried, Germany).  

 

3.1.6. Antibodies 

3.1.6.1. Primary antibodies 

anti-L1 polyclonal antibody raised against the extracellular domain of 
mouse L1-Fact (produced in the lab of M. Schachner)  
Imunositochemistry 1:1000 

mc-αL1-555  
 

monoclonal rat anti-mouse L1 antibody clone 555. Supernatant 
of rat hybridoma cell line (produced in the lab of M. 
Schachner; Appel et al., 1993). 
Imunositochemistry 1:10 
Western Blots 1:10000 

mc-αL1-557  
 

monoclonal rat anti-mouse L1 antibody clone 557. Supernatant 
of rat hybridoma cell line (produced in the lab of M. 
Schachner). 
Imunositochemistry 1:5 

mc-αL1-324  
 

monoclonal rat anti-mouse L1 antibody clone 324. Supernatant 
of rat hybridoma cell line (produced in the lab of M. 
Schachner) 
Imunositochemistry 1:5 

 
3.1.6.2. Secondary antibodies 

For immunocytochemistry, Cy2, Cy3 and Cy5-labeled secondary antibodies were 

obtained from Dianova (Hamburg, Germany) and used in a dilution of 1:200. 

All horseradish-coupled secondary antibodies were purchased from Dianova 

(Hamburg, Germany) and used in a dilution of 1:10000.  

 

3.1.7. Bacterial strains and eukaryotic cell lines 

Bacterial strains 
E. coli DH5α Invitrogen 

Cell lines 
Hybridoma cells L1 AB producing cell line Hybrydoma cells, producing monoclonal 

rat anti-mouse L1 antibody 555. 
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3.1.8. Bacterial media 

Luria broth (LB-medium, per 
liter) 

10 g NaCl 
10 g tryptone/peptone 
5 g yeast extract 
→ pH 7.0 with 5N NaOH (optional)  and autoclaved 

LB agar (per liter) 10 g NaCl 
10 g tryptone or peptone 
5 g yeast extract 
20 g agar 
→ pH 7.0 with 5N NaOH (optional) 

LB-MM broth (per liter) 10 g NaCl 
10 g tryptone/peptone 
5 g yeast extract 
10mM MgSO4 
2 g/l maltose 
→ pH 7.0 with 5N NaOH (optional) 

LB-MM agar → prepare LB agar, autoclave, cool to 50oC , and 
add the following components 
10mM MgSO4 
2 g/l maltose 

 
The following antibiotics were added when needed (1000-fold stock solutions : 100 

mg/l ampicillin (LB-amp), 25 mg/l tetracycline (LB-tet), 25 mg/l kanamycin (LB-kan) and 25 

mg/ml chloramphenicol (LB-cm). 

 

3.1.9. Plasmids 

pcDNA3 Mammalian expression vector. Ampicillin-
resistance (Invitrogen). 
 

pcDNA3-L1WT Mammalian expression vector encoding 
murine L1. Ampicilin-resistance. 
 

pEGFP-N1 Mammalian expression vector encoding the 
enhanced green fluorescent protein. 
Kanamycin-resistance (Clontech). 

 

3.1.10. Buffers and stock solutions 

Buffers and solutions are listed below. All more method-specific solutions are 

specified in the accompanying sections. 

 
Antibody buffer 
(Immunocytochemistry) 

0.3 % (w/v) 
0.02 % (w/v) 

BSA in PBS pH 7,4 
Triton X-100 
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Blocking buffer 
(Immunocytochemistry) 
 

3 % (w/v) 
0. 2 % (w/v) 

BSA in PBS pH 7,4 
Triton X-100 

Blocking buffer 
(Western Blot) 

1-4 % (w/v) 
1 % (v/v) 

instant milk powder in TBS 
block solution (boehringer) in TBS 
 

Blocking buffer 
(Western Blot) 

25 mM 
192 mM 

Tris 
Glycin 
 

DNA elution buffer 
(DNA-preparation) 
 

1mM Tris-HCl (pH 8.0) 
 

DNA-sample buffer (5x) 
(DNA-gels) 

20 % (w/v) 0,025 
% (w/v) 

glycerol in TAE buffer  
orange G 
 

dNTP-stock solution 
(PCR) 
 

5mM dATP 
 

Ethidiumbromide staining 
solution  
(DNA-gels) 

10 μg/ml ethidiumbromide in 1xTAE 

PCR 
(PCR) 

5mM 
5mM 
5mM 

dTTP 
dGTP 
dCTP 
or stock solution with 25 mM of each 
dNTP 
 

EDTA stock solution 0.5 M EDTA 
→ pH 8.0 
 

Phosphate-buffered saline 
(PBS, 10x, Biochemistry) 
 

1.5 M 
81mM 
17.39mM 
 

NaCl 
Na2HPO4 
NaH2PO4 
→pH 7.5 
 

Phosphate-buffered saline 
(PBS, 10x, Morphology) 

27mM 
18mM 
  

KCl 
KH2PO4 
→ pH 7 
 

Citrate buffer (SSC, 20x) 
(DNA-preparation) 

0.3 M 
 

tri-sodium citrate 
→ pH 7.0 
 

Tris-acetate buffer (TAE; 50x) 
 
 

2 M 
50mM 
1 M 

Tris 
EDTA 
acetic acid (glacial: 17.4 M) 

TE 10mM 
1mM 

Tris-HCl (pH 8.0) 
EDTA 
 

Tris-buffered saline (TBS) 10mM 
150mM 

Tris-HCl (pH 7.4) 
NaCl 
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Running Gel 10% (8%) 
(protein gels) 

3.92 ml (4.89 ml) 
5.26 ml (5.26 ml) 
0.14 ml (0.14 ml) 
4.70 ml (3.73 ml) 
70.0 μl (70 μl) 
7.00 μl (7 μl) 

deionized water 
1 M Tris pH 8.8 
10% SDS 
30% Acrylamide – Bis 29:1 
10% APS 
TEMED 
 

Sample buffer (5x) 
(protein-gels) 

0.312 M 
10 % (w/v) 
5 % (w/v) 
50 % (v/v) 
0.13 % (w/v) 

Tris-HCl pH 6.8 
SDS 
β-Mercaptoethanol 
Glycerol 
Bromphenol blue 
 

SDS running buffer (10x) 
(protein-gels) 

0.25 M 
1.92 M 
1 M 

Tris-HCl, pH 8.3 
Glycine 
SDS 
 

Stacking Gel 5% 
(protein gels) 

3.77 ml 
0.32 ml 
0.05 ml 
0.83 ml 
25.0 μl 
7.00 μl 

deionized water 
1 M Tris pH 6.8 
10% SDS 
30% Acrylamide – Bis 29:1 
10% APS 
TEMED 
 

Staining solution 
(Protein-gels) 

40 % (v/v) 
10 % (v/v) 
0,1 % (w/v) 

Ethanol 
acetic acid 
Serva Blue R250 
 

Stripping buffer 
(Western blots) 

0.5 M 
0.5 M 

NaCl 
acetic acid 

 

3.1.11. Cell culture media  

DMEM F-12 
Medium composed of a 1:1 mixture of Dulbecco’s Modified Eagle’s Medium and F-

12 (Gibco, New York, USA) supplemented with glucose (0.3 %), sodium bicarbonate (3 

mM), B27 (2%; Gibco, New York, USA), glutamine (2 mM), HEPES buffer (0,5 M), 

penicillin (1%), epidermal growth factor (EGF; 10 ng/ml; TEBU, Offenbach, Germany) and 

fibroblast growth factor-2 (FGF-2; 10 ng/ml; TEBU). 

 

Euromed-N 

Medium Euromed-N (Euroclone S.p.A. Pero (MI), Italy) supplemented with B27 (2%; 

Gibco, New York, USA), N2 (2%, self-made mixture) glutamine (2 mM), penicillin (1%), 

epidermal growth factor (EGF; 10 ng/ml; TEBU, Offenbach, Germany) and fibroblast growth 

factor-2 (FGF-2; 10 ng/ml; TEBU). 
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Cell culture medium for hydridoma cells 

RPMI 1640 (Gibco/Invitrogen, New York, USA) supplemented with L-Glutamin (1-

2%), Penicillin/Streptomycin (2%) and FCS (10%). 

 

Production media for antibody production with hydridoma cells 

Serum free hybridoma medium (Gibco/Invitrogen, New York, USA) supplemented 

with L-Glutamin (2-5%), Penicillin/Streptomycin (2%). 

 

3.1.12. Animals 

NSCs were isolated from spinal cords of 14-day-old mouse embryos. Transgenic mice 

ubiquitously expressing EGFP under control of a chicken β-actin promoter (Okabe et al., 

1997) were used as donors. EGFP-transgenic mice were maintained on a C57BL/6J genetic 

background and their genotype was determined by analysing tail biopsies for the presence of 

EGFP-fluorescence.  

As hosts for transplantation experiments C57BL/6J mice were used. 

 

3.2. Methods  

3.2.1. Molecular biological methods 

If not indicated otherwise, standard molecular biological techniques were carried out 

as described by Sambrook (Sambrook et al., 1989).  

 
3.2.1.1. Production of competent bacteria 

E. coli DH5α bacteria (Invitrogen) were grown on LB-agar dishes overnight at 37°C. 

50 ml of LB-medium was inoculated with 5 colonies and grown at 37°C under constant 

shaking (>200 rpm) until the culture reached an optical density (OD600) of 0.35-0.45. Growth 

of bacteria was stopped by incubation on ice for 4 min. Bacteria were pelleted at 1000 x g for 

15 min at 4°C and – after aspiration of the supernatant – resuspended in 17 ml pre-chilled 

buffer RF 1 (4°C). Following 15 min incubation on ice, the centrifugation was repeated. The 

cell pellet was resuspended in 4 ml pre-chilled RF 2 (4°C) and incubated again for 15 min on 

ice. 100 μl aliquots were frozen in liquid nitrogen and stored at -80°C. Transformation 

efficiency of cells was determined by transformation with a distinct quantity (pg-ng) of 

purified supercoiled plasmid DNA. 
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RF 1: 100 mM RbCl RF 2: 10 mM MOPS (pH 6.8) 

50 mM MnCl2 10 mM RbCl 

30 mM KOAc 75 mM CaCl2 

10 mM CaCl2 150 g/l glycerol 

→ pH 5.8 (with 0.2 M acetic acid) 

 

3.2.1.2. Transformation of DNA into bacteria 

10 ng of plasmid DNA were added to 100 μl of competent DH5α bacteria and 

incubated for 20 min on ice. A heat-shock was performed at 42°C for 2 min followed by 

incubation on ice for 2 min. 900 μl of LB-medium were added and bacteria were kept at 37°C 

for 20 minutes under constant agitation. Then cells were centrifuged (10 000 x g, 1 min, RT), 

resuspended in 100 μl LB-medium after removal of the supernatant, plated on selective agar 

plates, and incubated at 37°C for 12-16 h. 

 

3.2.1.3. Maintenance of bacterial strains 

Selected bacterial strains transformed with plasmids of interest were stored as glycerol 

stocks (LB-medium, 25 % (v/v) glycerol) at -80°C for up to one year or at -20°C for up to 2 

months. Bacteria grown on agar plates containing antibiotics were stored up to 6 weeks at 

4°C. 

 

3.2.1.4. Small scale plasmid isolation (Miniprep) 

In order to purify 10-20 μg of plasmid DNA for further restriction analysis and 

sequencing reactions, minipreps were carried out. 4 ml LB-amp-medium (with appropriate 

selection antibiotic) were inoculated with a bacteria colony and incubated over night at 37°C 

with constant agitation. Cultures were transferred into 2 ml Eppendorf tubes and cells were 

pelleted by centrifugation (12 000 rpm, 1 min, RT). The procedure was repeated for amounts 

of more than 2 ml. Plasmids were isolated from the bacteria using the Quagen Miniprep kit 

system, according to the manufacturer's protocol. The DNA was eluted from the columns by 

addition of 50 μl Tris-HCl (10 mM, pH 8.0) with subsequent centrifugation (12 000 rpm, 2 

min, RT). Plasmid DNA was stored at -20°C. 

 

3.2.1.5. Large scale plasmid isolation (Maxiprep) 

For preparation of large quantities of DNA, the Qiagen Maxiprep kit was used. 300 ml 

LB-amp-medium (with appropriate selection antibiotic) was inoculated with 5 μl bacteria 
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suspension of the glycerol stocks. This culture was incubated at 37°C with constant agitation 

overnight. The cells were pelleted in a Sorvall centrifuge (6 000 g, 15 min, 4°C) and the DNA 

was isolated as according to the manufacturer's protocol. The DNA pellet was resuspended in 

100 μl of pre-warmed (70°C) Tris (10 mM, pH 8.0) followed by determination of the DNA 

concentration. 

 

3.2.1.6. Determination of DNA concentration and purity 

DNA molecules absorb UV light of a wavelength of 260 nm (A260), whereas proteins 

show strongest absorbtion at 280 nm (A280). The absorption of 1 OD (A) is equivalent to 

approximately 50 g/ml dsDNA. Additionally interference by protein contamination can be 

estimated by the ratio of A260/A280. Pure DNA has a ratio of 1.8. Absorption at 320 nm 

reflects contamination of the sample by substances such as carbohydrates, peptides, phenols 

or aromatic compounds. In pure samples, the ratio A260/A320 is approximately 2.2. 

Concentration and purity was determined spectrometrically using an Amersham-Pharmacia 

spectrometer.  

 

3.2.1.7. Endonuclease restriction analysis 

Endonuclease restriction enzymes were used to digest and analyze the sequence of 

plasmids or DNA fragments as well for preparation of DNA for transfection. Digestions were 

performed by incubating dsDNA molecules with an appropriate amount of restriction enzyme, 

the respective buffer as recommended by the supplier (New England Biolabs), and at the 

optimal temperature for the specific enzyme, usually at 37°C. In general, reaction volume was 

20 μl. For preparative restriction digestions for transfection the reaction volume was 400 μl. 

Digestions were composed of DNA, 1 x restriction buffer, the appropriate amount of the 

respective restriction enzyme (due to glycerol content the volume of the enzyme stock 

solution added should not exceed 1/10 of the reaction volume) and reaction volume was 

adjusted with nuclease-free H2O. After incubation at the optimal temperature for 2-3 h, 

digestion was terminated by addition of sample buffer and DNA was analyzed by agarose gel 

electrophoresis. 

 

3.2.1.8. DNA agarose gel electrophoresis 

To analyze restriction digestions and the quality of nucleic acid preparations 

horizontal agarose gel electrophoresis was performed. Gels were prepared by heating 0.8-1 % 

(w/v) agarose (Gibco) in Tris-acetate buffer (TAE), depending on the size of fragments to be 



Materials and methods                                                                                                         94 
 
 
separated. DNA samples were adjusted to 1 x DNA sample buffer and were subjected to 

electrophoresis at 10 V/cm in BIO-Rad gel chambers in 1 x TAE running buffer. Afterwards, 

gels were stained in 0.5 μg/ml ethidium bromide in 1 x TAE solution for approximately 20 

min up to tree hours for preparative restriction. Thermo-photographs of transilluminated gels 

were taken, or bands were made visible on an UV-screen (λ = 360 nm). 

 

3.2.1.9. DNA fragment extraction from agarose gels 

For isolation and purification of DNA fragments from agarose gels, ethidium bromide 

stained gels were transilluminated with UV-light and the appropriate DNA band was excised 

from the gel with a clean scalpel and transferred into an Eppendorf tube. The fragment was 

isolated using the silica matrix-based QIAquick Gel Extraction kit (Qiagen) following the 

manufacturer's instructions. The fragment was eluted from the column by addition of 50 μl 

pre-warmed (70°C) Tris-HCl (10 mM, pH 8.0) and the DNA concentration was determined. 

 

3.2.1.10. Precipitation of DNA 

The salt concentration of an aqueous DNA solution was adjusted by adding 1/10 

volume of sodium acetate, pH 5.2, or 0.15 volume of 10M ammonium acetate. 2.5 volumes of 

cold ethanol, -20 °C, were added and the samples were mixed thoroughly. 5 - 10 μg tRNA 

was added to increase recovery from dilute solutions. Following incubation on ice for 30 min, 

samples were centrifuged for 10 - 15 min (16,000xg, RT). Supernatants were carefully 

aspirated and 1 ml cold 75% (v/v) ethanol, -20 °C, was added to each sample. Tubes were 

inverted several times and centrifuged for 5 min (16,000xg, RT). For optimal purity, the pellet 

was loosened from the tube during inverting and was resuspended in ethanol. After removal 

of the supernatant, a 1 - 2 s centrifugation was performed and residual ethanol was aspirated. 

Supernatants were removed and DNA pellets were air dried (approximately 5 min at RT). 

DNA was resuspended in an appropriate volume of prewarmed nuclease-free water (70 °C). 

 

3.2.1.11. Sequencing of DNA 

Sequence determination of dsDNA was performed by the sequencing facility of the 

ZMNH (Dr. W. Kullmann, M. Daeumigen). Fluorescent-dye labeled chain-termination 

products (ABI Prism Dye Terminator Cycle Sequencing Ready Reaction Kit, Perkin Elmer, 

Wellesly, MA, USA) were analyzed with an ABI Prism 377 DNA Sequencer (Perkin Elmer). 

For preparation, 0.8-1 μg of DNA was diluted in 7 μl ddH20 and 1 μl of the appropriate 

sequencing primer (10 pM) was added. 



Materials and methods                                                                                                         95 
 
 
3.2.2. Protein-biochemical methods  

3.2.2.1 SDS-polyacrylamide gel electrophoresis  

Separation of proteins was performed by means of the discontinuous SDS-

polyacrylamide gel electrophoresis (SDS-PAGE) using the Mini-Protean III system (BioRad). 

The size of the running and stacking gel were as follows: 

Running gel: height 4.5 cm, thickness 1 mm  

8 % or 10 % (v/v) acrylamide solution 

Stacking gel: height 0.8 cm, thickness 1 mm  

5% (v/v) acrylamide solution 15-well combs 

After complete polymerization of the gel, the chamber was assembled as described by 

the manufactures protocol. Up to 25 μl sample were loaded in the pockets and the gel was run 

at constant 80 V for 10 min and then at 140V for the remainder. The gel run was stopped 

when the bromphenolblue line had reached the end of the gel. Gels were then either stained or 

subjected to Western blotting (Laemmli, 1970). 

 

3.2.2.1.1 Coomassie-staining of polyacrylamide gels  
After SDS-PAGE, the gels were stained in staining solution (1h, RT) with constant 

agitation. The gels were then incubated in destaining solution until the background of the gel 

appeared nearly transparent (Ausrubel, 1996). 

 

3.2.2.2 Western Blot-analysis 

3.2.2.2.1 Electrophoretic transfer  
Proteins were transferred from the SDS-gel on a Nitrocellulose membrane (Protran 

Nitrocellulose BA 85, 0.45 μm, Schleicher & Schüll) using a MINI TRANSBLOT-apparatus 

(BioRad, Munich, Germany). After equilibration of the SDS-gel in blot buffer for 5 min, the 

blotting sandwich was assembled as described in the manufactures protocol. Proteins were 

transferred electrophoretically at 4°C in blot buffer at constant voltage (80 V for 180 min or 

35 V overnight). The prestained marker BenchMark (Gibco BRL; Invitrogen, Karlsruhe, 

Germany) was used as a molecular weight marker and to monitor electrophoretic transfer 

(Towbin et al., 1979).  

 

3.2.2.2.2 Immunological detection of proteins on nitrocellulose membranes  
After electrophoretic transfer, the membranes were removed from the sandwiches and 

placed protein-binding side up in glass vessels. Membranes were washed once in TBS and 

incubated in 8 ml blocking buffer (3% skim milk powder in TBS) for 1 h at room 
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temperature. Afterwards, the primary antibody was added in the appropriate dilution either for 

2 h at RT or overnight at 4°C. The primary antibody was removed by washing the membrane 

5 x 5 min with TBST. The appropriate secondary antibody was applied for 2 h at RT. The 

membrane was washed again 5 x 5 min with TBST and immunoreactive bands were 

visualized using the enhanced chemiluminescence detection system (Ausrubel, 1996). 

 

3.2.2.2.3 Immunological detection using enhanced chemiluminescence  
The antibody bound to the membrane was detected using the enhanced 

chemiluminescence detection system (Pierce, Bonn, Germany). The membrane was soaked 

for 1 min in detection solution (1:1 mixture of solutions I and II). The solution was removed 

and the blot was placed between two saran warp foils. The membrane was exposed to a light 

sensitive film (Biomax-MR, Kodak) for several time periods, starting with a 2 min exposure. 

 

3.2.2.3. Antibody biotinylation 

L1555 monoclonal antibody was dialyzed against carbonate buffer and the antibody 

concentration was adjusted to 1mg/ml. A solution of 1 mg/ml NHS-Biotin (N-

Hydroxysuccinimidobiotin, Sigma, Deisenhofen, Germany) in DMSO was added to the 

dialyzed antibody solution with a ratio of 1:8 and incubated overnight at 4oC. Samples were 

afterwards dialyzed against PBS to remove free Biotin. 

 

3.2.2.4. Determination of protein concentration (BCA)  

The protein concentration was determined using the BCA kit (Pierce). Solution A and 

B were mixed in a ratio of 1:50 to give the BCA solution. 10 μl of the sample were mixed 

with 200 μl BCA solution in 96-well microtiter plates and incubated for 30 min at 37°C. A 

BCA standard curve was co-incubated ranging from 0.1 mg/ml to 2 mg/ml. The extinction of 

the samples was determined at 560 nm in a microtiter plate reader (µQuant, BioTek 

Instruments GmbH, Bad Friedrichshall, Germany).  

 

3.2.2.5. Enzyme-linked immunosorbent assay (ELISA), binding assay  

Several antigens (concentrations 5-10 μg/ml) were immobilized on polystyrol Immuno 

MaxiSorb® 96-well plates (MaxiSorb F96, Nunc, Wiesbaden, Germany) for overnight at 4oC. 

To remove non-absorbed proteins the wells were washed five times for 5 min with TBS-T and 

then free binding places on the wells were blocked with 2% BSA in TBS for one hour at RT. 

After washing, the wells were subsequently incubated with putative binding proteins diluted 
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in a wide range (from 70 ng/ml to 20 μg/ml) in TBS-T containing 1% BSA, 1mM CaCl2, 

1mM MgCl2 and 1mM MnCl2 for a further hour at RT. The wells were then washed again 

five times for 5 min at RT to remove unspecifically bound proteins. Specifically bound 

proteins were detected with streptavidin coupled to horseradish peroxidase (in case of 

biotinylated binding partners) or with specific primary antibodies and the appropriate HRP-

linked secondary antibodies. Protein binding was visualized after reaction of HRP with ABTS 

reagent that resulted into a colored product that was quantified at 405 nm using an ELISA 

reader (µQuant).  

 

3.2.3. Cell culture 

3.2.3.1. Hybridoma cell culture  

Hybridoma cells were thawed and cultured in RPMI media supplemented with L-

Glutamin (1-2%), Penicillin/Streptomycin (2%) and FCS (10% fetal calf serum) in 25 cm2 

culture flasks or 6-well plates. Cells were passaged at confluence. Cells were centrifuged 

(1000xg, 5 min, RT) and the pellet was resuspended in fresh medium. Cells were split 1:2-1:5 

and placed in production serum free hybridoma medium (Gibco/Invitrogen, New York, USA) 

supplemented with L-Glutamin (2-5%), Penicillin/Streptomycin (2%) in 75 cm2 or 150 cm2 

culture flasks. Cells were passaged when necessary (usually every 3-4 days).  

Production media were collected and stored in -20 oC before antibody purification. 

 

3.2.3.2. Prepation of neural stem cell culture 

Pregnant mice were sacrificed; embryos were removed and placed in sterile PBS. 

Genotypes of embryos were determined by analysing the tails biopsies under the microscope 

for the presence of EGFP. Brains of embryos were taken out and striata were removed and 

placed into a defined medium composed of a 1:1 mixture of Dulbecco’s Modified Eagle’s 

Medium and F-12 supplemented with penicillin (2 mM), glucose (0.6 %), sodium bicarbonate 

(3 mM), B27 (2%; Gibco, New York, USA), glutamine (2 mM), HEPES buffer (5 mM), 

epidermal growth factor (EGF; 20 ng/ml; TEBU, Offenbach, Germany) and fibroblast growth 

factor-2 (FGF-2; 20 ng/ml; TEBU) . The tissue was mechanically dissociated and cells were 

plated in uncoated tissue culture flasks at a density of 200,000 cells/ml. Neural stem cells of 

two types were used in experiments: GFP-NSCs from transgenic GFP-transgenic embryos 

and WT-NSCs. Cultures were passaged when necessary, approximately every three to five 

days. 
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3.2.3.3. Cultivation of neural stem cells. 

NSCs were cultivated either as free-floating neurospheres or as adherent cells. 

For free-floating neurosphere cultivation cells were plated in uncoated tissue culture 

flask at a density of 100,000 cells/ml into defined medium composed of a 1:1 mixture of 

Dulbecco’s Modified Eagle’s Medium F-12 supplemented with glucose (0.6 %), sodium 

bicarbonate (3 mM), B27 (2%; Gibco, New York, USA), glutamine (2 mM), HEPES buffer (5 

mM), epidermal growth factor (EGF; 20 ng/ml; TEBU, Offenbach, Germany) and fibroblast 

growth factor-2 (FGF-2; 20 ng/ml; TEBU).  

For adherent neural stem cells culture, cells were plated in Matrigel-coated flasks (0,1-

1%) precoated with PLL(1%) at a density 50,000 cells/ml and in Euro Med-N media 

supplemented with B27 (2%; Gibco, New York, USA), N2 (self made mixture), glutamine (2 

mM), penicillin (2mM), epidermal growth factor (EGF; 20 ng/ml; TEBU, Offenbach, 

Germany) and fibroblast growth factor-2 (FGF-2; 20 ng/ml; TEBU). Cells were passaged at 

confluence and plated at a density of 50,000 cells/ml.  

As optional in some cases before transfection cells have been cultivated as free-

floating neurospheres before transfection and as adherent cell culture after transfection. 

 

3.2.4. Selection of stably transfected cells. 

In order to obtain populations of cells that homogeneously express L1 molecule 

several methods for selection of L1-transfected cells were attempted. 

 

3.2.4.1. Dynabeads selection 

Single cells suspension (2 x 106) target cells/ml in sterile PBS with 0,1% BSA were 

used for selection according to manufacturer protocol. In brief, 2 x 106 cells were mixed with 

1 x  107 Dynabeads precoated with L1555 biotinylated antibodies (ratio of cells:Dynabeads 

1:5). Following incubation for 15 minutes at 4oC tubes, mixture was rotated, placed in Dynal 

MPC and left for separation of cells connected with Dynabeads for 1 minute. Supernatant was 

discarded and Dynabeads were released with Releasing Buffer for 15 minutes at RT and 

placed in Dynal MPC for 1 minute. Supernatants with isolated cells were removed and 

resuspended in culture media.  
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3.2.4.2. Antibiotic selection 

For selection of stably transfected NSCs with antibiotic, geneticin was added to the 

medium two days after manipulation (Gibco, New York, USA). Selection was started with a 

concentration of 100 μg/ml, geneticin concentration was increased to 200 μg/ml after two 

days, in two days up to 300 μg/ml and then up to 400 μg/ml. Positively selected cells were 

than further cultured in presence of geneticin in concentration of 400 μg/ml. 

 

3.2.5. Immunocytochemistry 

3.2.5.1. Immunocytochemistry of live cells  

On the day before immnunostaining cells were placed on 12 mm coverslips pre-

covered with PLL and covered with Marigel. Plates with coverslips were placed on ice and 

coverslips were incubated with blocking solutions (PBS 5 % FCS) for 15 minutes. 400 μl of 

mc-αL1-555 or 557 or 324 or polyclonal anti-L1 antibodies were added on the coverslips and 

incubated at 4°C for 20 min. Coverslips were washed once with PBS. Subsequently coverslips 

were covered with 400 μl PBS containing the appropriate secondary antibody for 15 min in 

the dark. Finally, coverslips were washed three times with PBS, fixed with 4 % PFA in PBS 

for 20 minutes, washed with PBS and mounted on slides using Fluromount G (Southern 

Biotechnology Associates, Biozol, Eching, Germany). Nuclear staining was done after 

fixation. In this case DAPI or biz-benzimide dilution of 1:2000 were applied on coverslips 

and incubated for 5-10 minutes. Then coverslips were washed tree times with PBS, and 

mounted. 

 

3.2.5.2. Immunocytochemistry of fixed cells  

On the day before immnunostaining cells were placed on 12 mm coverslips 

precovered with PLL and covered with Marigel. Cells were fixed with 1 ml of 4 % PFA in 

PBS for 15-30 min and washed twice with PBS. Coverslips were incubated with 300 μl 0,1 % 

BSA in PBS for 1 h at RT. The blocking buffer was removed and coverslips were covered 

with 300 μl of primary antibodies for 2-3 h at RT. Coverslips were washed three times with 

PBS and incubated with 300 μl secondary antibody for 1 h at room temperature in the dark. 

Finally, cells were washed three times with PBS and mounted on slides using Fluromount G 

(Southern Biotechnology Associates, Biozol, Eching, Germany).  
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3.2.5.3. Immunocytochemistry of brain sections  

Cryostat sections, stored at -20°C, were air-dried for 30 minutes at 37°C. A 10mM 

sodium citrate solution (pH 9.0, adjusted with 0.1M NaOH) was freshly prepared and sections 

were immersed for antigen de-masking in the solution preheated in a water bath to 80°C for 

30 minutes. Afterwards, the jar was taken out of the water bath and left to cool down at room 

temperature. Sections were briefly rinsed with PBS to prevent contamination of jar with 

blocking buffer. Then blocking of unspecific binding sites was performed. The sections were 

incubated at room temperature for two hours in PBS containing 0.2% v/v Triton X-100 

(Fluka, Buchs, Germany), 0.02 w/v sodium azide (Merck, Darmstadt, Germany) and 5% v/v 

normal donkey serum (NDS) or normal goat serum(NGS) (Jackson Immuno Research 

Laboratories, Dianova, Hamburg, Germany). After one hour the blocking solution was aspired 

and the slides were incubated with the primary antibody diluted in PBS containing 0.5% w/v 

lamda-carrageenan and 0.02% w/v sodium azide. The slides were incubated for 1-3 days at 

4°C in a well closed staining jar. Subsequently, the sections were washed 3 times in PBS (15 

minutes each) before secondary antibody was applied. Incubation with secondary antibodies 

was performed in PBS containing 0.5% lambda-carrageenan and 0.2% sodium azide at RT for 

2 hours. After a subsequent wash in PBS, cell nuclei were stained for 10 minutes at room 

temperature with bis-benzimide solution (Hoechst 33258 dye, 5 µg/ml in PBS, Sigma, 

Deisenhofen, Germany). Finally, sections were washed 3 times (10 minutes each), mounted 

with anti-fading medium (Fluoromount G, Southern Biotechnology Associates, Biozol, 

Eching, Germany) and stored in the dark at 4°C. 

 

3.2.5.4. Confocal laser-scanning microscopy  

Some of images of L1-transfected NSCs were obtained with a Zeiss LSM510 argon-

crypton confocal laser-scanning microscope equipped with a 40x and 63x oil-immersion 

objective in order to prove transgenic L1 cell surface expression. Images were scanned at a 

resolution of 1024x1024. Detector gain and pinhole were adjusted to give an optimal signal to 

noise ratio.  

 

3.2.6. Transfection 

In order to establish stably transfected NSCs cultures several trasfection techniques 

were attempted. 
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3.2.6.1 AMAXA transfection 

For nucleofection of adherently cultivated NSCs cells were deattached from the 

substrate using acutase for 5 min 37oC. In case of free-floating neurospheres cells were 

centrifuged for 5 min at 900g and at the 4oC, pellet was incubated with acutase for 5 min 

37oC. 1 000 000 cells were resuspended in 90 µl transfection solution and then mixed with 10 

µl of transfection solution containing 10 µg linearized CMV-L1-SV40-neo, SV40-neo or 

CMV-EGFP-SV40-neo. Solution with cells was placed in the cuvette and transfections were 

performed with a program (A33) that was proven to result in the highest transfection efficacy 

for NSCs (Richard et al., 2005). Directly after transfection, NSCs were placed into culture 

medium in uncoated flasks in case of free-floating neurospheres and in 0,1% Matrigel coated 

flasks in case of adherent NSCs. 

 

3.2.6.2. Lipofectamin transfection 

Lipofectamin 2000 transfection was done on adherently cultivated NSCs. On the day 

before transfection cells were passage into 6 well plates coated with 1% PLL 50 000 cells/ml. 

Transfection was done according to the manufacturer's protocol. On the next day media were 

replaced and after further two days antibiotic were added to the media. 

 

3.2.6.3. Roti-Fect and Fugene taransfection 

Transfection was done with Roti-Fect transfection reagent (Roth, Karlsruhe, Germany) 

or with Fugene (Roche, Basel, Schweiz) on free-floating neurosphere according to the 

manufacturer's protocol. On the next day media were replaced. 

 

3.2.7. Transplantation  

3.2.7.1. Inraretinal transplantation 

Intraretinal transplantation of NSCs was performed with stably L1-nucleofected and 

sham transfected NSCs. L1-transfected cells from EGFP-transgenic mice were transplanted 

into retinas of 1-day-old and adult wild-type mice. Transplantations were performed as 

described (Laeng et al., 1996; Ader et al., 2000). In brief, cells were centrifuged and 

resuspended in sterile media. Animals were deeply anaesthetized by an intraperitoneal 

injection of Ketanest/Rompun™, a glass micropipette was inserted into the vitreous of the 

eye, about 1 µl of vitreous fluid was removed and the same volume of a cell suspension 
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(approximately 50,000 cells/µl) was injected. Intraretinal transplantations were achieved by 

gently lesioning the retina with the micropipette at the time of cell transplantation.  

Mice were sacrificed 2 weeks after transplantation and fixed by perfusion. Eyes were 

quiqly removed and sectioned at thickness of 25 µm using a vibrotom or cryostat. 

 

3.2.7.2 Transplantation into lateral ventricles 

On the day of transplantation, NSC were harvested using accutase, centrifuged and 

resuspended in HBSS- at a density of 100,000 viable cells per microliter. Animals were 

deeply anaesthetized by an intraperitoneal injection of Ketanest/Rompun™. Approximately 

100,000 cells were injected into the lateral ventricles of 7-day-old wild-type mice using a 

glass micropipette. Mice were sacrificed 2 weeks after transplantation and fixed by perfusion. 

Brains were sectioned at a thickness of 25 µm using a cryostat. 

  

3.2.7.3. Transplantation into lesioned striatum 

Three days before transplantation, the right striatum of 3-month-old C57BL/6J mice 

was lesioned by a stereotaxic injection of 1μl of 60 nmol of quinolinic acid (Sigma) at the 

following coordinates in relation to bregma: 0.4 mm anteroposterior, 1.8 mm mediolateral, 

and 3.0 mm dorsal. On the day of transplantation, NSCs were harvested using acutase and 

resuspended in HBSS- at a density of 150,000 viable cells per microliter. One microliter cell 

suspension was injected into the lesioned striatum using the same coordinates as for the 

lesion. All animal experiments were approved by the University and State of Hamburg 

Animal Care Committees. 

 

3.2.8. Stereological analysis 

3.2.8.1. Cell migration 

The lesion side was delineated at low magnification at an Axioskop microscope (Carl 

Zeiss Microimaging) and a Neurolucida software-controlled computer system were used 

(MicroBrightField Europe, Magdeburg, Germany) to measure the shortest distance between 

EGFP-positive cells and the lesion side. All cells thet had infiltrated the host brain were 

analythed. 

 



Materials and methods                                                                                                         103 
 
 
3.2.8.2. Cell profile density 

All cell profiles representing EGFP/NeuN in case of neurons or EGFP/S100 in case of 

astrocytes were counted with the 40x objective usind the Neurolucida software-controlled 

computer system (MicroBrightField Europe, Magdeburg, Germany).  

 

3.2.8.3. Estimation of cell numbers 

 See chapter 3.7.3.3. Estimation of cell numbers study one. 
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4. Results 

4.1. Production monoclonal L1 antibody and antibody 

biotinylation 

Hybrydoma cells secreting the monoclonal rat anti-mouse L1 antibody clone 555 

(L1555) raised against the 2-3 fibronectin domains of murine L1 were cultured in serum free 

medium (HybridomaSFM, Invitrogen) and supernatants containing the antibody were 

collected. L1555 antibody was isolated from these supernatants using a Protein G Sepharose 4 

fast flow column (GE Healthcare, Freiburg, Germany). Bound antibody was eluted from the 

Protein G column by pH shift and the eluate was concentrated using VivaSpin centrifugation 

units with a 100 kD cut off membrane (Viva Science, VWR, Darmstadt, Germany). After 

purification and concentrating of the antibody the BCA assay was used to determine the 

concentration of the eluted antibody. Target specificity was determined by Western blot 

analysis on brain homogenates of WT and L1 knock-out mice (Fig. 55). 
Figure 55: Western blot analysis of brain 
homogenates of L1-/- and WT mice stained with 
L1555. L1-immunoreactive bands at 220 and 190 kDa 
are detectable in brain homogenate of WT mice but 
not in L1 knock out mice.  
 

 

 

 

 

 

Experiments revealed two specifically stained bands with molecular weights of 190 

and 220 kDa in the wild type brain. As expected no bands in the L1 deficient brain was 

detectable, showing that the L1555 antibody was functional active and target specific. For 

later Dynabead assays part of the L1555 antibody was biotinylated (see 4.3.3). Efficiency of 

biotinylation and purity of the biotinylated antibody was examined by Western blot analysis 

and a single band of approximately 50 kDa on the stained gels (Figure 56) could be observed. 
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Figure 56: Immunoblot analysis of biotinylated 
L1555. Secondary antibody was anti-biotin HRP-
coupled. A single 50 kDa band was visible which 
corresponds to expected weight of biotinylated L1 
antibody. 
 

 

 

 

Next, the binding efficiency of the biotinylated L1555 antibody was evaluated. 

Therefore both L1555 and biotinylated L1555 were applied to a direct binding Elisa 

experiment. L1-Fc (10 μg/ml) was coated on Immuno MaxiSorb® 96-wells and incubated 

with either L1555 or biotinylated L1555. Detection of the potential interaction partner was 

carried out using the rat coupled HRP or neutravidin coupled HRP antibodies. Both L1555 

and biotinylated L1555 antibody bound to the target L1 fragment in a concentration 

dependent manner (Figure 57). 
 
Figure 57: ELISA 
binding assay for 
evaluation of direct 
binding. L1-Fc (10 
μg/ml) was incubated 
with L1555 or 
biotinylated L1555 
antibody. Detection of 
bound proteins was 
carried out using the anti-
rat HRP coupled 
secondary antibody for 
detection of L1555 or 
neutravidin coupled with 
HRP to detect 
biotinylated L1555. 
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4.2. Cloning of CD 24. 

CD24 was recloned from pTZ19-mCD24a to the eukaryotic expression vector 

pcDNA3. A 0,4 kb kB-BclI-EcoRV-fragment was cut from pTZ19-mCD24a and ligated into 

pcDNA3. 14 positive clones were obtained and plasmid miniprep was performed followed by 

digestion with EcoRI and EcoRV (Fig. 58). 
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Figure 58: Agarose gel-electrophoresis (1%) minipreps of positive clones after ligation pcDNA3 and CD24. 
DNA was digested with EcoRI and EcoRV. Clones number 1, 2, 5-10, 12, 14 had expected bands 5,4kb and 0,4 
kb.  
 

Sequencing revealed correct orientation of the CD24 insert in clones number 3, 5 and 6.  
 

4.3. AMAXA transfection of neurosphere cultures 

4.3.1. Determination of antibiotic concentration for selection of stably 

transfected NSCs 

Non-transfected GFP-NSCs and WT-NSCs were cultured in the presence of geneticin 

or zeocin at different concentrations (50, 100, 300, 400, 500, 600 or 1000 μg/ml). Analysis of 

culture after 10 days in the presence of antibiotics revealed surviving cells up a concentration 

of 300µg/ml, whereas no surviving cells were observed at higher antibiotic concentrations 

(Table 2). Therefore, 400µg/ml of geneticin or zeocin was used to select for stably L1-

transfected cells (see below).   

Concentration  of geneticin Cell survival Concentration of zeocin Cell survival 

50µg/ml   + 50µg/ml   + 

100µg/ml + 100µg/ml + 

300µg/ml + 300µg/ml + 

500µg/ml  - 500µg/ml  - 

1000µg/ml - 1000µg/ml - 

    

300µg/ml + 300µg/ml + 

400µg/ml - 400µg/ml - 

500µg/ml - 500µg/ml - 

600µg/ml - 600µg/ml - 
Table 2: Determination of geneticin and zeocin concentrations for selection of stably L1-transfected cells. +: 
surviving cells present; - no surviving cells present.  
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4.3.2. AMAXA transfection of neurosphere cultures and selection of stably 

L1-transfected NSCs by antibiotics 

For stable transfection of GFP-NSCs cultivated as neurospheres, cultures were 

transfected with CMV-L1-SV40-neo. For transient transfection, GFP-NSCs were transfected 

with pcDNA3-L1WT. As a control, cells were sham transfected (i.e. treated as experimental 

cells except that DNA was omitted). As an additional control WT-NSCs propagated as 

neurospheres were stably transfected with CMV-EGFP-SV40-neo or transiently transfected 

with pEGFP-N1. After transfection NSCs were further cultivated as neurospheres. L1 

expression was analyzed by immunostaining of live cells two or seven days after transfection. 

These experiments revealed cell surface expression of L1 on stably (Fig. 59 A-D) and 

transiently (not shown) transfected cells. Selection of transfected cells with antibiotics 

(400µg/ml geneticin) was started seven days after transfection. Attempts to expand cells that 

survived selection over a time period of three weeks were not successful.  

Figure 59: Immunostaining of live GFP-NSCs seven day after transfection with CMV-L1-SV40-neo using the 
monoclonal antibody L1555 revealed cell surface expression of L1 (A). No L1 immunoreactivity was observed 
on sham transfected cells (E). (B) and (F) demonstrate EGFP expression in analyzed cells. (C) and (G) are the 
phase contrast photomicrographs of (A) and (E), respectively. (D) and (H) are the overlays of (A, B, and C) and 
(E, F and G), respectively. 
 

4.3.3. AMAXA transfection of neurosphere cultures and selection of L1-

transfected NSCs by Dynabeads 

For stable transfection of GFP-NSCs with L1, cells were cultivated as neurospheres 

and transfected with CMV-L1. WT-NSCs transfected with CMV-EGFP served as control. 

After transfection, NSCs were further cultivated as neurospheres. L1 expression was 
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examined by immunostaining of live cells two days after transfection using monoclonal 

antibody L1-555. Cells revealed cell surface immunostaining for L1 (Fig. 60A). Furthermore, 

EGFP-transfected wild-type cells revealed strong EGFP fluorescence two days after 

transfection (Figure 60F). On the second day after transfection L1-transfected NSCs were 

selected with Dynabeads coated with L1555 biotinylated antibody. Attempts to expand the 

selected cells were not successful, and all cells died after a further culture period of three to 

five days.  

Figure 60: Immunostaining of live GFP-NSCs two days after transfection with CMV-L1 using the monoclonal 
antibody L1555 revealed cell surface expression of L1 (A). Analysis of fixed culture WT-NSCs two days after 
transfection with CMV-EGFP revealed strong EGFP expression (F). No L1 immunoreactivity was observed on 
CMV-EGFP transfected cells (E). (B) demonstrate EGFP expression GFP-NSCs. (C) and (G) are the phase 
contrast photomicrographs of (A) and (E), respectively. (D) and (H) are the overlays of (A, B, and C) and (E, F 
and G), respectively. 
 

4.4. Chemical transfection of neurosphere cultures with 

Lipofectamin, Roti-Fect or Fugene  

Three different methods were used to transfect NSCs with chemical transfection 

methods. To this aim, WT-NSCs were expanded as neurospheres and transiently transfected 

with pEGFP-N1 using Roti-Fect (2μg/ml DNA), Fugene (0, 8; 1, 6; 3, 2 μg/m DNAl) or 

Lipofectamin 2000 (4 or 10 μg/ml DNA). Efficacy of transfection was estimated by the 

percentage of EGFP-positive cells two days after transfection. Analysis revealed significant 

differences between the transfection efficacies of the different transfection methods (Fig. 61). 

The most efficient transfection of neurosphere cells was achieved using Lipofectamin 2000 

(Fig. 61 I, K).  
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Figure 61: Expression of EGFP by WT-NCSs transfected with pEGFP-N1 using Roti-Fect reagent (2μg/ml) (A), 
Fugene (0, 8 μg/ml) (C), Fugene (1, 6 μg/ml) (E), Fugene (3, 2 μg/ml) (G), Lipofectamin 2000 with 4μg/ml 
DNA (I), Lipofectamin 2000 with 10 μg/ml DNA (K). (B, D, F, H, J, L) are the phase contrast photomicrographs 
of (A, C, E, G, I, K), respectively.  

 

To further increase the transfection efficacy obtained with Lipofectamine, repeated 

transfections of the same cultures were performed. GFP-NSCs and WT-NSCs expanded as 

neurospheres were dissociated and further maintained as adherent cells on Matrigel-coated 

coverslips. GFP-NSCs were transfected with CMV-L1-SV40-neo, and WT-NSCs were 

transfected with CMV-EGFP-SV40-neo. Sham transfected (i.e. treated as experimental cells 

with the only exception that addition of DNA was omitted) GFP-NSCs served as control. A 

second and third transfection of cells with the same constructs was performed two and four 

days after the first transfection, respectively. Immunostaining of live cells with the 

monoclonal L1555 antibody revealed cell surface expression of L1 (see Fig.62A for L1 

expression two days after the second transfection). In contrast, no L1 expression was detected 

in sham transfected cultures (Fig. 62E). Furthermore, cells transfected twice with CMV-

EGFP-SV40-neo and analyzed two days after the last transfection revealed strong EGFP 

fluorescence (Fig.62I). Qualitative analysis of these experiments revealed no obvious 

difference in the number of L1 or GFP expressing cells between cultures transfected once or 
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twice with CMV-L1-SV40-neo or CMV-EGFP-SV40-neo, respectively. Furthermore, 

cultures transfected three times died within two to three days after the last transfection. Any 

attempts to expand L1- or GFP-transfected cells failed, irrespective of whether cells were 

transfected once or twice. Therefore, further experiments were performed with cells that were 

transfected once. 

Figure 62: Immunostaining of live GFP-NSCs two days after the second transfection with CMV-L1-SV40-neo 
using the monoclonal antibody L1555 revealed cell surface expression of L1 (A). No L1 immunoreactivity was 
observed on sham transfected cells (E). WT-NCSs two days after the second transfection with CMV-EGFP-
SV40-neo showed strong EGFP expression (I). (B) and (F) demonstrate EGFP expression in analyzed GFP-
NSCs. (C), (G) and (J) are the phase contrast photomicrographs of (A), (E) and (I), respectively. (D), (H) and (K) 
are the overlays of (A, B, and C), (E, F and G) and (I, J), respectively. 

 

L1 expression in cultures transfected once with Lipofectamine was estimated by 

immunostaining of live cells two (not shown) and seven days after transfection. Experiments 

revealed cell surface expression of L1 in cells transfected with CMV-L1-SV40-neo (Fig. 

63A), whereas sham transfected cells were L1-immunonegative (Fig.63E). Similarly, WT-

NSCs transfected with CMV-EGFP-SV40-neo revealed strong EGFP fluorescence seven days 

after a single transfection (Fig.63I). Selection of transfected cells with antibiotics (400µg/ml 

geneticin) was started seven days after transfection. L1 expression after selection with 

antibiotics for three weeks was estimated by immunostaining of live cells. Experiments 

revealed homogeneous L1 expression by transfected cells after selection (Fig.64A). 

Moreover, WT-NSC transfected with CMV-EGFP-SV40-neo and cultured for three weeks in 

the presence of antibiotics showed strong EGFP fluorescence (Fig.64E). However, any 

attempts to expand the L1- or GFP-positive cells that survived selection failed.  
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Figure 63: Immunostaining of live GFP-NSCs seven day after transfection with CMV-L1-SV40-neo using the 
monoclonal antibody L1555 revealed cell surface expression of L1 (A). No L1 immunoreactivity was observed 
on sham transfected cells (E). (B) and (F) demonstrate EGFP expression in analyzed cells. (C) and (G) are the 
phase contrast photomicrographs of (A) and (E), respectively. (D) and (H) are the overlays of (A, B, and C) and 
(E, F and G), respectively. WT-NSCs seven day after transfection with CMV-EGFP-SV40-neo showed strong 
EGFP expression (I). (J) is the phase contrast photomicrographs of (I). (K) is the overlay of (I) and (J). 
 

Figure 64: Immunostaining of live GFP-NSCs stably transfected with CMV-L1-SV40-neo after selection with 
400 μg/ml of geneticin for three weeks using the monoclonal antibody L1555 revealed homogeneous cell surface 
expression of L1 (A). (B) demonstrate EGFP expression in analyzed cells. WT-NSCs stably transfected with 
CMV-EGFP-SV40-neo after selection with 400 μg/ml of geneticin for three weeks showed strong EGFP 
expression (E). (C) and (F) are the phase contrast photomicrographs of (A) and (E), respectively. (D) and (G) are 
the overlays of (A, B, and C) and (E and F), respectively. 
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4.5. AMAXA nucleofection of adherent neural stem cell cultures 

with L1 

4.5.1. Nucleofection of adherent NSC cultures and selection of L1-

transfected cells by antibiotics. 

GFP-NCSs expanded as adherent cells in the presence of EGF and FGF-2 were stably 

nucleofected with CMV-L1-SV40-neo or SV40-neo. After nucleofection of cells with the 

Nucleofector device (program A33; 10µg DNA/100µl nucleofection buffer), cells was further 

cultivated as adherent cells. Expression of L1 was analyzed by immunostaining of live cells 

two days after nucleofection using the monoclonal L1 antibody 555. These experiments 

revealed cell surface expression of L1 in a fraction of cells (not shown). Selection of 

nucleofected cells was initiated three days after nucleofection with 100 μg/ml geneticin. 

Every second day, the concentration of geniticin was increased by 100µg/ml up to a final 

concentration of 400 μg/ml. L1 expression after selection was analyzed by immunostatining 

of live cells. Experiments revealed homogeneous L1 expression at variable levels on the cell 

surface of GFP-NSCs (Fig. 65A). Further expansion of nucleofected cells was routineously 

done in the presence of 400 μg/ml geniticin. 
 
Figure 65: Immunostaining of live GFP-
NSCs after nucleofection with CMV-L1-
SV40-neo and selection with geneticin for 
one month using the monoclonal antibody 
L1555 revealed homogeneous cell surface 
expression of L1 (A). (B)  demonstrate 
EGFP expression in analyzed cells. (C) is 
the phase contrast photomicrograph of (A) 
and (B). (D) is the overlay of (A, B, and 
C). 
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4.5.2. L1 immunostainings of L1-nucleofected NSCs with different 

antibodies 

Immunostainings of adherently cultiviated and L1-nucleofected NSCs was performed 

with the monoclonal L1 antibodies L1-324, L1-555 and L1-557. All immunostaining were 

done in parallel on live and paraformaldehyde-fixed cells, and the percentage of cells 

displaying L1-immunoreactivity on the cell surface, in the cytoplasm or of cells lacking 

detectable levels of L1-immunreactivity was determined. Cultures nucleofected with SV40-

neo served as a negative control, and no immunoreactivity was observed with any of the 

antibodies used. 

Immunostainings of live cells with the monoclonal antibody L1-324 (Fig. 67 A and B) 

revealed numerous L1-immunoreactive cells. Most of these cells displayed intracellularly 

located L1-immunoreactivity. Quantitative analysis revealed 34% L1-negative cells, 24% 

cells expressing L1 at the cell surface, and 42% cells displaying intracellular L1 positivity 

(Fig. 66 A). Immunostainings of live cells with the monoclonal antibody L1-555 (Fig. 67 C 

and D) demonstrated expression of L1 in apparently all cells, with a small subpopulation 

expressing high levels of L1 (Fig. 67 C). Quantitative analysis revealed cell surface 

expression of L1 by 90% cells, and intracellular location of L1-immunoreactivity in 10% of 

cells (Fig. 66 B). Similarly, L1 expression by all cells (Fig. 66 C) was also observed when 

cultures were stained with the monoclonal antibody L1-557. (Fig. 67 E and F). Here, about 

93% of cells showed cell surface expression of L1, and 7% of cells were labelled 

intracellularly. 

Figure 66: L1-nucleofected GFP-NSCs were stained as live cells with different L1 antibodies, and the 
percentage of cells displaying L1-immunoreactivity at the cell surface, in the cytoplasm or lacking detectable L1 
expression was determined. (A) GFP-NSCs stained with monoclonal antibody L1-324, (B) GFP-NSCs stained 
with monoclonal antibody L1-555, (C) GFP-NSCs stained with monoclonal antibody L1-557. 
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Figure 67: Immnostainings of live 
GFP-NSCs stably nucleofected with 
CMV-L1-SV40-neo and SV40-neo 
nucleoected cultures using different 
monoclonal L1 antibodies. (A1) L1 
stably nucleofected GFP-NSCs stained 
with L1-324, (C1) L1-555, (E1) and 
L1-557. (B1), (D1) and (F1) show 
SV40-neo nucleofected GFP-NSCs 
stained with antibodies L1-324, L1-555 
and L1-557, respectively. (A2)- (F2) 
demonstrates EGFP expression on 
analyzed cells. (A3)- (F3) are the phase 
contrast photomicrographs of (A1) - 
(F1), respectively. (A4) - (F4) are the 
overlays of (A1-3) - (F1-3), 
respectively. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Immunostainings of fixed cell cultures with L1-324 antibodies (Fig. 68 A and B) 

revealed a high number of cells displaying cell surface immunoreactivity (91%) and a small 

fraction of cells with intracellular labelling (9%; Fig.69 A). Similarly, immunostainings of 

fixed L1-nucleofected GFP-NSCs with monoclonal antibody L1-555 demonstrated L1 

expression in virtually all cells (Fig. 68 C), with 93% of cells showing cell surface labelling 

and 7% showing intracellular labeling (Fig. 69 B). Fixed cultures stained with monoclonal 

antibody L1-557 (Fig. 68 E) contained a significant fraction of immunonegative cells (48%), 

26% of cells with cell surface labelling and 26% of cells with intracellularly located L1-

immunoreactivity (Fig. 69 C). 
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Figure 68: Immnostaining of fixed L1-
nucleofected or SV40-neo nucleofected 
GFP-NSCs using different monoclonal 
L1 antibodies. (A1) L1 stably 
nucleofected GFP-NSCs stained with 
L1-324; (C1) L1-555, (E1) or L1-557. 
(B1), (D1) and (F1) are SV40-neo 
nucleofected GFP-NSCs stained with 
L1-324, L1-555 or L1-557, 
respectively. (A2) - (F2) demonstrates 
EGFP expression by analyzed cells. 
(A3) - (F3) are the phase contrast 
photomicrographs of (A1)-(F1), 
respectively. (A4) - (F4) are the 
overlays of (A1-3) - (F1-3), 
respectively. 
 

 

 

 

 

 

 

 

 
 
 
 

 
Figure 69: L1-nucleofected GFP-NSCs were fixed, stained with different L1 antibodies, and the percentage of 
cells displaying L1-immunoreactivity at the cell surface, in the cytoplasm or lacking detectable L1 expression 
was determined. (A) GFP-NSCs stained with monoclonal antibody L1-324, (B) GFP-NSCs stained with 
monoclonal antibody L1-555, (C) GFP-NSCs stained with monoclonal antibody L1-557. 
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4.6. Transplantations 

4.6.1. Transplantation of adherently cultivated, stably L1-nuceofected NSCs 

into the retina of adult and young postnatal mice 

To study the fate of stably L1-nucleofected GFP-NSCs in vivo, they were transplanted 

into the retina of 15 weeks old wild-type mice (5 animals). Sham transfected GFP-NSCs 

served as a control (5 animals). Analysis of host retinas four weeks after transplantation 

revealed the presence of GFP-positive cells that were predominantly located out of the retina 

(Fig. 70). Qualitative analysis of host tissues revealed no significant difference in the extent or 

pattern of integration between L1-nucleofected and sham nucleofected NSCs.  
Figure 70: Stably L1-nucleofected 
and sham nucleofected GFP-NSCs 
were grafted into the retina of adult 
wild-type mice, and host retinas 
were analysed four weeks after 
transplantation. No significant 
differences in the extent of 
integration were detectable between 
L1 transfected (A) and sham 
transfected (D) GFP-NSCs. (B) and 
(E) are the phase contrast 
photomicrographs of (A) and (D), 
respectively. (C) and (F) are the 
overlays of (A, B) and (D, E,), 
respectively. 
 

 

L1- and sham nucleofected GFP-NSCs were additionally transplanted into the retina 

of 1 day old wild-type mice (2 aminals for each cell population). Analysis of host retinas four 

weeks after transplantation revealed the presence of GFP-positive cells that were 

predominantly located out of the retina (Fig. 71). Similarly to adult host retinas, there were no 

obvious differences in the extent and pattern of integration between L1-positive (Fig. 71 A) 

and sham nucleofected (Fig. 71 D) GFP-NSCs.  
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Figure 71: Stably L1-nucleofected 
and sham nucleofected GFP-NSCs 
were grafted into the retina of one 
day old wild-type mice, and host 
retinas were analysed four weeks 
after transplantation. No significant 
differences in the extent of 
integration were detectable between 
L1 nucleofected (A) and sham 
nucleofected (D) GFP-NSCs. (B) 
and (E) are the phase contrast 
photomicrographs of (A) and (D), 
respectively. (C) and (F) are the 
overlays of (A, B) and (D, E), 
respectively. 
 
 

 

4.6.2. Transplantation of adherently cultivated, stably L1-nuceofected NSCs 

into the lateral ventricles of young postnatal mice 

To further study the integration potential of stably L1-nucleofected GFP-NSCs, cells 

were transplanted into the lateral ventricles of 7 day old wild-type mice (3 animals). Sham 

transfected GFP-NSCs served as control (3 animals). Analysis of host tissue two weeks after 

transplantation revealed the presence of several GFP-positive cells in both experimental 

groups that were predominantly located in the periventricular region (Fig. 72). Similarly to the 

retina, there were no apparent differences in the integration potential or in the pattern of 

integration between L1-nuceofected and sham nucleofected cells.  
Figure 72: Stably L1-nucleofected 
and sham nucleofected GFP-NSCs 
were grafted into the lateral 
ventricles of seven day old wild-
type mice, and host brains were 
analysed two weeks after 
transplantation. No significant 
differences in the extent of 
integration were detectable between 
L1 nucleofected (A) and sham 
nucleofected (D) GFP-NSCs. (B) 
and (E) are the phase contrast 
photomicrographs of (A) and (D), 
respectively. (C) and (F) are the 
overlays of (A, B) and (D, E) 
respectively. 
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4.6.3. Transplantation of adherently cultivated, stably L1-nuceofected NSCs 

into the quinolinic acid-lesioned striatum of adult mice 

Finally, the effect of ectopic L1 expression on the integration potential of GFP-NSCs 

after transplantation into quinolinic-lesioned striatum of adult mice was analyzed. This 

treatment results in rapid and complete loss of GABAergic striatal neurons (Huntington’s 

disease paradigm). Stereotaxic injection of the NMDA receptor agonist quinolinic acid into 

the right striatum resulted into almost complete lost of neurons in the lesioned site 3 days after 

injection. Three days later, NSCs were injected into the center of lesion. Serial brain sections 

were stained with GFP antibodies to increase the intensity of the GFP fluorescence of NSCs. 

Both, L1- and sham nucleofected cells were detected within the host brains 10 days after 

transplantation, and had extended processes into the surrounding tissue (Fig. 73). 

Furthermore, quantitative analysis of experimental tissues 10 days after grafting revealed a 

slightly but significantly increased migratory potential of L1-nucelofected NSCs when 

compared to sham nucleofected NSCs (Fig. 74).  
 
Figure 73: L1-nucleofected (A) and 
sham (D) nucleofected GFP-NSCs 
10 days after transplantation into the 
lesioned stiatum of adult mice have 
differentiated into cells extending 
processes into the host brain. (B) 
and (E) are the phase contrast 
photomicrographs (A) and (D), 
respectively. (C) and (F) are the 
overlays of (A, B) and (D, E), 
respectively. 
 
 
 
 
 
 
 
 
Figure 74: The distribution of L1- 
(A) and sham (D) nucleofected 
GFP-NSCs 10 days after 
transplantation in the lesioned 
striatum. (B) and (E): are the phase 
contrast photomicrographs (A) and 
(D), respectively. (C) and (F) are the 
overlays of (A, B) and (D, E), 
respectively.  
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To quantify migration of grafted cells within the host brains, the shortest distance 

between donor cells and lesion site was measured 10 days after transplantation using the 

Neurolucida system (MicroBrightField Europe, Magdeburg, Germany). The average 

migration distance observed for L1-nucleofected GFP-NSCs was 224μm ± 65,03 μm, whereas 

sham transfected NSCs had migrated, on average, 170 μm ± 13,30 μm away from the lesion 

site (Fig. 75). 
Figure 75: Average migration distance of L1- and 
sham nucleofected GFP-NSCs 10 days after 
transplantation. Note the significantly increased 
migration distance of L1-nucleofected NSCs when 
compared to sham nuleofected NSCs (asterisk: p > 
0.05, t test). 
 
 

 

 

 

 

 

 

 

The migration potential of L1-nucleofected GFP-NSCs within the quinolinic acid 

lesioned striatum was additionally analysed four weeks after transplantation (Fig. 76). Similar 

to the 10-day-survival interval, both L1- and sham-nucleofected GFP-NSCs were detected 

four weeks after grafting in the host brain, and had differentiated into cells extending 

processes into the host tissue (Fig. 77). 
 
Figure 76: The distribution of L1- 
(A) and sham- (D) nucleofected 
GFP-NSCs four weeks after 
transplantatoion in the lesioned 
striatum. (B) and (E) are the phase 
contrast photomicrographs (A) and 
(D), respectively. (C) and (F) are the 
overlays of (A, B) and (D, E), 
respectively. . 
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Figure 77: L1-nucleofected (A) and 
sham (D) nucleofected GFP-NSCs 
four weeks after transplantation into 
the lesioned stiatum of adult mice 
have differentiated into cells 
extending processes into the host 
brain. (B) and (E) are the phase 
contrast photomicrographs (A) and 
(D), respectively. (C) and (F) are the 
overlays of (A, B) and (D, E), 
respectively. 
 

 

 

 

Similar to the 10-day-survival interval, the average migration distance four weeks after 

transplantation was significantly increased for L1-nucleofected cells (233μm ± 19,71 μm) 

when compared to sham.-nucleofected cells (152 μm ± 14,05 μm; Fig. 78). 

 
Figure 78: Average migration distance of 
L1- and sham nucleofected GFP-NSCs 
four weeks after transplantation. Note the 
significantly increased migration distance 
of L1-nucleofected NSCs when compared 
to sham nuleofected NSCs (asterisk: p > 
0.05, t test). 
 

 

 

 

 

 

 

To estimate the number of L1- and sham-nucleofected cells that had migrated away 

from the lesion site, the number of GFP-positive cells were counted four weeks after grafting. 

These experiments revealed similar number of GFP-positive cells in striata that received L1- 

or sham-nucleofected GFP-NSCs (Fig. 79). 
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Figure 79: The average number of GFP-
positive cells that had migrated away from 
the lesion site four weeks after 
transplantation of L1- or sham-nucleofected 
GFP-NSCs. 
 

 

 

 

 

 

 

 

The survival potential of L1- and sham-nucleofected GFP-NSCs within the quinolinic 

acid lesioned striatum was estimated by countig profile density of live cells four weeks after 

grafting including cells precent in lesion site and migrated cells. Experiments reveal no 

difference in profile density of GFP-positive cells L1- or sham-nucleofected (Fig. 80). 

 
Figure 80: The average profile density of GFP-
positive cells that present in the lesion site and had 
migrated away from the lesion site four weeks after 
transplantation of L1- or sham-nucleofected GFP-
NSCs. 
 

 

 

 

 

 

 

 

4.6.3.1. Adherently cultivated, stably L1-nuceofected NSCs show increased neuronal 

differentiation and decreased astrocytic differentiation after transplantation into the 

quinolinic acid-lesioned striatum of adult mice 

The differentiation potential of L1- and sham-nucleofected GFP-NSCs in vivo was 

analyzed after transplantation into a mouse model with quinolinic acid-induced acute and 

selective loss of GABAergic projection neurons in the striatum. 
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Donor-derived neurons were identified by their co-expression of GFP and NeuN, and 

the percentage of GFP/NeuN-positive cells from the total number of GFP positive cells was 

estimated per section. These experiments revealed a significant increase in the percentage of 

neurons for the L1-nucleofected cells (36% ±4,51%) when compared to sham-transfected 

cells (19% ±4,84%) 1 month after transplantation (p<0,001; Fig. 81). 

 
 
Figure 81: The percentage of GFP/NeuN-positive 
cells from the total number of GFP-positive cells 
four weeks after transplantation of L1- or sham-
nucleofected GFP-NSCs (asterisks: p<0.001, t test). 
 
 
 
 
 
 
 
 
 
 

 
Donor-derived astrocytes were identified by co-expression of GFP and S100, and the 

percentage of S100-positive cells was estimated per section. Analysis revealed a significant 

decrease in the percentage of GFP/S100-positive cells for L1-nucleofected cells (50% ±3,4%) 

when compared to sham-transfected cells (64% ±6,2%) 1 month after transplantation 

(p<0,001; Fig. 82). 
 
Figure 82: The percentage of GFP/S100-positive 
cells from the total number of GFP-positive cells 
four weeks after transplantation of L1- or sham-
nucleofected GFP-NSCs (asterisks: p<0.001, t test). 
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5. Discussion 

Since neural cell adhesion molecules are not only implicated in cell-cell interactions 

during nervous system development, but have also been recognized as important molecules 

being involved in cell migration and fate decision, we were interested to analyze the effect of 

ectopically expressed L1 on survival, migration and fate decision of NSCs in vivo. In this 

study, a method was established that allows efficient non-viral stable transfection of mouse 

NSCs using the nucleofection technique. When grafted into the quinolinic acid-lesioned 

striatum of adult mice, L1-transfected NSCs showed improved migration when compared to 

sham-transfected NSCs. Moreover, L1-transfected NSCs showed increased neuronal and 

decreased astrocytic differentiation when compared to sham-transfected NSCs. 

 

5.1. Genetic manipulation of NSCs 

Gene transfer to cells of the CNS may represent a powerful tool to treat a variety of 

diseases, including neurological disorders. The use of genetically modified primary NSCs for 

research or therapeutic uses has been greatly hampered by the difficulties involved in their 

successful transfection. Although several authors have reported the use and feasibility of 

retroviral, adenoviral, adeno-associated viral or lentiviral transduction of NSCs (Englund et 

al., 2000; Franceschini et al., 2001a; Vitry et al., 2001; Falk et al., 2002; Heins et al., 2002; 

Wu et al., 2002; Franceschini et al., 2004; Rappa et al., 2004; Copray et al., 2006; Andersson 

et al., 2007; Li et al., 2007; Shim et al., 2007), the safety concerns inherent in the use of 

engineered viruses has limited their use in the clinical setting. Besides an increase in the 

immunogenicity of virus-manipulated cells due to the transfer of viral proteins (Jooss et 

al.,1998; Trapnell and Gorziglia, 1994; Yang et al., 1995; Mincheff et al., 2001; Ojima et al., 

2006; Koido et al., 2005; Cao et al., 2007; Koido et al., 2007), there is also the risk of 

oncogenesis, mutagenesis and cytotoxicity related to the insertion of the viral genome into 

host cell DNA (Gordon and Anderson, 1994; Lu et al., 1994; Ying et al.,1999; da Cruz et al., 

2004; Porada et al., 2004; Okada et al., 2004). 

Reports on transfections by methods such as lipid-mediated transfer, liposome-based 

methods, calcium phosphate co-precipitation, or standard electroporation techniques have 

consistently given only low transfection efficiencies of primary cells, including mitogen-

expanded NSCs (Cattaneo et al., 1996; Diebold et al., 1998; 1999a, b; 2001; Irvine et al., 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Copray%20S%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=PubMed&Cmd=Search&Term=%22Jooss%20K%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=PubMed&Cmd=Search&Term=%22Trapnell%20BC%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=PubMed&Cmd=Search&Term=%22Gorziglia%20M%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=PubMed&Cmd=Search&Term=%22Yang%20Y%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=PubMed&Cmd=Search&Term=%22Mincheff%20M%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=PubMed&Cmd=Search&Term=%22Ojima%20T%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=PubMed&Cmd=Search&Term=%22Koido%20S%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=PubMed&Cmd=Search&Term=%22Cao%20DY%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=PubMed&Cmd=Search&Term=%22Koido%20S%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=PubMed&Cmd=Search&Term=%22Gordon%20EM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Lu%20D%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=PubMed&Cmd=Search&Term=%22Ying%20H%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=PubMed&Cmd=Search&Term=%22Porada%20CD%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Cattaneo%20E%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
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2000; Haines et al., 2001; Falk et al., 2002; Kim et al., 2002; Wiesenhofer and Humpel, 2000; 

Ohki et al., 2001; da Cruz et al., 2004). Moreover, some findings indicate that liposome-

mediated transfection procedures are fairly toxic to neural stem cells (Kim et al., 2002). In 

line with these data, we failed to derive stably transfected neurosphere cultures using 

transfection methods like Fugene, Rotifect and Lipofectamine. All these transfection methods 

resulted in low transfection efficiencies, and successfully transfected cells could not be 

expanded further. The failure to establish stably transfected cultures with these methods might 

relate, at least in part, to the low probability to transfect cell with stem cell characteristics, 

which are rare in neurosphere cultures (see below). 

Nucleofection is a newly developed, electroporation-based transfection method which 

allows efficient transfection of a variety of proliferating, non-proliferating or difficult-to-

transfect primary cell types (Dityateva et al.,2003; Gresch et al., 2004; Hamm et al., 2002; 

Lakshmipathy et al., 2004; Lenz et al., 2003; Maasho et al., 2004; Martinet et al., 2003; 

Quenneville et al., 2004; Richard et al., 2005). In fact, this method has been used in previous 

experiments, and transfection efficiencies of about 70% have been observed for transiently 

nucleofected NSCs (Richard et al., 2005). We used this method to stably introduce the gene 

encoding the neural recognition molecule L1 into NSCs isolated from striatum of EGFP-

transgenic E14 mouse embryos. While attempt to establish L1-nucleofected NSCs from free-

floating neurospheres failed, we were successful to derive stably L1 expressing cultures when 

adherently propagated NSCs were nucleofected with L1 (see below). 

 

5.2. Free-floating neurospheres and adherently propagated NSCs. 

Are they different? 

Initially NSCs were cultivated as free-floating clonal cell aggregates, so-called 

neurospheres (Reynolds and Weiss 1992; Reynolds et al., 1992; Weiss et al., 1996a,b). 

Cloning assays revealed that only a small percentage (3–4%) of the cells within these 

neurospheres are truly multipotent stem cells, i.e. cells that are capable to self-renew and 

display multipotentiality (Gritti et al., 1999; Tropepe et al., 1999). The vast majority of cells 

within neurospheres correspond to committed precursor cells or even mature cell. It appears 

that the mixed cellular environment likely provides a niche that sustains relatively few stem 

cells (Garcion et al., 2004). The low percentage of stem cells within neurospheres might 

explain why we did not succeed to derive stably transfected cultures from these cells. Given 

that the transfection efficacy for NSCs with the nucleofection technique is about 70% 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=PubMed&Cmd=Search&Term=%22Falk%20A%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=PubMed&Cmd=Search&Term=%22Kim%20YC%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Wiesenhofer%20B%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Ohki%20EC%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22da%20Cruz%20MT%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=PubMed&Cmd=Search&Term=%22Kim%20YC%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=PubMed&Cmd=Search&Term=%22Dityateva%20G%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Gresch%20O%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=PubMed&Cmd=Search&Term=%22Hamm%20A%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=PubMed&Cmd=Search&Term=%22Lakshmipathy%20U%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
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http://www.ncbi.nlm.nih.gov/sites/entrez?Db=PubMed&Cmd=Search&Term=%22Martinet%20W%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
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(Richard et al., 2005) and the percentage of bone fide stem cells in neurosphere cultures is 3–

4% (Gritti et al., 1999; Tropepe et al., 1999), we preferentially nucleofected precursors cells 

which are incapable of continued self-renewal rather than self-renewing stem cells. On the 

other hand experiments with neurosphere cultures that were adherently cultivated for short 

periods before and after transfection with Lipofectamin 2000 contained small population of 

stably transfected cells (i.e. cells that expressed L1 for more than 3 months) after selection 

with antibiotics. However, attempts to expand these cells failed. 

The first adherently propagated NSCs described in the literature were derived from ES 

cells that were differentiated into a heterogeneous population of neuroepithelial progenitors in 

adherent monolayer culture (Ying et al., 2003). Over several passages, these adherently grown 

cells acquired a homogeneous morphology and were shown to uniformly express nestin and 

Sox2. Because these cells were clonogenic and indefinitely maintained the capacity to 

generate both neurons and astrocytes, they were termed NS cells (neural stem cells) in 

analogy to ES cells (embryonic stem cells). Cells with similar characteristics were later also 

derived from fetal brain tissue primary cell cultures or long-term expanded neurospheres. 

Some observations suggest that these adherently cultivated NS cells are the resident stem cells 

of neurospheres, rather than committed progenitor cells. For instance, adherent NSCs will 

readily form neurospheres if detached from a culture substrate. Some finding revealed that the 

complexity of neurosphere cultures, which contain a mixture of stem cells, committed 

progenitors, and differentiated cells like neurons and astrocytes (Suslov et al., 2002; Bez et 

al., 2003; Conti et al., 2005), can be eliminated by adherent culture conditions. In the present 

study, we were able to stably transfect adherently propagated NSCs, and this result is 

probably related to an enrichment of stem cells in these culture, and thus an increased 

probability to transfect cells which are capable to self-renew.  

However, neurospheres have significant limitations (Conti et al., 2005). The stem cells 

maintained within neurospheres are not directly identifiable, have not been purified, and have 

an uncertain relationship to CNS precursor cells in vivo (Suslov et al., 2002). Complexity of 

culture is a barrier to molecular and biochemical dissection of self-renewal and commitment 

mechanisms (Sinor and Lillien, 2004). Furthermore, there is variation between as within 

cultures, which can give rise to contradictory data from different laboratories (Morshead et 

al., 2002). Finally, neurospheres differentiate much more readily into astrocytes than neurons 

in vitro (Morshead et al., 2002) and in vivo (Winkler et al., 1998), providing little enthusiasm 

for pharmacological screening or therapeutic applications (Rossi and Cattaneo, 2002). Neural 

progenitor cells are also might be propagated in adherent cultures supported by fibroblast 
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growth factor 2 (FGF-2) (Cattaneo and McKay, 1990; Johe et al., 1996), neuronal 

differentiation potential is usually progressively lost in these conditions (Temple, 1989; Qian 

et al., 2000). 

 

5.3. L1 is not expressed in neural stem cell cultures 

Expression of L1 was not detectable in neurosphere cultures or in adherently 

propagated NSC cultures. This finding is in line with the observation that expression of L1 in 

the developing central nervous system is restricted to postmitotic nerve cells (Rathjen and 

Schachner, 1984; Fushiki and Schachner, 1986), and with a previous study also demonstrating 

lack of L1 expression in neurosphere cultures and dissociated neural precursor cell cultures 

(Dihne et al., 2003). Because L1 has been demonstrated to be involved in many critical steps 

of neural development, including cell migration, neuronal survival, outgrowth, fasciculation, 

pathfinding or regeneration of axons, or synaptic plasticity, ectopic expression of L1 by neural 

stem cells might enhance the therapeutic potential of these cells. More specifically, we 

hypothesized that L1 might increase the migratory potential of grafted neural stem cells, and 

their migratory capacity within host tissues as it has been demonstrated for ES cell-derived 

neural precursor cells (Dihne et al., 2003; Bernreuther et al., 2006). This hypothesis was 

tested by grafting stably L1-expressing, adherently propagated NSCs into the lesioned 

striatum of adult mice. 

 

5.4. L1 does not influence the survival of NSCs transplanted into 

the quinolinic acid lesioned striatum of adult mice 

In vitro studies have demonstrated that L1 promotes neurite outgrowth and survival of 

neurons by homophilic interactions (Chen et al., 1999; Dong et al., 2003). Furthermore, L1 as 

a substrate has been demonstrated to decrease proliferation, and to increase neuronal and 

decrease astrocytic differentiation of neural precursor cells in vitro by selectively enhancing 

neuronal differentiation of multipotential neural precursors and bipotential neuron–astrocyte 

precursors (Dihne et al., 2003). However, in vivo no difference was found with regard to 

proliferation and survival between non-transfected and L1-transfected ES cell-derived neural 

precursor cells after transplantation into the quinolinic acid-lesioned striatum of adult mice 

(Bernreuther et al., 2006). In agreement with these in vivo observations, we also did not 
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observe differences in the survival between L1-transfected and sham-transfected NSCs after 

transplantation into the same animal model.  

 

5.5. Ectopically expressed L1 enhances the migratory capacity of 

neural stem cells grafted into the quinolinic acid-lesioned adult 

striatum 

L1 promotes migration of cells in vitro (Lindner et al., 1983; Rathjen and Schachner, 

1984). To test the impact of L1 on the migratory capacity of neural precursor cells, 

transplantation experiments with neural precursor cells derived from L1-transfected ES cells 

and non-transfected ES cells were performed. One month after transplantation of these cell 

populations into the quinolinic acid-lesioned striatum, precursor cells derived from non-

transfected ES cells had migrated not more than 42 μm away from the graft edge. In 

comparison, precursor cells derived from L1-transfected ES cells had migrated about 110 μm 

away from the lesion site, demonstrating that ectopic L1 expression enhances the migratory 

capacity of neural precursor cells (Bernreuther et al., 2006). 

In the present study, we tested the migratory potential of L1-nucleofected NSCs in the 

same animal model. When L1-transfected and sham-transfected NSCs were grafted into the 

lesioned striatum of adult mice, L1-nucleofected NSCs had migrated 224µm away from the 

graft edge 10 days after transplantation, compared to 170µm for sham-transfected NSCs. An 

increased migratory capacity for L1-nucleofected NSCs was also found four weeks after 

transplantation. At this time point, L1-nucleofected NSCs had migrated 233µm away from the 

graft, compared to 152µm for sham-nucleofected cells. Thus, ectopic expression of L1 

enhances the migratory potential of both, ES cell-derived neural precursor cells and brain-

derived adherently propagated NS cells. These data indicate that forced expression of pro-

migratory proteins enhances the migration capacity of neural precursor cells, and might thus 

be a strategy to improve the therapeutic potential of these cells.  

 

5.6. Influence of L1 on fate decisions of NSCs in vivo 

A previous study has demonstrated that substrate-coated L1 decreased proliferation, 

increased neuronal differentiation, and decreased astrocytic differentiation of neural precursor 

cells in vitro by selectively enhancing neuronal differentiation of multipotential neural 
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precursors and bipotential neuron/astrocyte precursors (Dihne et al., 2003). The finding that 

enhanced neuronal differentiation on an L1 substrate was only observed for precursor cells 

prepared from wild-type mice, but not for cells prepared from L1-deficient mice, strongly 

suggests that the preferential neuronal differentiation is mediated by homophilic L1-L1 

interactions (Dihne et al., 2003). Based on these observations, subsequent studies were 

performed to analyze whether forced expression of L1 in neural precursor cells might also 

influence fate decisions, and might result in increased neuronal differentiation. When neural 

progenitor cells derived from L1-transfected ES cells were grafted into the lesioned spinal 

cord of adult mice, differentiation of grafted cells into nerve cells was increased while 

differentiation into astrocytes was decreased (Chen et al., 2005). Similarly, when neural 

precursor cells derived from L1-transfected ES cells were grafted into the quinolinic acid-

lesioned adult striatum, increased differentiation into neurons at the expense of astrocytes and 

neural precursor cells was observed when compared to control cells. Interestingly, the 

preferential neuronal differentiation resulted in an overall increase in the absolute number of 

GABAergic neurons (Bernreuther et al., 2006). In the present study, fate decisions of L1- and 

sham-nucleofected NSCs were analyzed four weeks after transplantation into the quinolinic 

acid-lesioned adult striatum using antibodies to NeuN and S100 for the identification of 

donor-derived neurons and astrocytes, respectively. Experiments revealed that differentiation 

of L1-nucleofected NSCs into neurons was significantly increased while differentiation into 

astrocytes was decreased when compared to control cells. In summary, our in vivo data 

demonstrate enhanced migratory capacity and preferential neuronal differentiation of L1-

nucleofected NSCs. They thus confirm previous studies using L1-transfected ES cell-derived 

precursor cells and extend these results to another population of cells with therapeutic 

potential, neural stem cells derived from the striatum of the embryonic mouse brain.  

 

5.7. Genetically engineered NSCs for cell replacement strategies 

NSCs are candidate cells to develop cell based ex vivo gene therapies or cell 

replacement strategies. A rapidly growing number of reports demonstrate that genetic 

manipulations significantly increase the therapeutic potential of these cells. In addition to the 

use of genetically engineered NSCs to deliver therapeutic gene products in the diseased 

nervous system, these cells might be transfected with genes influencing fate decisions, 

improving cell survival or enhancing migration within host tissues.  
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In fact, previous studies have shown that NSCs can be successfully used for ex vivo 

gene therapeutic approaches. For instance, it has been demonstrated that genetically modified 

neural stem cell lines producing NGF (Kordower et al., 1997) or BDNF (Martinez-Serrano 

and Bjorklund, 1996) are able to protect striatal neurons against quinolinic acid-induced 

excitotoxic damage after transplantation into the striatum, resulting in less deterioration of 

behavioral function. Similarly, rescue of degenerating GABAergic host cells by neural 

progenitor cells secreting ciliary neurotrophic factor in the rat quinolinic acid model of 

Huntington’s disease showed a significant decline in apomorphin-induced rotations (Weinelt 

et al., 2003). Furthermore, proactive transplantation of human neural stem cells transfected 

with ciliary neurotrophic factor has also been shown to prevent degeneration of striatal 

neurons in a rat model of Huntington’s disease when grafted 1 week before injection of the 

toxic agent (Ryu et al., 2004).  

In mouse model lysosomal storage disease caused by a genetic defect in the activity of 

b-glucuronidase, an immortalized human NSC line overexpresing b-glucuronidase was 

transplanted into the cerebral ventricles of MPS VII mouse brains. Transplanted human NSCs 

migrated extensively within the brain, produced high levels of b-glucuronidase enzyme, 

reduced enzyme substrate to the normal levels, and cleared the lysosomal storage in the 

neuronal cytoplasm. These results indicate that human NSCs might also serve as gene transfer 

vehicles for the treatment of diffuse CNS pathologies, such as lysosomal storage diseases 

(Meng et al., 2003) 

In another study, human NSCs were modified to produce L-DOPA by double 

transduction with human TH and rat GTPCH1, and then transplanted into the brains of a rat 

model for PD. Production of L-DOPA in the recipient brains was enhanced, resulting in long-

term functional recovery of manipulated animals (Kim et al., 2002, 2006). 

There are also several studies which have genetically engineered neural stem/precursor 

cells with the aim to optimize their migratory potential or to direct their differentiation into 

particular neural cell types. For instance, one study has analyzed the effect of forced 

expression of GFP-tagged polysialytransferase in neural stem/precursor cells. Prolonged 

overexpression of PSA was observed in NSCs and oligodendrocytes, and was found to play 

an instructive role on the choice of a cell’s migration pathway depending on the environment. 

Moreover, oligodendrocytes derived from the transduced NSCs were able to down-regulate 

PSA and to differentiate into myelin-forming cells when exposed to myelinating signals, 

indicating that PSA expression can be manipulated without causing irreversible deleterious 

effects. Furthermore, using a chick xenograft assay for migration, it was shown that PSA can 



Discussion                                                                                                                               130 
 
 
instruct precursor migration along the ventral pathway. Persistent overexpression of PSA did 

not change neural precursor multipotentiality in vitro, but induced a delay in oligodendrocyte 

differentiation. Finally, PSA-overexpressing NSCs showed widespread engraftment in brains 

of the myelin mutant shiverer. However, PSA overexpression did not profoundly modify the 

ability of grafted precursors to incorporate into many different brain regions of this mutant 

mouse (Franceschini et al., 2004). 

Forced expression of Nurr1, a transcriptional factor critical for midbrain dopamine 

(DA) neuron development, in adult NSCs induced the cells to acquire a DA neurotransmitter 

phenotype and differentiation towards morphologically, phenotypically, and ultrastructurally 

mature DA neurons. Co-expression of Nurr1 and the neurogenic transcription factor Mash1, 

in combination with a treatment of cells with neurogenic cytokines brain-derived neurotrophic 

factor and neurotrophin-3 greatly enhanced the Nurr1-induced DA neuron yield. The Nurr1-

induced DA neurons demonstrated presynaptic DA neuronal functionality, in that they 

released DA neurotransmitter in response to depolarization stimuli and in that they showed a 

specific DA reuptake. Furthermore, Nurr1-engineered adult NSCs survived, integrated, and 

differentiated into DA neurons in vivo and ameliorated the behavioral deficit of parkinsonian 

rats. Together, these findings indicate that genetically engineered NSCs from the adult brain 

might serve as a cell population to develop cell replacement therapies for Parkinson disease 

(Shim et al., 2007).  

In view of the possible application of NSCs as a source for remyelinating cell 

transplants in demyelinating diseases (e.g., multiple sclerosis), NSCs were transfected with 

the Olig2 gene. Forced expression of Olig2 induced the development of fully mature 

oligodendrocytes expressing the transcription factor Nkx2.2 and all major myelin-specific 

proteins. Moreover, Olig2-transfected NSCs, in contrast to nontransfected NSCs, developed 

into actively remyelinating oligodendrocytes after transplantation into the corpus callosum of 

long-term cuprizone-fed mice, an animal model for demyelination. These results show that 

transfection of genes encoding for oligodendrogenic transcription factors can be an efficient 

way to induce the differentiation of NSCs into functional oligodendrocytes (Copray et al., 

2006). 

The requirement for broader approaches is illustrated by the example of Huntington’s 

disease. Mutations in huntingtin are suggested to exert their toxic activity largely through cell-

autonomous mechanisms, so the transplantation of healthy cells that are able to turn into 

functionally integrated striatal neurons should, in theory, be a realistic goal. But, even in this 

case, recent advances in understanding of pathogenic mechanisms indicate that mutations in 
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huntingtin cause the loss of physiological BDNF (Zuccato et al, 2001) indicating that newly 

implanted striatal neurons might eventually suffer from the depletion of cortically derived 

BDNF, which they depend on for their activity. 
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6. Summary 

Neural stem/precursor cells either derived from ES cells or the developing or adult 

brain are considered as candidate cells to develop cell based ex vivo gene therapies and cell 

replacement strategies for a variety of neurological disorders. However, when these cells are 

grafted to the normal or diseased adult brain, they usually show a limited migratory capacity 

and a limited neuronal differentiation potential. Genetic manipulations prior to 

transplantations might provide a strategy to improve the therapeutic potential of these cells. 

The neural recognition molecule L1 is implicated in migration of nerve cells, outgrowth, 

pathfinding and fasciculation of axons, and adhesion between neurons and between neurons 

and Schwann cells (Faissner et al., 1984; Rathjen and Schachner, 1984; Fischer et al., 1986; 

Chang et al., 1987; Lagenaur and Lemmon, 1987; Persohn and Schachner, 1987; Kunz et al., 

1998). In addition, L1 has been implicated in axonal regeneration (Martini and Schachner, 

1988), neuronal cell survival (Chen et al., 1999; Nishimune et al., 2005), proliferation and fate 

decisions of neural precursor cells (Dihne et al., 2003). In the present study, we analyzed 

whether forced expression of L1 in neural stem cells isolated from the embryonic mouse 

brains enhances the therapeutic potential of these cells after transplantation into a lesioned 

adult brain structure, the quinolinic acid-lesioned striatum. To this aim, we genetically 

engineered adherently propagated neural stem cells to stably express L1 using the 

nucleofection technique. When these cells were grafted into the lesioned striatum of adult 

mice, we observed enhanced migration and preferential neuronal differentiation of L1-

nucleofected cells when compared to non-transfected control cells. These results demonstrate 

that genetic manipulations provide a promising strategy to modify the properties of neural 

stem/precursor cells, eventually resulting in the development of optimized cell replacement 

strategies.  
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Abbreviations 

ANOVA Analysis of variance 

Amp Ampicillin 

BDNF          Brain derived neurotrophic factor 

bFGF  Basic fibroblast growth factor 

BLBP         Brain lipid binding protein  
BME  Eagle's basal medium 

bp Base pairs 

BrdU  Bromodeoxyuridine 

BSA  Bovine serum albumine 

CA Cornu ammonis 

CaCl2 Calcium chloride 

CAM Cell adhesion molecule 

cAMP Cyclic adenosine monophosphate 

cDNA Complementary deoxyribonucleic acid 

ChAT    Choline acetyltransferase 

CHO Chinese Hamster Ovarian 

CMV Cytomegalovirus 

CNS   Central nervous system 

D  Dalton (g / mol) 

dd Double distilled 

DB    Diagonal band of Broca 

DG Dentate gyrus 

DMEM  Dulbecco's modified Eagle's medium 

DMSO  Dimethylsulfoxide 

DNA  Desoxyribonucleic acid 

dNTP  2’-desoxyribonucleotide-5’-triphosphate 

dsDNA Double-stranded DNA 

E  Embryonic 

ECL  Enhanced chemiluminescence 

EDTA  Ethylendiamintetraacetic acid 

e.g  For example 

EGF Epidermal growth factor 

EGFL EGF-like 

EGFR Epidermal growth factor receptor 

EGFP Enhanced green fluorescence protein 

ES Embryonic stem 

FCS Fetal calf serum 
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FGF     Fibroblast growth factor 

FGF-2 Fibroblast growth factor-2 

FNIII Fibronectin type III 

g  Gram  

GABA Gamma amino butyric acid 

GDNF Glial-cell-line-derived neurotrophic factor 

GFAP  Glial fibrilary acidic protein 

GFP  Green fluorescence protein 

GLAST    Solute carrier family 1 (glial high affinity glutamate 

transporter), member 3 

GPI       Glycosylphosphaditylinositol  

GTPCH1      GTP cyclohydrolase 1 

h  hour(s)  

HBSS  Hank´s balanced salt solution 

HD   Huntington’s disease 

hDB Horizontal limb of the diagonal band of Broca    

HEPES  2-(4-(2-Hydroxyethyl)-piperzino)-ethansulfonic acid 

HRP  Horseradish peroxidase 

Hz  Hertz 

Ig    Immunoglobulin 

i.e.  Id est (that is) 

Kan  Kanamycin  

kb  Kilo base pairs  

KD  Kilo Dalton 

l  Liter  

LB  Luria Bertani  

L-DOPA  L-dihydroxyphenyl alanine 
LTP  Long-term potentiation   

LTD Long-term depression   

LS     Lateral septum 

LSM Laser scanning microscope 

m milli (10
-3

)  

M   Mole 

MAG Myelin-associated glycoprotein 

MEM  Minimal essential medium  

min  Minute  

ml   Milliliter (Litre × 10-3) 

MOPS (4-(N-morpholino)-propan)-sulfonic acid 

mRNA   Messenger ribonucleic acid 

MS Medial septum 
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MSDB   Medial septum / diagonal band of Broca  

MSDbBnc Medial septum / diagonal band of Broca nuclear 

complex  

n  nano (10
-9

)  

NaCl  Sodium chloride 

NaOH  Sodium hydroxide solution 

NB Nucleus basalis  

NCAM  Neural cell adhesion molecule 

NCAM-/-  NCAM deficient 

NCAM+/+  NCAM non-deficient                      

NDS Normal donkey serum 

NSC Neural stem cell 

Nm    Nanometers 

NMDA N-methyl-D-aspartate 

OD Optic density  

p  pico (10
-12

) 

P  Postnatal 

PAGE polyacrylamide gel electrophoresis  

Pax6  Paired box gene 6 

PBS  Phosphate-buffered saline                 

PCR Polymerase chain reaction 

PD     Parkinson disease 

PDGF Platelet-derived growth factor 

PFA Paraformaldehyde 

pH p(otential) of H(ydrogen), the logarithm of the 

reciprocal of hydrogen-ion concentration in gram 

atoms per liter 

PLL  Poly-l-lysine 

PSA   Polysialic acid   

PSA-NCAM  Polysialated neural cell adhesion molecule 

QA  Quinolinic acid 
RC2  Intermediate filament-associated protein RC2  
RGB  Red green blue 

RNA Ribonucleic acid  

rpm Rounds per minute  

RT Room temperature 

SEM Standard error of mean 

SD   Standard deviation 

SDS Sodium dodecyl sulfate  

SDS-PAGE SDS-polyacrylamide gel electrophoresis 

Sox1  Official symbol of SRY (sex determining region Y)-
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box 1 
Sox2  Official symbol of SRY (sex determining region Y)-

box 2 
SVZ Subventricular zone 

TAE Tris-acetate buffer 

TBS Tris-buffered saline 

TEMED N,N,N’,N’-Tetramethylethylendiamin 

Tris Tris(-hydroxymethyl)-aminomethane 

U Unit  

UV Ultra-violett 

V Volt 

VASE     Variable alternative spliced exon 

vDB    Vertical limb of diagonal band of Broca 

vol Volume  

VZ Ventricular zone 

v/v Volume/volume 

w/v  Weight/volume 

µ    Micro (10-6) 

°C  Grad Celsius 

%  Percent 
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