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Chapter 1 – Zusammenfassung – Entwicklung des dopam inergen 

Systems und des retikulären thalamischen Nukleus in  

Polysialinsäure-defizienten Mäusen  

Das neurale Zelladhäsionsmolekül NCAM und insbesondere seine posttranslationale 

Modifikation mit Polysialinsäure (PolySia) sind wesentliche Faktoren in der Entwicklung des 

Nervensystems. In Knockout-Mäusen, welche defizient für die beiden Polysialyltransferasen 

St8SiaII und St8SiaIV sind (II-/-IV-/-), fehlt PolySia vollständig. Diese Tiere zeichnen sich 

durch postnatale Wachstumsretardierung, eine hohe Inzidenz für Hydrocephalus, vorzeitigen 

Tod und Defekte wichtiger Hirnfasertrakte aus. In der vorliegenden Arbeit wurde der Einfluss 

von PolySia auf die Entwicklung (i) des dopaminergen Systems und sowie (ii) 

thalamokortikaler Projektionen und des retikulären thalamischen Nukleus untersucht. 

Im ersten Teil dieser Dissertation habe ich die Rolle von PolySia während der 

Embryonalentwicklung des mesencephalen dopaminergen Systems in Mäusen analysiert. 

PolySia konnte auf Fortsätzen radialer Gliazellen und auf Zellkörpern der äußeren (pialen) 

Zone des Mittelhirns nachgewiesen werden. Real-time RT-PCR Untersuchungen zeigten, 

dass die mRNA-Profile der Polysialyltransferasen und von NCAM dem zeitlichen Verlauf der 

Expression dopaminerger Markergene entsprachen. Trotz dieser Parallelen ergaben 

immunhistochemische Untersuchungen der Tyrosinhydroxylase weder am Embryonaltag 14 

noch an den Postnataltagen 1 und 30 Hinweise auf Defekte des dopaminergen Systems in 

PolySia-negativen Tieren. Des Weiteren hatten weder der Verlust von PolySia in vivo noch 

ein enzymatischer Verdau von PolySia auf mesencephalen Vorläuferzellen in vitro einen 

Einfluss auf die Expression dopaminerger Marker. Somit scheint PolySia für die Entwicklung 

des dopaminergen Systems nicht essentiell zu sein.  

Im zweiten Teil der Dissertation habe ich thalamokortikale Projektionen vor dem Hintergrund 

der bekannten Hypoplasie der inneren Kapsel in II-/-IV-/- Mäusen analysiert. Außerdem wurde 

eine mögliche Beteiligung des retikulären thalamischen Nukleus (Rt) an der Fehlentwicklung 

dieses Fasertraktes untersucht. Mittels Immunhistochemie und Fasertraktmarkierung konnte 

gezeigt werden, dass die frühe Fehlleitung thalamokortikaler Fasern und ein hieraus 

resultierender Ausfall kortikothalamischer Projektionen zum Defekt der inneren Kapsel 

beitragen. Da der Rt als Leitstruktur für thalamokortikale Axone diskutiert wird, könnte die 

beobachtete Störung der axonalen Wegfindung durch Fehlbildung dieses Kerngebiets 

verursacht werden. Tatsächlich war die Anzahl Parvalbumin-positiver Neurone des Rt in vier 

Wochen alten II-/-IV-/- Mäusen drastisch reduziert, jedoch verlief die Entstehung des Rt 

weitgehend unbeeinträchtigt. Zeitgleich mit erhöhter Apoptose an Postnataltag 5 

verschwanden die Neurone des Rt erst in der frühen postnatalen Phase. Der Verlust dieser 

Zellen erfolgte somit deutlich nach der fehlerhaften Entwicklung thalamokortikaler und 

kortikothalamischer Projektionen, deren Kollateralen die Hauptinnervation des Rt darstellen. 

Dies legt den Schluss nahe, dass fehlende Innervation zur anterograden Degeneration des 

Rt in II-/-IV-/- Mäusen führt. 
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Chapter 2 - Abstract - Development of the dopaminer gic system and 

the reticular thalamic nucleus in polysialic acid-d eficient mice 

The neural cell adhesion molecule NCAM and its post-translational modification with 

polysialic acid (polySia) are broadly implicated in neural development. Mice lacking the 

polysialyltransferases ST8SiaII and ST8SiaIV (II-/-IV-/-) are devoid of polySia and are 

characterized by postnatal growth retardation, precocious death, high incidence of 

hydrocephalus, and severe defects of major brain axon tracts. In the present work, the 

impact of polySia on (i) the development of the dopaminergic system and (ii) thalamocortical 

projections as well as the reticular thalamic nucleus was analyzed. 

In the first part of my thesis, I studied the role of polySia during embryonic development of 

the midbrain dopamine system in mice. PolySia immunoreactivity was detected on radial glia 

processes and on cell somata in the pial zone of the developing midbrain. Real-time RT-PCR 

analyses revealed that the mRNA profiles of polysialyltransferases and NCAM matched the 

time course of dopaminergic marker gene expression. Despite these parallels, tyrosine 

hydroxylase immunohistochemistry at embryonic day 14.5 and postnatal days 1 and 30 

demonstrated that the loss of polySia caused no defects in the neuroarchitecture of the 

midbrain dopaminergic system. Furthermore, polySia-deficiency in vivo as well as enzymatic 

removal of polySia from cultured midbrain dopaminergic neurons in vitro had no effect on the 

expression of dopaminergic marker genes. Together, these data indicate that polySia is 

dispensable for the development of the midbrain dopamine system.  

In the second part of my thesis, I analyzed thalamocortical projections in relation to the 

previously described hypoplasia of the internal capsule in II-/-IV-/- mice. Furthermore, I asked 

for a role of the reticular thalamic nucleus (Rt) in the aberrant development of this fiber tract. 

Immunohistochemistry and tract tracing established that early misguidance of thalamocortical 

axons and subsequent deficits of corticofugal projections contribute to the internal capsule 

defect in II-/-IV-/- mice. As the Rt has been proposed to serve as a guidepost during early 

thalamocortical pathfinding, its malformation could be the reason for the observed 

phenotype. Indeed, numbers of parvalbumin-positive cells were drastically reduced in four 

week old II-/-IV-/- mice. However, initial formation of the Rt was largely uncompromised and 

together with increased apoptotic cell death at postnatal day 5, Rt neurons disappeared 

postnatally. Thus, neuronal damage was preceded by deficits of thalamocortical and 

corticothalamic axons, the collaterals of which provide the major excitatory input into the Rt. 

These findings suggest that defective innervation causes anterograde degeneration of the Rt 

in II-/-IV-/- mice. 



Dissertation Miriam Schiff                                                   Chapter 3 - General Introduction 
 

- 3 - 

Chapter 3 - General Introduction 

3.1 NCAM and its posttranslational modification wit h polysialic acid 

3.1.1 NCAM and NCAM isoforms 

Cell adhesion molecules (CAMs) play an important role for the interaction of cells in all 

tissues. They mediate the communication between cells as well as with the extracellular 

matrix. These mechanisms are particularly important during development of the nervous 

system. CAMs are categorized by their calcium dependence. Calcium dependent adhesion 

comprises cell-cell adhesion mediated by cadherins and cell-matrix adhesion via integrins. 

Calcium independent adhesion is mainly moderated by CAMs of the immunoglobulin 

superfamily. A prominent example for this type of CAM is the neural cell adhesion molecule 

NCAM (Edelman 1987; Rutishauser et al. 1988). 

NCAM exists in several isoforms which are selectively expressed by different cell types and 

at different stages of development. The gene encodes 25 exons, which could theoretically 

form a great variety of isoforms (Murray et al. 1986; Cunningham et al. 1987; Walsh and 

Dickson 1989). Three major isoforms are found in the brain (Fig. 1 B), which migrate with 

apparent molecular weights of 120, 140 and 180 kDa in denaturing gel electrophoresis and 

are therefore named NCAM-120, NCAM-140 and NCAM-180. The extracellular part of all 

NCAM isoforms consists of five immunoglobulin-like and two fibronectin type three domains. 

NCAM-120 is linked to the cell membrane via a glycophosphatidyl-inositol anchor (He et al. 

1986; He et al. 1987) while the other two isoforms are transmembrane proteins with a shorter 

(NCAM-140) or longer (NCAM-180) cytosolic domain (Gennarini et al. 1984; Murray et al. 

1986). Other splice variants are generated by the variable use of the exons MSD1a-c 

(muscle specific domain), the triplet AAG, the exon π (respectively VASE in humans) and an 

exon giving rise to secreted isoforms (Ronn et al. 1998). 
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Figure 1: A) 5-N-acetylneuraminic acid, B) NCAM iso forms, polysialic acid (polySia), and 

polySia-specific tools C) steric hindrance model of  polySia on NCAM.  (A) Chemical structure 

of the sialic acid 5-N-acetylneuraminic acid. PolySia on NCAM consists of chains of typically 50-60 

of these monomers in α-2,8-linkage. (B) The three major isoforms of NCAM are generated by 

alternative splicing from a single gene and have an apparent molecular weight of 120, 140, and 

180 kDa. All isoforms can be modified by the addition of polysialic acid on two N-glycosylation 

sites located in the fifth Ig domain. PolySia can be cleaved by phage-born endosialidases and is 

recognized by the monoclonal antibody 735. (C) By its addition to NCAM, polysialic acid enlarges 

the hydrodynamic radius of NCAM. The large hydrated volume inhibits cell-cell apposition 

(modified from Rutishauser 2008). 

 

3.1.2 Modification with polysialic acid 

All NCAM isoforms can be posttranslationally modified. Phosphorylation and palmitoylation of 

the cytoplasmic domain have been described (Sorkin et al. 1984; Little et al. 1998; 

Niethammer et al. 2002; Ponimaskin et al. 2008), but the most important modification is the 

glycosylation with polysialic acid (polySia, Fig. 1). The term “polysialic acid” defines polymers 

of derivates of the sugars neuraminic acid (5-amino-3,5-dideoxy-D-glycero-D-galacto-2-

nonulosonic acid, Neu) or KDN (3-deoxy-D-glycero-D-galacto-2-nonulosonic acid or 2-keto-

3-deoxy-D-glycero-D-galacto-nononic acid). With over 50 identified derivatives, naturally 

occurring sialic acids show a high structural diversity (Angata and Varki 2002). PolySia on 
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NCAM consists of long chains of typically 50-60 of α-2,8-linked 5-N-acetylneuraminic acid 

residues (Inoue et al. 2000; Poongodi et al. 2002; Galuska et al. 2006) and can be attached 

to two N-glycosylation sites in the fifth immunoglobulin domain (Fig. 1 B, Crossin et al. 1984; 

Mühlenhoff et al. 1998; Nakayama et al. 1998). While all isoforms can be polysialylated in 

vitro, the predominant carriers of polySia in the brain are NCAM-140 and NCAM-180, 

whereas the majority of NCAM-120 remains in a polySia-free state (Oltmann-Norden et al. 

2008). PolySia was also described as a glycan structure of the α-subunit of the voltage-gated 

sodium channel in rat brain, of the CD36 scavenger receptor in human milk, and of 

neuropilin-2 on maturating human dendritic cells (Finne et al. 1983; Zuber et al. 1992; Yabe 

et al. 2003; Curreli et al. 2007). Most recently, SynCAM 1 has been identified as a novel 

polysialylated protein in brains from NCAM-deficient and wild-type mice (Galuska et al. 

2009). In mammals, the polysialylation reaction is catalyzed in the Golgi apparatus by the 

two polysialyltransferases ST8SiaII and ST8SiaIV (also called STX and PST), which exhibit 

largely overlapping expression patterns in the nervous system and other tissues (Ong et al. 

1998; Hildebrandt et al. 1998b). ST8SiaII is the dominating enzyme in the embryonic and 

early postnatal mouse, whereas ST8SiaIV prevails in the adult (Ong et al. 1998; Hildebrandt 

et al. 1998b). Consisting of acidic sugar monomers, polySia adds polyanionic and heavily 

hydrated chains to NCAM. The resulting enlargement of the hydrodynamic radius of NCAM 

seems to explain the generic anti-adhesive effect of polySia, which is independent of specific 

NCAM functions (Fig. 1 C, Rutishauser 2008). 

3.1.3 Expression of polySia in tumors 

Although diminished in the majority of tissues during development, some tumors are known 

to re-express polySia. Among others, polysialylated NCAM has been detected on 

neuroblastoma (Figarella-Branger et al. 1990; Fukuda 1996; Hildebrandt et al. 1998a; Glüer 

et al. 1998a; Glick et al. 2000), rhabdomyosarcoma (Glüer et al. 1998b), and small lung cell 

carcinoma (Scheidegger et al. 1994) and the degree of polysialylation has been correlated 

with the metastatic potential of these tumors. Particularly, the role of polysialylation has been 

studied in cell lines derived from neuroblastoma, a childhood tumor of neural crest origin and 

one of the highly malignant and metastatic tumors that express polySia. In these cells, 

polysialylation of NCAM seems to support an immature, undifferentiated phenotype 

(Seidenfaden et al. 2003; Seidenfaden et al. 2006b). 
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3.1.4 Expression of polySia in the developing and a dult brain 

PolySia is abundant in the embryonic brain and decreases progressively during development 

(Oltmann-Norden et al. 2008). It plays a major role in axon fasciculation and for the migration 

of neurons (for review, see Rutishauser 2008). In mice, NCAM does not carry polySia by the 

time of its first appearance at E8, but shortly thereafter polysialyated NCAM becomes 

predominant reaching a maximum in the perinatal phase (Kurosawa et al. 1997; Probstmeier 

et al. 1994; Galuska et al. 2006). PolySia expression keeps pace with the rapid increase in 

brain weight until day 9 of postnatal development and almost all of the NCAM is 

polysialylated (Oltmann-Norden et al. 2008). Subsequently, polySia levels on NCAM drop 

rapidly, coinciding with the completion of major morphogenetic events. In the adult brain, 

polySia is only detectable in regions of synaptic or structural plasticity (Kleene and 

Schachner 2004; Bonfanti 2006), such as the subventricular zone of the lateral ventricle and 

the subgranular zone of the hippocampus (Rutishauser and Landmesser 1996; Kiss and 

Rougon 1997; Durbec and Cremer 2001; Doetsch 2003; Kempermann et al. 2004).  

3.1.5 Removal of polySia as a tool to interfere wit h differentiation 

Important tools to investigate polySia function are the monoclonal antibody 735 specifically 

directed against polySia as well as polySia degrading enzymes, the endo-N-

acetylneuraminidases or endosialidases (Gerardy-Schahn et al. 1995; Stummeyer et al. 

2005). The endosialidases endoNE and endoNF derived from the bacteriophages ΦK1E and 

ΦK1F cleave polySia from a minimal chain length of eight monomers. The residual sialic acid 

oligomer of five monomers can no longer be detected with the 735 antibody (Frosch et al. 

1985; Nakayama et al. 1998). Mainly by using endosialidases, a role of polySia in 

differentiation of cells from different origins has been revealed. Loss of polySia promotes 

oligodendrocyte precursor maturation as well as neuronal differentiation of neuroblastoma 

cells, hippocampal progenitors, and subventricular zone-derived neuroblasts (Decker et al. 

2000; Seidenfaden et al. 2003; Seidenfaden et al. 2006a; Röckle et al. 2008; Burgess et al. 

2008). 

3.1.6 PolySia-deficient mouse models 

Despite the prominent role assigned to polysialylation of NCAM, mice lacking polySia due to 

deficiency of its major protein carrier NCAM (Ncam-/-) revealed an overall mild phenotype 

(Tomasiewicz et al. 1993; Cremer et al. 1994). The vital role of polysialylation only became 

apparent after polySia was ablated independently from NCAM (Fig. 2). Simultaneous 

deletion of the two polysialyltransferase genes St8siaII and St8siaIV generated polySia-
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negative, but NCAM-positive mice characterized by a severe, postnatally lethal phenotype as 

outlined below. These double knockout mice were obtained by cross-breeding of St8siaII and 

St8siaIV single knockout strains, which both are viable and fertile and recapitulate some of 

the features of NCAM-deficient mice (Fig. 2, Eckhardt et al. 2000; Angata et al. 2004). 

St8siaII-/- mice are characterized by defasciculated mossy fibers and ectopic synapses in the 

hippocampus as well as by impaired fear behavior (Angata et al. 2004). They display 

reduced levels of polySia during the perinatal phase but have normal amounts of polySia in 

the adult brain. This developmental pattern is consistent with the observation that ST8SiaII is 

the dominating enzyme during the embryonic and perinatal phase, but is drastically down-

regulated during postnatal development (Angata et al. 2004; Oltmann-Norden et al. 2008; 

Galuska et al. 2008). St8siaIV-/- mice exhibit altered synaptic plasticity in the adult 

hippocampus as revealed by electropysiological recordings of impaired long-term 

potentiation and long-term depression in the CA1 region. In contrast to St8siaII-/-, polySia 

levels of St8siaIV-/- mice are normal during brain development but reduced in the adult 

(Eckhardt et al. 2000). Overall, analyses of the two polysialyltransferase single knockout 

strains revealed that the loss of one enzyme can be partially compensated by the other and 

that both exhibit a mild phenotype. In contrast, the complete ablation of polySia synthesis in 

St8siaII-/-St8siaIV-/- (II-/-IV-/-) double knockout mice causes a severe phenotype (Weinhold et 

al. 2005). Consistent with the loss of polySia in both models, II-/-IV-/- mice recapitulate the 

major morphological phenotype of Ncam-/- animals. Shared features comprise small olfactory 

bulbs, an expanded rostral migratory stream and a delamination of mossy fibers in the 

hippocampus. Features that are unique for II-/-IV-/- mice are progressive hydrocephalus, 

growth retardation with precocious death, and defects of major brain fiber tracts, such as the 

anterior commissure, corticospinal tract, corpus callosum, internal capsule, and 

mammillothalamic tract (Weinhold et al. 2005; Hildebrandt et al. 2009). These defects are 

thought to be caused by non-polysialylated, “naked” NCAM and not by the loss of polySia 

itself, as they can be rescued by the additional deletion of Ncam in II-/-IV-/-N-/- triple knockout 

animals (Weinhold et al. 2005; Hildebrandt et al. 2009). Furthermore, Angata et al. (2007) 

provide evidence for impaired migration of precursors during cerebral cortex development of 

II-/-IV-/- mice. 
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Fig. 2: Characteristics of polySia-deficient mouse lines.  (A) In wild-type (wt) mice, NCAM can be 

posttranslationally modified with long chains of polysialic acid. (B) and (C) ST8SiaII and ST8SiaIV 

knockout mice retain polySia. (D) NCAM knockout mice (N-/-) are nearly polySia-negative. (E) In mice 

that lack both polysialyltransferases, ST8SiaII and ST8SiaIV, NCAM occurs in a polySia-free, “naked” 

form. (F) Triple knockout of NCAM and both polysialyltransferases  

(II-/-IV-/-N-/-) leads to polySia-negative, NCAM-negative mice. CA, cornu ammonis; LTP, long-term 

potentiation; LTD, long-term depression. 
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3.2 The dopaminergic system 

3.2.1 General organization and development 

The dopaminergic system has been intensively studied, mainly because of its implications for 

neurological and psychiatric disorders (Liss and Roeper 2008). Mesencephalic dopaminergic 

neurons are located in the retrorubal field (A8), the substantia nigra pars compacta (SNc, 

A9), and the ventral tegmental area (VTA, A10). As dopamine is an inhibitory 

neurotransmitter, projections from the SNc inhibit the caudate putamen by the nigrostriatal 

dopaminergic pathway. Via the globus pallidus and the subthalamic nucleus, the thalamus is 

inhibited and the output to the motor cortex is controlled in this way. In mice, mesencephalic 

dopaminergic neurons are generated between E10 and E14 from precursors located in the 

ventricular zone along the aqueduct of Sylvius (Lauder and Bloom 1974; Vitalis et al. 2005). 

Mesencephalic dopamine precursors follow a biphasic mode of migration to form the VTA 

and the wing-shaped SNc (Kawano et al. 1995; Vitalis et al. 2005; Smidt and Burbach 2007). 

They first migrate ventrally along radial glial processes (Shults et al. 1990), then turn laterally 

and proceed in close apposition with tangentially oriented fibers. Despite the characterization 

of many factors involved in the neurogenesis of dopaminergic neurons (Burbach and Smidt 

2006), the exact cues to generate a mesencephalic dopaminergic neuron are not fully 

understood (Smidt and Burbach 2007). 

 

Fig. 3: Schematic representation of mechanisms of c ell migration during dopaminergic neuron 

development.  Early post-mitotic dopaminergic neurons migrate radially along radial glia processes 

(1). Once they reach the floor plate, cells migrate laterally along tangential fibers (2). Modified from 

Vitalis et al. (2005). 
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3.2.2 Parkinson´s disease 

The hallmark of Parkinson´s disease (PD) is a loss of dopaminergic neurons in the SNc. The 

first signs of the disease are not visible before 70% of the neurons are lost. It is characterized 

by the cardinal symptoms tremor, rigidity, postural instability and bradykinesia, but also 

sensory, psychiatric, and vegetative symptoms have been described to be caused by 

disturbance of the mesocortical, mesolimbic, and the tuberoinfundibular dopaminergic 

pathway. The loss of neurons in the SNc leads to an imbalance of inhibitory and stimulating 

projections to the thalamus, resulting in a reduced excitatory output to the motor cortex. The 

cause of death of dopaminergic neurons is still unclear, although several mechanisms have 

been proposed, i.e. increased oxidative stress, mitochondrial dysfunction, or excitotoxic 

damage, among others (Olanow and Tatton 1999). Alpha-synuclein accumulated in Lewy 

bodies has been found in damaged cells in PD patients, but it remains unclear, whether 

these are the cause or a result of the disease. 

3.2.3 Stem cell therapy approaches in PD 

At present, no cure for PD is available and all treatments can only relief symptoms for a 

limited amount of time. The most widely used treatment is administration of L-dopa, which 

can be used by the remaining dopaminergic neurons to produce dopamine. L-dopa is 

combined with dopa decarboxylase inhibitors preventing metabolism of L-dopa outside the 

brain. Deep brain stimulation in the subthalamic nucleus or the globus pallidus can be 

efficient, but is only suited in a small subset of patients. A therapeutic approach developed in 

the last decades has been the striatal transplantation of dopaminergic neurons to 

compensate the lack of dopamine (Yurek and Sladek, Jr. 1990; Lindvall et al. 1990). Among 

the various classes of dopaminergic cells used, the best results, both in animal models of PD 

and in patients, have been obtained with fetal midbrain neurons (Olanow et al. 1996; Lindvall 

and Hagell 2000; Dunnett et al. 2001; Redmond, Jr. et al. 2001).  
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Fig. 4: Application of stem cells for 

neurological disorders. Embryonic stem cells 

or neural stem cells from adult or fetal central 

nervous system (CNS) could be transplanted 

into diseased brain, either directly or after 

predifferentiation/genetic modification in culture 

to form specific types of neuron and glial cell, 

or cells producing neuroprotective molecules. 

Modified from Lindvall and Kokaia (2006). 

However, the success of this approach has been limited by practical and ethical issues due 

to the need for six or seven human fetuses to provide sufficient numbers of dopaminergic 

neurons for one PD patient (Björklund and Lindvall 2000; Björklund 2000). Because a high 

number of dopaminergic cells are required to achieve therapeutic effects, the approach of 

engineering a midbrain DA phenotype from multipotent stem or neural progenitor cells has 

received considerable attention. To attain this goal, it is necessary to understand and make 

use of the cellular and molecular events that are normally involved in the specification, 

differentiation, and the survival of midbrain dopaminergic neurons. Genetic approaches to 

generate and maintain higher numbers of dopaminergic neurons after transplantation aimed 

at modifying cells to produce neurotrophic factors such as glial cell line-derived neurotrophic 

factor (GDNF) or brain-derived neurotrophic factor (BDNF) or to over-express genes specific 

for dopaminergic neurons like the nur-related factor 1 (Nurr1, Hyman et al. 1991; Knüsel et 

al. 1991; Tomac et al. 1995; Grondin and Gash 1998; Wagner et al. 1999; Arenas 2005). 

Both methods have achieved considerable success, but are generally limited for the use in 

humans due to ethical concerns when using genetically modified neurons and viral vectors. 

Therefore, alternative approaches to modify neural progenitors towards a dopaminergic 

phenotype in vitro, e.g. by application of soluble factors would be advantageous. 
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3.2.4 PolySia and the dopaminergic system 

Expression of polySia and NCAM in the mesencephalon has been shown in rat embryos 

between E12 and E21 (Shults and Kimber 1992). Although polySia has not been assigned to 

a certain cell type, the authors described a localization of polysialylated NCAM in close 

apposition to vimentin-positive radial glia cells. Due to the presence of polySia in the 

embryonic ventral midbrain they also suggested that polySia may play a role in controlling 

the migration of dopaminergic neuron precursors or other aspects of dopaminergic 

differentiation (Shults and Kimber 1992). 

 

3.3 The reticular thalamic nucleus 

3.3.1 Function of the reticular thalamic nucleus 

The reticular thalamic nucleus (Rt) forms a curved sheet of GABAergic neurons located at 

the interface between thalamus and the white matter of the internal capsule. It originates 

embryonically from the ventral thalamus (Rose 1942) and migrates dorsally to envelop the 

dorsal thalamus (Jones 1975). It consists of GABAergic inhibitory neurons (Houser et al. 

1980), which can be immunohistochemically characterized by the expression of the calcium-

binding protein parvalbumin (PV, Csillik et al. 2006). Unlike most thalamic nuclei, the Rt does 

not project to the cerebral cortex. Instead, its axons terminate within the Rt or project to other 

thalamic nuclei. The Rt receives afferents from the dorsal thalamus and the cortex and is 

topographically organized. Thus, visual, auditory, somatosensory, and motor sectors can be 

distinguished (for review, see Guillery et al. 1998). By its inhibitory projection to the thalamus, 

the Rt is part of a thalamocortical feedback circuit involved in sensory processing (McAlonan 

and Brown 2002; Nagaeva and Akhmadeev 2006). Since all information between cortex and 

thalamus is filtered through the Rt, it is in a position to mediate attentional modulation of 

thalamic neurons (Crick 1984; McAlonan et al. 2008). Along the same lines, a connection 

between Rt dysfunction and impaired sensory gating in schizophrenia has been postulated 

(Behrendt 2003; Behrendt 2006).  

In mice, most of the Rt neurons are generated between E11 and E13 (Angevine 1970). As 

early as E14 in rats, corresponding to E12 in mice, they send axons towards the dorsal 

thalamus (Mitrofanis and Guillery 1993). All nascent thalamocortical projections pass through 

the Rt (Guillery et al. 1998) and therefore this structure has been interpreted as a relay 

station during development of thalamocortical axons before entering the internal capsule 
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(Mitrofanis and Guillery 1993; Deng and Elberger 2003). Many of the thalamocortical and 

corticothalamic fibers that traverse the Rt give off collaterals that supply excitatory, 

glutamatergic synapses to cells of the Rt (Harris 1987). In rats, these collaterals are not 

detectable until birth (Mitrofanis and Guillery 1993). 

 

 

Fig. 5: Localization and afferent and efferent conn ections of the reticular thalamic nucleus.  

(A) Localization of the reticular thalamic nucleus (Rt, in red) in coronal view according to Paxinos 

and Franklin (2001). (B) Schematic representation of projections between cortex, thalamus and 

Rt. The Rt forms a shell around the dorsal thalamus and is innervated by collaterals from 

thalamocortical and corticothalamic projections. The Rt cells project to the dorsal thalamus and 

within the Rt (modified from Pinault 2004). 

3.3.2 Polysialic acid in the Rt 

Polysialic acid expression in the Rt has been studied in embryonic, postnatal, and adult rats 

(Ortino et al. 2003; Mazzetti et al. 2007). During embryonic and early postnatal development, 

polySia is abundant in the Rt as well as in all nuclei of the dorsal thalamus, but in the adult 

thalamus only the intralaminar/midline complex and the Rt retain polySia expression 

(Mazzetti et al. 2007). Thus, polySia expression may be of relevance for the development 

and/or the maintenance of Rt neurons. PolySia-deficient mice have been shown to exhibit 

hypoplasia of the internal capsule (Weinhold et al. 2005; Hildebrandt et al. 2009). 

Thalamocortical and corticothalamic axons traversing the Rt constitute a major part of the 

internal capsule. Their contribution to the internal capsule phenotype observed in II-/-IV-/- 

mice, however, has not been investigated so far. 
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3.4 Objectives 

The severe phenotype of mice that lack polySia due to a complete knockout of the two 

polysialyltransferases, St8siaII and St8siaIV, reveals that polysialylated NCAM is crucially 

involved in nervous system development. However, several aspects of the phenotype and 

the mechanisms, by which loss of polySia leads to the observed defects, have not been fully 

understood. Therefore, both studies covered in this dissertation concern the investigation of 

brain regions in II-/-IV-/- mice, for which a possible role of polySia has not yet been analyzed. 

The first study aimed to reveal the role of polySia for development of the midbrain 

dopaminergic system. Specific points to be addressed included (i) the time course of mRNA 

expression of NCAM and polysialyltransferases in relation to dopaminergic marker gene 

expression profiles and (ii) the phenotype analysis of the dopaminergic system of polySia-

deficient mice. Based on various reports linking polySia to neuronal differentiation (Decker et 

al. 2000; Decker et al. 2002; Seidenfaden et al. 2003; Petridis et al. 2004; Seidenfaden et al. 

2006b) a further objective of this study was to analyze the influence of polySia deficiency on 

dopaminergic differentiation in vitro. 

Hypoplasia of the internal capsule has been described as a major phenotype of II-/-IV-/- mice 

(Weinhold et al. 2005; Hildebrandt et al. 2009). The second study of this thesis was designed 

to elucidate (i) if thalamocortical and corticothalamic axons contribute to this hypoplasia, and 

(ii) if defects of Rt neurons in II-/-IV-/- mice may cause the observed phenotype. For this 

purpose, thalamocortical and corticothalamic projections were analyzed in embryonic, 

postnatal, and adult animals. As the Rt has been interpreted as a guidepost during the 

development of these axon connections, the formation and maintenance of Rt neurons in 

wild-type and II-/-IV-/- mice was studied in relation to the organization of thalamocortical and 

corticothalamic fibers. 
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This manuscript has originally been published in Journal of Neurochemistry. 

 

Preface – about this manuscript 

The first part of the dissertation aimed to investigate the role of polysialic acid for the 

development of the dopaminergic system of mice in vivo and in vitro. Abundant expression of 

polySia was demonstrated in the midbrain of wild-type mice and expression analyses of 

polysialyltransferases and NCAM revealed that they paralleled the mRNA profiles of 

dopaminergic marker genes. PolySia-deficient mice were compared to control animals at 

different developmental stages by real-time RT-PCR and immunohistochemistry. I found a 

reduction in brain volume, but no specific defect of the dopaminergic system. Furthermore, 

the effect of enzymatic polySia removal on mesencephalic progenitor cells in vitro was 

studied. Consistent with the in vivo findings, loss of polySia did not induce any changes in 

the expression of dopaminergic marker genes. 

 

The text of the original publication can be found here: 

Journal of Neurochemistry 2009, vol. 110, page 1661-1673 

© 2009 International Society for Neurochemistry 
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This manuscript has been prepared for submission to the Journal of Neuroscience. 

 

 

Preface – About this manuscript 

Polysialic acid-deficient mice display defects of major brain fiber tracts, including the internal 

capsule. In this study, we aimed to further investigate this phenotype. Thalamocortical fibers 

were labeled by DiA tracing at postnatal day 40 and by neurofilament immunohistochemistry 

in embryonic and early postntatal mice. In polysialic acid-deficient mice, all labeled 

projections persistently deviated from their normal trajectory. Parvalbumin 

immunohistochemistry and cell counting in 30 day old mice revealed a defect of the reticular 

thalamic nucleus, a structure traversed by all thalamocortical and corticothalamic axons of 

the internal capsule. A marked loss of neurons occurred secondary to the axonal defects and 

involves apoptotic cell death, as demonstrated by TUNEL and cleaved caspase-3 staining. 
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Abstract 

The modification of the neural cell adhesion molecule NCAM with polysialic acid (polySia) is 

tightly linked to neural development. Genetic ablation of the polySia synthesizing enzymes 

ST8SiaII and ST8SiaIV generates polySia-negative but NCAM-positive (II-/-IV-/-) mice 

characterized by severe defects of major brain axon tracts, including internal capsule 

hypoplasia. Here, we demonstrate that misguidance of thalamocortical fibers and 

deficiencies of corticothalamic connections contribute to internal capsule defects in II-/-IV-/- 

mice. Failing to turn into the ventral telencephalon, thalamocortical fibers deviated early from 

their normal trajectory without passing through the internal capsule. The reticular thalamic 

nucleus (Rt) has been proposed to be an early guide post for thalamocortical axons. We 

therefore investigated if malformation of the Rt could be responsible for the observed defect. 

Indeed, numbers of parvalbumin-positive Rt neurons were drastically reduced in four week 

old II-/-IV-/- mice, but not in NCAM-deficient N-/- or II-/-IV-/-N-/- triple knockout animals. Initial 

formation of the Rt, however, was largely uncompromised in II-/-IV-/- mice and, as shown at 

embryonic day 14.5, thalamocortical fibers deviate only after crossing the Rt primordium. At 

postnatal day 1, a reduction and massive disorganization of fibers traversing the Rt was 

observed, while TUNEL and cleaved caspase-3 staining indicated abundant apoptotic cell 

death of Rt neurons at postnatal day 5. Thus, malformation of thalamocortical axons 

precedes degeneration of the Rt in II-/-IV-/- mice. Since collaterals of thalamocortical and 

corticothalamic fibers provide major excitatory input into the Rt, we propose that defective 

innervation causes anterograde degeneration of the Rt in polysialylation-deficient, NCAM-

positive mice. 
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Introduction 

Polysialic acid (polySia), a posttranslational modification of the neural cell adhesion molecule 

NCAM, is synthesized by the two polysialyltransferases ST8SiaII and ST8SiaIV. As shown 

by genetic ablation of both polysialyltransferases, polySia is essential for brain development 

in mice (Weinhold et al., 2005; Angata et al., 2007). Among other defects, these mice display 

abnormalities of major brain axon tracts like anterior commissure, corpus callosum and 

internal capsule (Weinhold et al., 2005; Hildebrandt et al., 2009). These defects develop due 

to a gain of polySia-negative NCAM, because they are not observed in NCAM-negative mice, 

but correlate precisely with the level of NCAM erroneously devoid of polySia during 

development (Hildebrandt et al., 2009). Thalamocortical and corticothalamic projections form 

a major part of the internal capsule. Thus, a reduction of these fibers may contribute to the 

hypoplasia of this tract. Although much is known about the development of thalamocortical 

and corticothalamic fibers as they grow in the immediate vicinity of the cortex, several 

characteristics of their early development are poorly understood (Molnár et al., 2003; Deng 

and Elberger, 2003). Since all thalamocortical and corticothalamic projections pass through 

and give off collaterals within the reticular thalamic nucleus (Rt, Harris, 1987; Guillery et al., 

1998), this structure was proposed to function as an intermediate target in early guidance of 

thalamocortical axons toward the neocortex as well as for corticothalamic axon pathfinding 

(Mitrofanis and Guillery, 1993; Deng and Elberger, 2003). 

The Rt forms a curved sheet of GABAergic neurons located at the interface between 

thalamus and the white matter of the internal capsule (for review, see Guillery et al., 1998; 

Pinault, 2004). Its neurons originate embryonically from the ventral thalamus and migrate 

dorsally to envelop the dorsal thalamus. It consists of GABAergic inhibitory neurons and 

receives major excitatory input by collaterals of the traversing thalamocortical and 

corticothalamic axons (Harris, 1987). The cells of the Rt are characterized by the expression 

of the calcium-binding protein parvalbumin (PV, Csillik et al., 2006). Unlike most thalamic 

nuclei, the Rt does not project to the cerebral cortex. Instead, its axons terminate within the 

Rt itself and, in a highly topographical manner, project to all thalamic nuclei (Pinault, 2004). 

Providing a powerful means for inhibiting thalamocortical activity, the Rt is involved in 

sensory processing (McAlonan and Brown, 2002; Nagaeva and Akhmadeev, 2006) and, as 

first hypothesized by Crick (1984), seems to mediate attentional modulation of thalamic 

neurons (McAlonan et al., 2008). Moreover, dysfunction of the Rt in gating thalamic 

transmission has been postulated to contribute to the emergence of hallucinations in 

schizophrenia (Behrendt, 2006).  
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Here, we first demonstrated that defects of thalamocortical and corticothalamic axons 

contribute to the hypoplasia of the internal capsule in polysialylation-deficient mice. We then 

investigated if a defect of the Rt as a developmental relay station might explain this 

phenotype. By immunohistochemical analyses of II-/-IV-/- mice we found severely reduced 

numbers of PV-positive cells in the Rt, which, however, was only observed late in postnatal 

development. Thus, thalamocortical projection defects preceded cell loss in the Rt. We 

propose that degeneration of the Rt occurs due to defective input by thalamocortical and 

corticothalamic axon collateral projections. 
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Material and Methods  

Mice 

C57BL/6J and transgenic mice were bred at the central animal facility at Hannover Medical 

School. All protocols for animal use were in compliance with German law and approved by 

the responsible animal welfare officer. St8siaII, St8siaIV and NCAM1 single knockout strains, 

which have been backcrossed with C57BL/6J mice for six generations, were crossbred to 

obtain double (St8siaII-/- St8siaIV-/-; II-/- IV-/-) or triple knockout animals (St8siaII-/- St8siaIV-/- 

NCAM1-/-; II-/- IV-/- N-/-, Weinhold et al., 2005). Genotyping was performed by PCR as 

described previously (Weinhold et al., 2005). For staging of embryos, the morning of the 

vaginal plug was considered as embryonic day (E) 0.5. 

Immunohistochemistry 

Mice were deeply anesthetized with 200 mg/kg ketamine (Gräub AG, Bern), 8 mg/kg xylazine 

(Rompun, Bayer Health Care, Leverkusen) in 0.9% NaCl and transcardially perfused with 4% 

paraformaldehyde (PFA) in 0.1 M phosphate buffer, pH 7.4, before brains were removed and 

post-fixed overnight. Embryonic brains were directly fixed by immersion of the head in 4% 

PFA. 50 µm serial coronal sections were cut on a vibrating microtome. Free floating sections 

were permeabilized with 0.4% Triton X-100 for 15 min and blocked with 10% fetal calf serum 

for 1 h. The following monoclonal (mAb) or polyclonal (pAb) antibodies were used: polySia-

specific mouse mAb 735 (IgG2a, 5 µg/ml; Frosch et al. 1985), Islet-1-specific mouse mAb 

4D5 (IgG2b, 1:500), neurofilament-specific mouse mAb 2H3 (IgG1, 1:500, both from 

Developmental Studies Hybridoma Bank), parvalbumin-specific mouse mAb (1:5000, IgG1, 

Swant), and cleaved caspase-3-specific rabbit pAb (1:200, Cell Signaling Technology). 

Rabbit and mouse IgG-specific and subtype-specific Cy3- (Chemicon), Alexa488-, 

Alexa568-, and Alexa647- (Molecular Probes) conjugated antibodies were used at 1:500 for 

IgG-specific and 1:200 for subtype-specific antibodies. As first layer controls, sections were 

incubated in blocking solution lacking primary antibody. In double stained 

immunofluorescence samples, cross-reactivity of secondary antibodies was controlled by 

omitting either of the two primary antibodies. Stained sections were washed with ddH2O and 

mounted on glass object slides (SuperFrost®Plus, Menzel, Germany) using Vectashield 

mounting medium with DAPI (Vector Laboratories). 
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Terminal deoxynucleotidyl transferase-mediated dUTP  nick end labeling 

DNA strand breaks were detected by terminal deoxynucleotidyl transferase-mediated 

Digoxigenin-dUTP nick end labeling (TUNEL) as described by Herzog et al. (2007). After 

preincubation in 1x terminal deoxytransferase (TdT) buffer containing 0.2 M cacodylate, 

25 mM Tris-HCl, 1 mM CoCl2 and 0.01% Triton X-100 (Fermentas), sections were labeled 

using 1x TdT buffer, 4 units TdT, 1 µM DigdUTP and 0.1 mM dTTP for 1 h at 37 °C. The 

reaction was stopped by washing with 2x SSC (sodium citrate buffer) and PBS + 0.4% Triton 

X-100. For Islet-1 double staining, DigdUTP-labeled sections were incubated with Islet-1-

specific mouse mAb 4D5 overnight. Subsequently, sections were washed with PBS + 0.4% 

Triton X-100 and Digoxygenin was visualized using an anti-Dig-Rhodamin antibody (1:100, 

Roche) The secondary antibody against Islet-1-specific mouse mAb was used as described 

for immunohistochemistry and incubated simultaneously with the anti-Dig-Rhodamin 

antibody. 

Microscopy, area measurements, cell counting and st atistics 

Microscopy, area measurements and counting of parvalbumin- (PV-) positive cells were 

performed with a Zeiss Axiovert 200 M equipped with MosaiX and ApoTome module, 

AxioCam MRm digital camera and AxioVison software (Carl Zeiss, Germany). Out of serial 

sections of adult (P30) brains, every third section was immunohistochemically stained for PV 

and per animal, four of these spaced-serial sections containing the Rt were evaluated. Near 

confocal optical sections of 5.1 µm thickness located approximately 10 µm above the bottom 

(caudal level) of each of the 50 µm thick sections were obtained by ApoTome technology 

using a 10x Plan-Apochromat objective with 0.45 numerical aperture (Zeiss). Micrographs of 

entire sections were acquired using the MosaiX module of the AxioVision software. Thus, 

counting covered 100% of the sample area within each section and therefore there was no 

need to make use of a counting frame, which is typically employed in the optical dissector 

method. On each optical slice, the number of PV-positive cells within the Rt was counted. As 

the aim of this study was not the determination of absolute cell numbers or densities, but a 

comparison between polySia-positive and polySia-deficient animals, there was no need to 

correct for the overcount produced by counting rather big objects in relatively thin optical 

sections (as discussed by e.g. Guillery, 2002). Statistical evaluation was performed using 

GraphPad Prism software. Differences were evaluated using one way analysis of variance 

(ANOVA) with Newman-Keuls multiple comparison post hoc test (two-tailed). P values of 

< 0.05 were considered significant. 
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Axonal tracing from the thalamus with carbocyanine dye 

Coronal sections of 300 µm thickness of P40 control and II-/-IV-/- mice were cut on a vibrating 

microtome. Small crystals of the fluorescent carbocyanine dye 4-[4-

(dihexadecylamino)styryl]-N-methylpyridinium iodide (DiA, Molecular Probes) were placed 

unilaterally into the thalamus to label thalamocortical projections. The sections were covered 

with 0.1 M phosphate buffer, pH 7.4 and incubated for 8 days at 37°C. Afterwards, sections 

were examined with a fluorescence stereo microscope (Leica MZ FLIII). 
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Results 

Thalamocortical fibers fail to cross the internal c apsule in  II-/-IV-/- mice 

Thalamocortical projections were investigated during embryonic and postnatal development. 

PolySia-negative, NCAM-positive II-/-IV-/- mice were compared with C57BL/6J wild-type or II+/-

IV+/- controls with normal levels of polySia and NCAM (Weinhold et al., 2005). In mice, the 

first thalamocortical fibers start to grow out of the thalamus at embryonic day (E) 13 (Molnár 

and Blakemore, 1995). Neurofilament staining at E14.5 revealed abundant thalamocortical 

fibers crossing the presumptive internal capsule in control mice (Fig. 1 A). At this stage very 

few, if any of the earliest corticofugal fibers have arrived in this region (Molnár and 

Blakemore, 1995; Molnár et al., 2003). In II-/-IV-/- mice, thalamofugal fibers turned ventrally 

and therefore failed to find their way towards the cortical plate (Fig.1 C and D). At postnatal 

day 1 (P1), neurofilament staining of control brains highlights the typical horseshoe-shape of 

the thalamocortical and corticothalamic fibers within the internal capsule (Fig. 1 C). In II-/-IV-/- 

mice, fibers originating from the thalamus did not cross the internal capsule (Fig 1 D). In 

addition, corticofugal fibers were completely absent from the internal capsule of II-/-IV-/- mice 

at this rostro-caudal level. To corroborate the persistence of this developmental aberration, 

antero- and retrograde tracing of thalamocortical and corticothalamic projections was 

performed in fixed brain sections of P40 mice by placing DiA into the dorsal thalamus (Fig. 1 

E, F). In controls, all projections turned dorsally towards the cortex (Fig. 1 E), whereas 

labeled fibers in II-/-IV-/- mice did not cross the internal capsule and failed to turn dorsally (Fig. 

1 F). Together, these observations demonstrate severe guidance defects of thalamocortical 

and corticothalamic axons in II-/-IV-/- mice and indicate that the resulting loss of fiber 

connections contributes substantially to hypoplasia of the internal capsule described 

previously in P1 and in 4-6 week old II-/-IV-/- mice (Weinhold et al., 2005; Hildebrandt et al., 

2009). 

Size reduction of the Rt in II-/-IV-/- mice 

As the reticular thalamic nucleus (Rt) has been proposed to provide an important guide post 

during development of first thalamocortical and, later on, corticothalamic fibers (Deng and 

Elberger, 2003), we asked if aberrant formation of the Rt could be responsible for the defect 

observed in these projections. A first approach to identify the Rt was performed by 

parvalbumin (PV) immunohistochemistry, as all cells of the Rt express this calcium-binding 

protein (Csillik et al., 2006). PV, however, is not yet present in the Rt of embryonic and early 

postnatal animals (Mitrofanis, 1992). Therefore, analyses were performed at P30. As 

demonstrated previously, hypoplasia of the internal capsule was found specifically in II-/-IV-/- 
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but not in NCAM-deficient N-/- or II-/-IV-/-N-/- triple knockout mice (Weinhold et al., 2005; 

Hildebrandt et al., 2009). To correlate this distribution of the internal capsule defect with the 

outcome of the current analyses, we evaluated all three animal models and also included the 

strains deficient for only one of the polysialyltransferases (II-/- and IV-/-). As outlined in 

material and methods, every third out of 50 µm thick serial sections was stained and 

measurements were performed on four matching sections per animal, containing the Rt 

between bregma level -0.82 and -1.82 (according to Paxinos and Franklin, 2001). In controls, 

PV specifically labeled the mature Rt (Fig. 2 A), forming a curved sheet of cells around the 

dorsal thalamus (Fig. 2 D). In II-/-IV-/- mice, the PV-labeled Rt was considerably smaller and 

even in the sections displaying the strongest immunoreactivity, the numbers of PV-positive 

cells were clearly reduced when compared to control brains (Fig. 2 B, E, F). Consistent with 

the lack of internal capsule defects, no significant reduction of PV-positive cells was detected 

in II-/-IV-/-N-/- or N-/- mice (Fig. 2 C, F). Moreover, no defects were observed in the single 

polysialyltransferase knockout mice (Fig. 2 F). 

Islet-1 as a marker for the developing Rt 

In a next step we sought to study a potential link between aberrant thalamocortical projection 

and malformation of the Rt. As PV is not expressed in all cells of the Rt before P10 

(Mitrofanis, 1992), it was essential to find another marker labeling the Rt earlier in 

development. On mRNA level, the transcription factor Islet-1 is known to be specifically 

expressed in the Rt (Wang and Liu, 2001; Nakagawa and O'Leary, 2001). By double 

immunolabeling in P30 control mice, Islet-1 was detected in all PV-positive cells of the Rt 

(Fig. 3 A-C). As expected, higher magnification revealed Islet-1 immunoreactivity in the 

nucleus, whereas PV staining was located in the cytosol (Fig. 3 A´-C´). This observation was 

confirmed at P20 and P10 (data not shown) indicating that Islet-1 can be used to label the 

developing Rt. 

Reduction and defasciculation of fibers traversing the Rt 

Double immunohistochemistry for Islet-1 and neurofilament was performed to study the 

trajectories of thalamocortical fibers in relation to the Rt of II-/-IV-/- animals. In mice, Rt 

neurons are born between E11-E13 (Angevine, 1970; Altman and Bayer, 1988) and must 

provide a permissive environment for subsequently emerging thalamocortical axons 

penetrating this structure (Molnár and Blakemore, 1995; Molnár and Cordery, 1999). At 

E14.5, the distribution of Islet-1-positive cells in the ventral thalamus, which form the 

primordium of the Rt (Rose, 1942), appeared largely unaltered in II-/-IV-/- mice (Fig. 4 A, B). 

Neurofilament-positive thalamocortical fibers cross the Islet-1-positive ventral thalamus 
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correctly in II-/-IV-/- mice but then fail to turn dorsally after passing the diencephalic-

telencephalic boundary (Fig. 4 B). These fibers, therefore, were unable to invade the 

permissive corridor of Islet-1-positive cells in the striatum that is essential for thalamocortical 

axon pathfinding (López-Bendito et al., 2006) although the corridor cells themselves 

appeared to be uncompromised (Fig. 4 B, arrowheads). Comparable to the situation at 

E14.5, thalamocortical fibers traversed the Rt but not the internal capsule of  

II-/-IV-/- mice at P1 (Fig. 4 C, D). Moreover, no corticofugal fibers approaching the Rt were 

detected (Fig. 4 D). In control mice, neurofilament-positive fibers cross the Rt as tightly 

fasciculated bundles (Fig 4 C´ and C´´). Together with the prominent reduction of fibers 

traversing the Rt, this fasciculated pattern was disrupted in II-/-IV-/- mice, and fibers were 

highly disorganized (Fig. 4 D´ and D´´). 

Dopaminergic input into the Rt 

Beside the major glutamatergic projections from cortex and thalamus, the Rt receives 

dopaminergic input from collaterals of nigrostriatal fibers (Anaya-Martinez et al., 2006). 

Dopaminergic innervation of the Rt was investigated by double immunohistochemistry for PV 

and tyrosine hydroxylase (TH), a marker for dopaminergic cell bodies and fibers. TH-positive 

fibers were detected exclusively in the ventral, but not the dorsal part of the Rt in P30 control 

brains (Fig. 5 A, C, E). Likewise, in II-/-IV-/- animals dopaminergic fibers were absent from the 

area medial to the internal capsule, where the few PV-positive cells constituting the 

remaining Rt were located (Fig. 5 D). More ventrally and medial to the globus pallidus, PV-

positive cells were completely absent but dopaminergic fibers were present at a similar 

density as in control animals (Fig. 5 F). Analysis of tissue sections using the described 

pattern of TH-positive profiles as a landmark suggests a complete loss of PV-positive cells in 

the ventral parts of the Rt in II-/-IV-/- mice, with remaining cells belonging to its dorsal portion.  

Temporal progression of Rt disappearance 

To distinguish between a defect in neurogenesis and a defect caused by secondary cell 

death, we investigated the temporal progression of Rt degeneration. At P1, cells of the Rt 

were stained with anti-Islet-1 antibody. Consistent with a general distortion of the brain in II-/-

IV-/- mice (Weinhold et al., 2005; Schiff et al., 2009), the overall shape of the Rt was more 

rounded than in controls. Despite this difference in shape, comparable levels of Islet-1 

staining were consistently detected on II-/-IV-/- and control sections displaying the Rt at 

various rostrocaudal positions (Fig. 6 A, B). In contrast, PV immunohistochemistry at P10 

and P20 indicated that the Rt of II-/-IV-/- mice became progressively smaller compared with 
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control animals (Fig. 6 C-F). Together, these results suggest that cells of the II-/-IV-/- Rt are 

generated in normal numbers but disappear during postnatal development.  

Cell death in the Rt by apoptosis 

As the defect of the Rt seemed to be caused by degeneration and not by disturbed 

neurogenesis, we investigated apoptotic cell death by terminal deoxynucleotidyl transferase 

dUTP nick end labeling (TUNEL) and cleaved caspase-3 immunohistochemistry. This was 

combined with Islet-1 staining in order to identify the Rt. TUNEL staining in control animals at 

P5 indicated almost complete absence of apoptotic cells in the dorsal portion of the Rt and 

only scarce labeling in its ventral parts (Figure 7 A, C). In clear contrast, II-/-IV-/- mice 

displayed abundant TUNEL-positive cells in both parts of the Rt. Consistent with the 

disappearance of Rt markers progressing from ventral to dorsal, TUNEL staining was more 

intense in the ventral than in the dorsal part (Fig. 7 B, D, D´). The apoptotic state of TUNEL-

positive cells was supported by the pyknotic nuclei or DNA fragmentation observed in these 

cells by DAPI stain. Confirming this observation, cleaved caspase-3 immunostaining showed 

abundant positive dots in II-/-IV-/- mice that were not present in control mice (Fig. 7 E, F, F´). 

Islet-1 labeling was absent in TUNEL- and cleaved caspase-3-positive cells, which is 

consistent with the observation that loss of parvalbumin as a marker protein accompanies 

cell death in the Rt (Kawai et al., 1995; Böttiger et al., 1998). In summary, the abundant cell 

death observed at P5, together with the dramatic loss of Islet-1- or PV-labeled cells between 

P1 and P30 strongly suggests that the Rt degenerates due to apoptotic cell death during 

early postnatal development of II-/-IV-/- mice. 
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Discussion 

In the present work, we demonstrate postnatal disappearance of the Rt in polySia-deficient II-

/-IV-/- mice due to increased apoptotic cell death. The degenerative process is preceded by 

pathfinding defects of thalamocortical axons, which traverse the Rt correctly in the embryonic 

and perinatal brain, but then fail to cross the internal capsule. This temporal and spatial 

succession leads us to the conclusion that a compromised function of the Rt as a guidepost 

for thalamocortical projections can be ruled out as the cause of defective connectivity. 

Conversely, the degeneration of the Rt may be a consequence of disturbed afferent 

pathways. 

In mice, thalamocortical fibers start to grow towards the cortical plate as early as E13 (Molnár 

and Blakemore, 1995). They meet axons from the cortical plate in the basal telencephalon at 

E14, and intermingle in a process that has been described as the “handshake” (Blakemore 

and Molnár, 1990; Molnár and Blakemore, 1991). This process of selective fasciculation and 

contact guidance seems to be required for the highly organized entry of thalamocortical 

fibers into the cortical plate as well as for corticothalamic fibers to be guided towards their 

targets (Molnár, 2000; Molnár et al., 2003). In II-/-IV-/- mice the misguidance of thalamocortical 

fibers prevents the “handshake” and no entry of neurofilament-positive corticothalamic 

projections into the internal capsule was observed at E14.5 and P1. Thus, the prominent 

reduction and defasciculation of axons traversing the Rt seems to be mainly caused by a 

lack of corticothalamic fibers. Although the exact contributions of thalamocortical and 

corticothalamic fiber deficiencies to the previously observed hypoplasia of the internal 

capsule remain open, the glutamatergic innervation of the Rt by collaterals of these axons is 

clearly disturbed in II-/-IV-/- mice.  

A number of mouse models with thalamocortical projection defects have been described, but 

fiber densities and fasciculation within the Rt as well as potential consequences on Rt 

integrity have not been studied. In small eye rats and mice harboring a Pax6 mutation, 

thalamocortical axons turn ventrally directly after invading the ventral thalamus (Kawano et 

al., 1999; Simpson et al., 2009). In contrast, the developmental pathfinding errors of 

thalamocortical projections in Mash-1, Emx2 and Sema6A null mutants are comparable to 

those observed in polySia-deficient mice. The fibers pass the Rt correctly but then take an 

aberrant route at the diencephalic-telencephalic junction (Tuttle et al., 1999; López-Bendito 

et al., 2002; Little et al., 2009). Analyses of Mash-1 or Emx2 null mutants indicate that the 

aberrant thalamic projections are caused by loss or misrouting of pioneering projections from 

internal capsule cells (Métin and Godement, 1996; Tuttle et al., 1999; López-Bendito et al., 
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2002). Remarkably, postnatal recovery of thalamocortical connectivity in Sema6A null 

mutants leads to a grossly normal pattern of internal capsule projections in the adult brain 

(Little et al., 2009). In contrast, the pronounced deficits of the internal capsule in polySia-

deficient mice are maintained until the age of 4-6 weeks, the latest time point amenable for 

analysis before most of the II-/-IV-/- mice die (Weinhold et al., 2005). 

Consistent with the previously observed integrity of the internal capsule in mice lacking not 

only polySia but also its major protein carrier NCAM (Weinhold et al., 2005; Hildebrandt et 

al., 2009), numbers of Rt neurons were not affected in NCAM knockouts (N-/-) and fully 

restored by the additional ablation of NCAM in II-/-IV-/-N-/- triple knockout mice. Analogous to 

the proposed mechanism leading to the axon tract defects (Hildebrandt et al., 2009), these 

findings indicate that a gain of non-polysialylated NCAM accounts for Rt degeneration. Since 

polySia is ubiquitously expressed in all thalamic nuclei during embryonic and perinatal 

development (Mazzetti et al., 2007 and own unpublished observations) the reasons for the 

conspicuous degeneration of Rt neurons are puzzling at first sight. Cell death may result 

from the pronounced vulnerability of the Rt as described for hypoxia-induced neuronal 

damage (Freund et al., 1990; Kawai et al., 1995; Böttiger et al., 1998). However, it appears 

unlikely that polySia-free NCAM interferes directly with the survival of Rt neurons. As 

demonstrated previously, a gain of polySia-free NCAM rather promotes and the combined 

deletion of NCAM and polySia reduces survival of neuronal precursors (Gascon et al., 2007; 

Röckle et al., 2008). 

Islet-1-positive cells of the Rt are generated in the ventral thalamus and migrate laterally to 

form the Rt. Although polySia is prominently involved in neuronal migration (for review, see 

Hildebrandt et al., 2007; Rutishauser, 2008), the initially normal localization of Islet-1-positive 

cells in the Rt of embryonic and perinatal II-/-IV-/- mice excludes the possibility that the loss of 

Rt neurons is caused by defective migration. Moreover, in contrast to the pathfinding defects, 

which together with Rt degeneration occur in II-/-IV-/- but not in NCAM-deficient animals, the 

features of II-/-IV-/- mice caused by disturbed migration are also seen in N-/- and II-/-IV-/-N-/- 

animals (Weinhold et al., 2005).  

Together, the data imply that the impact of polySia-deficient NCAM on Rt neurons is indirect 

and not caused by a migration deficit. Instead, we demonstrate pathfinding errors of 

thalamocortical axons in polySia-negative, NCAM-positive mice, which contribute to the 

hypoplasia of the internal capsule and precede apoptotic cell death in the Rt. As shown in 

rats, collaterals of thalamocortical and corticothalamic axons within the Rt are not detectable 

until birth (Mitrofanis and Guillery, 1993). Thus, degeneration of the Rt in II-/-IV-/- mice seems 

to start only after the time point, at which under normal conditions glutamatergic input is 
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complete. Based on the coincidence of the two defects in specifically II-/-IV-/- mice, the close 

integration of Rt neurons into thalamocortical circuits, and the observed sequence of events, 

we propose that a lack of excitatory innervation causes cell death, i.e. anterograde 

degeneration of the Rt in polySia-negative, NCAM-positive mice. In contrast to retrograde 

mechanisms after target deprivation, examples for anterograde degeneration are scarce. 

Prominent examples comprise apoptosis of cortical sensory neurons after deafferentation 

injury (Capurso et al., 1997), and degeneration of hippocampal granule cells after loss of 

input in the pilocarpine model of epilepsy (Marques-Mari et al., 2007). As discussed by 

Capurso et al. (1997) anterograde degenerative effects have also been observed in auditory 

and vestibular nuclei, the visual system, somatosensory cortex, and the olfactory system 

(Cook et al., 1951; Powell and Erulkar, 1962; Kupfer and Palmer, 1964). 

Variations in the Ncam1 and St8siaII gene as well as dysregulation of NCAM protein have 

been linked to schizophrenia (Vawter, 2000; Arai et al., 2006; Tao et al., 2007; Sullivan et al., 

2007; Atz et al., 2007; Brennaman and Maness, 2008). Incomplete polysialylation of NCAM 

during brain development has been proposed as a mechanism for a predisposition to 

schizophrenia because it causes defects of cortical connectivity resembling those seen in 

schizophrenic patients (Hildebrandt et al., 2009). Furthermore, dysfunction of the Rt has 

been linked to schizophrenia (O'Donnell and Grace, 1998; Krause et al., 2003; Behrendt and 

Young, 2004; Behrendt, 2006; Zikopoulos and Barbas, 2007). Since all connections between 

thalamus and cortex traverse the Rt, this nucleus is ideally positioned to play a role in 

feedback control of thalamocortical circuits and sensory gating. The current analysis of 

polysialylation-deficient mice suggests that Rt neurons are damaged in response to a 

malformation of their glutamatergic input. This provides a potential neurodevelopmental 

mechanism of how sensory processing may be disturbed in association with a predisposition 

to schizophrenia. 
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Figure 1: Hypoplasia of the internal capsule in II-/-IV-/- mice. A-D: Near confocal images of 

neurofilament immunohistochemistry. A-B: Neurofilament labeling of wild-type controls and II-

/-IV-/- brains at E14.5. Thalamocortical axons project towards the cortical plate in control mice 

(ctrl, A), but do not cross the internal capsule in II-/-IV-/- mice (B). C-D: Neurofilament labeling 

of thalamocortical as well as corticothalamic axons at P1. Fibers project between cortex and 

thalamus in control mice (exemplarily shown for II+/-IV+/- with normal levels of polySia and 

NCAM, C), but do not cross the internal capsule in II-/-IV-/- mice (D). E-F: A small crystal of the 

lipophilic tracer DiA was placed into the thalamus in 300 µm thick sections of P40, perfused 

animals. E: In II+/-IV+/- control mice, DiA labeled fibers turn dorsally towards the cortex. F: In II-

/-IV-/- mice, these fibers turn ventrally instead. Scale bars: 50 µm (A-B), 100 µm (C-D), 200 

µm (E-F). DiA, 4-(4-[dihexadecylamino]styryl)-N-methylpyridinium iodide; NF, neurofilament; 

Th, thalamus. 
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Figure 2: Size reduction of the Rt.  A-E: PV immunohistochemistry of P30 mouse brain 

sections. A-C: Near confocal MosaiX images of brain sections of controls, II-/-IV-/-, and  

II-/-IV-/-N-/- mice at the level of the Rt. D-E: Higher magnification of A-B. F: Per hemisection, 

PV-positive cells of the Rt were counted and expressed relative to the total section area 

[mm2] (see material and methods for details). Per animal, four sections were evaluted and 

per group, mean values ± SEM of n = 3 animals are plotted (ctrl., wild-type and II+/-IV+/- 

controls with normal polySia levels). One-way ANOVA indicated significant differences 

(p<0.01) and Newman-Keuls post test was applied. *, p<0.05 versus all other groups. Scale 

bars: 500 µm (A-C), 100 µm (D-E). DAPI, 4´,6-diamidino-2-phenylindole; DT, dorsal 

thalamus; f, fimbria; PV, parvalbumin; Rt, reticular thalamic nucleus. 
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Figure 3: Islet-1 is co-expressed with PV in the Rt . A-F: Double immunohistochemistry for 

parvalbumin and Islet-1 at P30 in control mice. A-C: Low magnification of the Rt. All 

parvalbumin-positive cells co-express Islet-1. A´-C´: Near confocal optical sections of P30 

control mice. PV and Islet-1 are co-localized in the same cells; parvalbumin is expressed in 

the cytosol, Islet-1 in the nucleus of Rt cells. Scale bars: 50 µm (A-C), 10 µm (A´-C´). DAPI, 

4´,6-diamidino-2-phenylindole; PV, parvalbumin.  
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Figure 4: Defect of thalamocortical fibers in II-/-IV-/- mice.  A-D´´: Double 

immunohistochemistry for Islet-1 and Neurofilament. A-B: Sections of control and II-/-IV-/- mice 

at E14.5. Neurofilament-positive fibers in II-/-IV-/- mice turn ventrally instead of crossing the 

internal capsule (arrow in B). C-D: Sections of control and II-/-IV-/- mice at P1. While 

neurofilament-positive thalamocortical and corticothalamic fibers traverse the internal 

capsule in control mice (arrow in C), fibers deviate from their normal trajectory in II-/-IV-/- 

animals (arrow in D). C´-D´´: Higher magnification of C-D. Thalamocortical fibers crossing the 

Rt in tightly fasciculated bundles in control animals (C'') are disorganized in  

II-/-IV-/- mice (D''). Scale bars: 200 µm (A-D), 50 µm (C´-D´), 10 µm (C´´-D´´). DAPI, 4´,6-

diamidino-2-phenylindole; NF, neurofilament; Rt, reticular thalamic nucleus. 
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Figure 5: No lack of dopaminergic input in the Rt o f II-/-IV-/- mice. A-F: PV and TH 

immunohistochemistry of P30 mouse brain sections. A-B: Overview of brain sections of 

controls (ctrl) and II-/-IV-/- mice at the level of the reticular thalamic nucleus. PV+ cells are 

diminished in II-/-IV-/- brains. C-D: Higher magnification of the upper boxed areas in A, B. In 

control and II-/-IV-/- mice the dorsal part of the Rt lacks TH+ fibers. E-F: Higher magnification 

of the lower boxed areas in A, B. In controls, the ventral part of the Rt is innervated by TH+ 

dopaminergic fibers (E). In II-/-IV-/- mice, TH+ fibers are present but PV+ cells are completely 

absent from this ventral area (F). Scale bars: 500 µm (A-B), 50 µm (C-F). CPu, caudate 

putamen; DAPI, 4´,6-diamidino-2-phenylindole; GP, globus pallidus; PV, parvalbumin; Rt, 

reticular thalamic nucleus; TH, tyrosine hydroxylase. 
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Figure 6: Time course of Rt disappearance. A-F: Islet-1 and PV immunohistochemistry of 

P1, P10, and P20 mouse brain sections. A-B: P1 brain sections of control (ctrl) and  

II-/-IV-/- mice at the level of the Rt, labeled by Islet-1. The Rt displays a more rounded shape in 

II-/-IV-/- brains compared to control animals. C-F: Brain sections of ctrl and II-/-IV-/- mice at the 

level of the Rt, labeled by PV at P10 and P20. The number of Rt cells is drastically reduced 

in II-/-IV-/- mice. Scale bars: 200 µm (A-F). PV, parvalbumin. 
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Figure 7: Apoptotic cell death in the Rt.  A-D´: TUNEL staining combined with Islet-1 

immunohistochemistry in control (ctrl) and II-/-IV-/- mice at P5. A and C: Almost no TUNEL-

positive cells in the dorsal and ventral part of the Rt in ctrl mice at P5. B: Few TUNEL-

positive cells in II-/-IV-/- mice in the dorsal part of the Rt. D: TUNEL-positive cells are abundant 

in the ventral Rt in II-/-IV-/- mice (arrows in D, higher magnification in D´). E-F´: Double 

immunohistochemistry for cleaved caspase-3 and Islet-1 in ctrl and II-/-IV-/- mice at P5. 

Enhanced cleaved caspase-3 immunoreactivity in II-/-IV-/- (F, F´) compared to control (E) 

mice. Scale bar: 20 µm (A-F), 5 µm (D´, F´). Casp3, cleaved caspase-3; DAPI, 4´,6-

diamidino-2-phenylindole; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end 

labeling. 
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Chapter 6 – General Discussion 

PolySia on NCAM is a prominent regulator of neural cell migration and differentiation during 

nervous system development, and tightly associated with neurogenesis and synaptic 

plasticity in the adult brain (Ono et al. 1994; Hu et al. 1996; Decker et al. 2000; Seidenfaden 

et al. 2003; Bonfanti 2006; Seidenfaden et al. 2006b; Angata et al. 2007; Gascon et al. 

2007b; Röckle et al. 2008; Burgess et al. 2008). Mice that lack both polysialyltransferases, 

ST8SiaII and ST8SiaIV, are completely devoid of polySia and display a severe phenotype. 

They exhibit postnatal growth retardation with precocious death and defects of major brain 

fiber tracts (Weinhold et al. 2005; Hildebrandt et al. 2009). Several aspects of their 

phenotype, however, have not been analyzed so far. 

In the first study covered in this dissertation, the role of polySia for midbrain dopaminergic 

system development was investigated. A detailed understanding of the molecular 

mechanisms underlying the ontogeny of this system is mandatory to develop new therapeutic 

strategies for neurological and psychiatric diseases, in which the mesencephalic 

dopaminergic system is implicated. Immunohistochemistry and 3D reconstruction revealed 

that polySia is abundantly expressed in the developing midbrain, where it is located on radial 

glia processes and at sites of cell-cell contact. Based on this expression pattern, we propose 

that progenitor cells migrate radially along polySia-positive radial glia and start to express 

polySia while they approach the marginal zone of the neural tube. The localization of polySia 

immunoreactivity in the marginal zone of the ventral midbrain of mouse embryos and its 

drastic increase together with the appearance of TH-positive neurons is in good agreement 

with a previous study on polySia expression in the developing rat mesencephalon (Shults 

and Kimber 1992). PolySia expression on radial glia has been previously described for 

Bergmann glia of the cerebellum, for Müller glia of the retina and in cortex development 

(Bartsch et al. 1990; Hekmat et al. 1990; Li et al. 2004; Kustermann et al. 2010). In addition, 

the current study indicates a gradient of polySia from absence or low levels in the ventricular 

zone to high expression in the marginal zone. This expression pattern seems unusual but 

compartmentalization of developmentally regulated epitopes on radial glia cells as well as a 

zonal expression of polySia on radial glia (Müller cells) of the zebrafish retina, or on newly 

generated granule cells of the mouse cerebellum has been shown before (Seki and Arai 

1993; Herman et al. 1993; Bringmann et al. 2006; Kustermann et al. 2010)  

Real-time RT-PCR was used to analyze the mRNA expression profiles of NCAM, the major 

carrier of polySia, and of the two key enzymes of polySia synthesis, ST8SiaII and ST8SiaIV, 

during embryonic development. The results indicate that the enzyme levels are higher than 
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actually needed in order to ensure that the entire NCAM pool is fully polysialylated. Such a 

buffer may be important to securely prevent untimely and potentially fatal NCAM interactions 

(Weinhold et al. 2005; Hildebrandt et al. 2009). Furthermore, we provide the first comparative 

developmental profile of dopaminergic marker gene expression in the mouse. The 

developmental expression profiles of Nurr1, TH, Pitx3, and DAT correlated with the mRNA 

levels of polysialyltransferases and NCAM. This correlation would be consistent with a role of 

polysialylation in the development of dopaminergic precursors. However, analysis of polySia-

deficient mice revealed no specific defects of the mesencephalic dopaminergic system.  

Beyond the decrease of TH-positive cell numbers in the SNc, which reflects the general size 

reduction of midbrain and striatum, the loss of polySia neither affects the density and 

distribution of TH-positive neurons in the midbrain nor the density of their axonal terminals in 

the striatum. Furthermore, in a period of dynamic developmental changes, II-/-IV-/- mice 

express normal levels of dopaminergic marker genes in the embryonic ventral midbrain. 

Together, these results suggest that polySia is not required for migration, axonal projection, 

dopaminergic maturation, or postnatal maintenance of mesencephalic dopaminergic 

neurons. With regard to the defects of neural precursor migration, the failure of major axonal 

projections, and the alteration of differentiation caused by polySia-deficiency in other 

systems, this outcome is particularly surprising. As shown by enzymatic removal, loss of 

polySia promotes oligodendrocyte precursor maturation as well as differentiation of 

neuroblastoma cells, hippocampal progenitors, and subventricular zone-derived neuroblasts 

(Decker et al. 2000; Seidenfaden et al. 2003; Seidenfaden et al. 2006b; Röckle et al. 2008; 

Burgess et al. 2008). Migration defects are most prominent in the rostral migratory stream of 

postnatal II-/-IV-/- mice and a recent study provided first evidence that tangential and radial 

migration of yet undefined precursors may be affected during cortical development (Weinhold 

et al. 2005; Angata et al. 2007). Only selected brain axon tracts like anterior commissure, 

corpus callosum and internal capsule are defective in II-/-IV-/- mice, while others appear 

entirely normal (Weinhold et al. 2005; Hildebrandt et al. 2009). Thus, although polySia is 

ubiquitously expressed in the developing brain, only selected structures are affected by its 

depletion. The apparent lack of a mutant phenotype in the mesencephalic dopaminergic 

system may be explained by the presence of strong compensatory mechanisms or functional 

redundancy. On the other hand, more detailed structural analysis or approaches to assess 

dopaminergic system functions may reveal deficits that are either more obscure in their 

manifestation or not detectable by the applied methods.  

Many approaches to improve differentiation and survival of dopaminergic neurons for 

transplantation purposes rely on genetic modification (for review, see Mandel et al. 2008; 

Björklund and Kirik 2009). Because of ethical concerns regarding the use of genetically 
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modified cells, most often by viral vectors, it would be desirable to be able to modify cells by 

application of soluble factors. A powerful tool to interfere with polySia expression without 

genetic modification is the enzyme endosialidase, which specifically cleaves polySia. Using 

this tool in primary cultures from the embryonic ventral midbrain, we found no effect of 

enzymatic polySia removal on the expression of dopaminergic marker genes or the number 

of TH-positive cells, which is consistent with the normal development of mesencephalic 

dopaminergic neurons in polySia-deficient mice in vivo. Thus, the potential of precursors to 

differentiate into a dopaminergic neuron seems to be unaffected by polySia depletion. We did 

not investigate migration or proliferation of dopaminergic precursors after removal of polySia. 

In other systems, manipulation of polySia levels has been used to modify migration 

properties. As an example, enhanced polySia expression by transduction of embryonic stem 

cell-derived neuronal precursors with a retrovirus encoding ST8SiaII has been shown to 

enhance sensitivity of these cells to migration guidance cues (Glaser et al. 2007). It therefore 

would still be worthwhile to analyze if enzymatic removal of polySia from progenitor cells has 

the potential to improve migration or survival in cell based repair approaches. 

Despite the remarkable correlation of the expression profiles of polysialyltransferases and 

NCAM with the course of dopaminergic marker gene expression, the development of the 

dopaminergic system was unaffected in II-/-IV-/- mice. In contrast, the reticular thalamic 

nucleus (Rt) displays a dramatic phenotype, although polySia is present allover the brain 

during embryonic and perinatal development and ubiquitously expressed in all thalamic 

nuclei (Hekmat et al. 1990, Seki and Arai 1993, Galuska et al. 2006, Mazetti et al. 2007). The 

question why particularly the Rt degenerates, remains to be resolved. One reason could be 

the pronounced vulnerability of specifically the Rt neurons (Freund et al. 1990; Kawai et al. 

1995; Böttiger et al. 1998). In addition, the apoptotic cell death of Rt neurons occurs in 

animals characterized by a gain of polySia-free NCAM, which in cellular systems has been 

shown to promote survival (Seidenfaden et al. 2003, Röckle et al. 2008). This indicates that 

the Rt phenotype is not directly caused by the loss of polySia. Instead, degeneration of the 

Rt succeeds and is intimately linked to the malformation of its major afferents in specifically 

the polySia-negative, NCAM-positive mice. We therefore propose a mechanism of 

anterograde degeneration of the Rt, in which a lack of excitatory innervation causes cell 

death. 

Polysialylation-deficient mice have been shown to exhibit defects of major brain axon tracts, 

including the internal capsule (Hildebrandt et al. 2009). As thalamocortical and 

corticothalamic axons contribute substantially to the internal capsule, we analyzed these 

fibers in II-/-IV-/- mice. We found severe pathfinding errors of thalamocortical and 

corticothalamic axons. All thalamocortical and corticothalamic projections traverse the Rt 
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(Guillery et al. 1998) and innervate it by glutamatergic collaterals (Harris 1987). As axons 

exhibit defasciculation within the Rt, we propose that glutamatergic input into the Rt by 

thalamocortical and corticothalamic collaterals is disturbed in II-/-IV-/- mice. The Rt has been 

proposed as an intermediate target for these axons during development (Mitrofanis and 

Guillery 1993; Deng and Elberger 2003). We found that postnatal degeneration of the Rt in 

polySia-deficient mice due to apoptotic cell death succeeds the internal capsule defect, 

which occurs during embryonic development. As the generation of Rt neurons in the embryo 

is largely uncompromised, deficiencies in neurogenesis can be excluded as the cause for the 

Rt phenotype. Although polySia is prominently involved in neural precursor migration (for 

review, see Hildebrandt et al. 2007; Rutishauser 2008), dopaminergic neurons as well as the 

Islet-1-positive cells of the Rt are found in the correct place in newborn II-/-IV-/- mice indicating 

that migration is not impaired. Moreover, the migration deficits of precursors in the rostral 

migratory stream are not confined to II-/-IV-/- mice, but also observed in the NCAM knockout 

as well as in II-/-IV-/-N-/- animals lacking NCAM and both polysialyltransferases (Weinhold et 

al. 2005). As compared to the GABAergic olfactory bulb interneurons, precursors of both, 

mesencephalic dopaminergic neurons and GABAergic neurons of the Rt, migrate relatively 

short distances during ontogeny. This may explain why the absence of polySia has no 

obvious effect on the positioning of dopaminergic and Rt neurons.  

We hypothesize that the lack of Rt cells as an intermediate target is not the cause, but rather 

a consequence of internal capsule hypoplasia. Consistent with this hypothesis, the 

degeneration of the Rt as well as the internal capsule defect can be rescued by additional 

ablation of NCAM, and both defects are not observed in NCAM knockout mice. This indicates 

that, rather than the loss of polySia, the untimely appearance of unpolysialylated, “naked” 

NCAM, is the common underlying mechanism. However, it appears unlikely that polySia-free 

NCAM has a direct deleterious effect on the survival of Rt neurons. Previous studies from our 

group demonstrate that loss of polySia and gain of polySia-free NCAM promote survival 

under controlled conditions in vitro (Röckle et al. 2008). In contrast, the present study 

indicates that a systemic gain of polySia-free NCAM during development leads to the death 

of a specific neuron population. At first sight similar, reduced survival of immature 

subventricular zone-derived neurons in response to neurotrophins has been described after 

enzymatic removal of polySia. However, the same effects are observed after loss of polySia 

due to NCAM-deficiency, indicating that this effect is independent from specific NCAM 

functions (Gascon et al. 2007a). 

Previous studies have shown that the Rt is connected to the dopaminergic system. Its 

neurons receive dopaminergic input by nigrostriatal collaterals (Anaya-Martinez et al. 2006) 

and express D1, D2 and D4 receptors (Huang et al. 1992; Mrzljak et al. 1996; Khan et al. 
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1998; Florán et al. 2004). Nigrostriatal axon collaterals innervating the thalamus degenerate 

in animal models of Parkinson´s Disease (Freeman et al. 2001). Consistent with the 

observation that the dopaminergic system appears normal in II-/-IV-/- mice we demonstrate 

here that a lack of dopaminergic input can be excluded as the cause of the Rt defect.  

Variations in the Ncam1 and St8siaII gene have been linked to schizophrenia (Arai et al. 

2006; Tao et al. 2007; Sullivan et al. 2007; Atz et al. 2007) and it has been proposed that 

incomplete polysialylation of NCAM leading to disturbed brain connectivity is a candidate 

mechanism for a neurodevelopmental predisposition for schizophrenia (Hildebrandt et al. 

2009). Several theories explaining the pathogenesis of schizophrenia have evolved. The 

dopamine hypothesis suggests hyperactivity of dopaminergic brain function in schizophrenia 

pathogenesis. It originated from correlations between the clinical potency of antipsychotic 

drugs and their affinity for dopamine D2 receptors (Creese et al. 1976; Seeman et al. 1976). 

We provide evidence that the gross morphology of the dopaminergic system and the 

expression of dopaminergic marker genes are not impaired by the complete depletion of 

polySia, generating a maximal amount of polySia-free NCAM. Based on these findings, it can 

be expected that imbalances in the expression of NCAM and polysialyltransferases cause no 

morphological defects of the dopaminergic system. The functional integrity of the 

dopaminergic system has not been studied in II-/-IV-/- mice. With regard to the broad evidence 

for dopaminergic dysregulation in schizophrenia, it may still be worthwhile to study if 

imbalanced expression of NCAM and polysialyltransferases causes dysregulation of 

dopaminergic function. 

As all connections between thalamus and cortex traverse the Rt, it is well positioned to play a 

role in the putative impairment of thalamocortical circuits in schizophrenia (Harrison et al. 

2008). The Rt stands out by its high expression levels of metabotropic glutamate receptor 

mGluR3. GRM3 (the gene encoding mGluR3) is known as a susceptibility gene for 

schizophrenia (Collier and Li 2003; Harrison and Owen 2003; Moghaddam 2003) and 

mGluR3 expression is altered in the schizophrenic brain (for review, see Harrison et al. 

2008). Belforte et al. (2010) recently described a mouse model with glutamate receptor 

hypofunction that exhibits schizophrenia-like behavior. As dysfunction of the Rt has been 

linked to schizophrenia (O'Donnell and Grace 1998; Krause et al. 2003; Behrendt and Young 

2004; Behrendt 2006; Zikopoulos and Barbas 2007) altered glutamatergic transmission 

involving the Rt could be a mechanism by which sensory processing is disturbed in 

schizophrenic patients. The current analysis of polysialylation-deficient mice suggests that Rt 

neurons are damaged in response to malformation of glutamatergic input and provides a 

potential neurodevelopmental mechanism of how sensory processing may be disturbed in 

association with a predisposition to schizophrenia. Future studies should focus on the 
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analysis of schizophrenia-like behavior, in tests of cognitive functions and sensory integration 

i.e. by measuring prepulse inhibition of startle (PPI) in mice with different levels of polySia-

free NCAM. PPI, a measure of sensorimotor gating, is well known to be decreased in human 

schizophrenia (Braff et al. 2001). In addition, morphological aberrations of the reticular 

thalamic nucleus could be investigated in schizophrenic patients with size reduction of the 

internal capsule.  

In summary, the two studies of this thesis provide a phenotype analysis of two brain areas in 

mice that lack polySia. Neurons of the Rt as well as the midbrain dopamine system are 

generated regularly in the embryonic and perinatal phase. Whereas dopaminergic neurons 

are maintained until adulthood, Rt neurons degenerate postnatally by apoptotic cell death. As 

demonstrated, cell death in the Rt is preceded by pathfinding errors of thalamocortical axons. 

Based on the observed defects of axons that provide glutamatergic input into the Rt, we 

propose that compromised innervation causes anterograde degeneration of this nucleus in 

polysialylation-deficient, NCAM-positive mice. Thus, the gain of NCAM function in this model 

system affects primarily axonal pathfinding and the resulting loss of innervation may impair 

the survival of particularly vulnerable neurons as a secondary event.  
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Appendix 1 – Abbreviations 

ANOVA Analysis of variance 

BDNF Brain-derived neurotrophic factor 

CA Cornu ammonis 

CAM Cell adhesion molecule 

CNS Central nervous system 

CPu Caudate Putamen 

Ct Threshold cycle 

ctrl Control 

DA Dopaminergic 

DAPI 4´,6-diamidino-2-phenylindole 

DAT  Dopamine transporter 

DiA 4-[4-(dihexadecylamino)styryl]-N-methylpyridinium iodide 

div Days in vitro 

E Embryonic 

endoNF 5-N-acetylneuraminidase F 

FCS Fetal calf serum 

FGF Fibroblast growth factor 

GABA Gamma-aminobutyric acid 

GDNF Glial cell line-derived neurotrophic factor 

GP Globus pallidus 

kDa Kilodalton 

KDN 2-Keto-3-deoxy-D-glycero-D-galacto-nononic acid 

3-deoxy-D-glycero-D-galacto-2-nonulosonic acid 

LTD Long-term depression 

LTP Long-term potentiation 

mAb Monoclonal antibody 

mDA Mesencephalic dopaminergic 
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MSD Muscle specific domain 

NCAM Neural cell adhesion molecule 

Neu5Ac 5-N-acetylneuraminic acid 

NF Neurofilament 

Nurr1 Nur-related factor 1 

P Postnatal 

pAb Polyclonal antibody 

PCR Polymerase chain reaction 

PD Parkinson´s disease 

PFA Paraformaldehyde 

Pitx3 Paired-like homeodomain transcription factor 

PolySia Polysialic acid 

PV Parvalbumin 

Rt Reticular thalamic nucleus 

SNc Substantia nigra pars compacta 

ST8Sia Polysialyltransferase 

SVZ Subventricular zone 

TH Tyrosine hydroxylase 

TUNEL Terminal deoxynucleotidyl transferase-mediated digoxigenin-dUTP nick end 
labeling 

VM Ventral midbrain 

VTA Ventral tegmental area 

wt Wild-type 
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