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A 

B 

Fig 1. vMB identity and the course of differentiation in the DA lineage. 
A. Sagittal view of E10.5 mouse brain. The DA neurons are born in the vMB in the intersection of two 
signaling molecules, the floorplate derived Shh, determining the location of DA neurons and the isthmus 
derived Fgf8 that positions them A-P to the MHB.  
B. Coronal view of E10.5-11.5 mouse vMB (shown in green in 1 A). The developing DA progenitors will 
progress through three zones on their way to become fully differentiated neurons. Dividing progenitors 
are located in the ventricular zone (VZ). As they become postmitotic precursors they start migrating 
ventrally along radial glia (RG) through the intermediate zone ImZ. When reaching the marginal zone 
(MZ) they migrate laterally to become terminally differentiated DA neurons. The transition from vMB 
neuroepithelial cells toward vMB neurons, is partially thought to happen via an intermediate RG state. 
The (RG) VZ progenitor is instructed to become a neurogenic progenitor dividing next to the VZ. In the 
ImZ it will generate and instruct the newly generated daughter cells to become a postmitotic ImZ 
precursor cell that in turn migrates to the MZ to become a dopaminergic neuron. Thus, RG is thought to 
act as a neurogenic unit in the vMB. 
Forebrain(FB); Hindbrain (HB); DE (Diencephalon); Floorplate (FP) Mid-hindbrain-boundary (MHB). 

1.3.3 The Dopaminergic lineage 

At early stages of embryonic development, neuroepithelial progenitor cells in the 

ventricular zone (VZ) undergo symmetric division – two identical neuroepithelial cells 
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are generated at each division, thereby expanding the population founder cells that will 

ultimately through asymmetric division, produce cells with different fate potential, 

(Kriegstein et al. 2006). Accordingly, the midbrainDA lineage can be divided into 

specific subsets based on successive molecular parameters; progenitors, the fast 

dividing apical progenitors, committed DA precursors, immature DA neurons and 

terminally differentiated and mature DA neurons. 

1.3.3.1 Sox2 proliferating progenitors 

The permissive region generated by early signaling from organizing centers induces 

progenitor cells to divide in the midbrain ventricular zone (VZ), give rise to postmitotic 

DA precursors in the intermediate zone that differentiate into newborn DA neurons. In 

the apical layer, lining the midbrain VZ, phosphohistone (PH)3+ dividing progenitors 

are found followed by the symmetrically dividing Sox2+ and Ki67+ proliferating cells 

(Paper I). As progenitor cells divide they give rise to postmitotic precursor cells that 

emerge in the intermediate zone. These cells downregulate Sox2 expression and initiate 

the expression of the nuclear orphan receptor, Nurr1 (Zetterstrom et al. 1997), and the 

early generic neuronal marker Tuj1 (Paper I). These markers define the DA precursors 

at E10.5.  

1.3.3.2 From Nurr1 precursor to DA neuron

In Nurr1 null embryos, DA neurons have either been reported to not be generated 

(Zetterstrom et al. 1997) or to be generated but fail to be maintained (Saucedo-

Cardenas et al. 1998). However, in both cases defects in DA synthesis and transmitter 

release were identified, indicating that Nurr1 partly determine the neurotransmitter 
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neurogenic programs in a variety of progenitor cells was initially derived from in vitro

studies, where it was shown that bHLH factors are sufficient to convert Xenopus

ectodermal cells into neurons. Gain-of-function studies performed in these animals 

showed that over expression of Xenopus Ngn1 resulted in ectopic neurogenesis, ectopic 

neuronal differentiation, and Notch signalling (Ma et al. 1996). Similar results were 

obtained in mammalian cortical progenitors, where Ngn1 over expression promoted 

differentiation of cortical progenitors into neurons (Sun et al. 2001). In addition, Mash1 

overexpression in P19 carcinoma cells promoted neuronal differentiation and induced 

expression of pan-neuronal markers, such as Tuj1 and neurofilament M (Lo et al. 1998; 

Farah et al. 2000; Sun et al. 2001). Also, a recent report revealed Mash1 to synergize 

with additional factors to regulate various steps of neurogenesis (Castro et al. 2006). 

Additional in vivo studies (Ma et al. 1996; Blader et al. 1997; Mizuguchi et al. 2001) 

using knockout strategies have revealed that proneural bHLH genes also contribute to 

the specification of diverse neuronal subtypes (Bertrand et al. 2002).  
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Neural progenitor  Differentiating neuron 

Fig 2 Repressor/Activator bHLH genes and neurogenesis 
One important role of Notch and Hes signaling in CNS development is to maintain a balance between the 
number of developing neurons and the number of remaining progenitors by a mechanism known as 
lateral inhibition (Beatus et al. 1998; Giagtzoglou et al. 2003). Initially, proneural genes are expressed in 
progenitor cells. Through lateral inhibition and Notch signaling, this initial pattern is refined and 
proneural gene expression becomes restricted to cells that later will be differentiated. (I) Proneural bHLH 
genes upregulate expression of the Notch ligands on the neighbouring cell, which bind to the Notch 
receptor on the progenitor cell. (II) Notch is processed upon acivation and releases the ICD that is 
translocated to the nucleus and forms a transcriptional activator complex with the DNA-binding 
transcriptional repressor protein RBP-J. (III) This complex induces Hes1 and -5 expression, that in turn 
inhibit the activator type bHLH genes by 1) sequestering E47 and 2) by repressing their transcription 
when binding to their promoters and recruiting the co-repressor TLE/Grg. (IV) In the differentiating 
neuron, RBP-J represses Hes1 and-5 expression and no Notch activation takes place. (V) Expression of 
the activator type bHLH occurs, that in turn (VI) promotes the expression of Hes6 that inhibits Hes1 
activity and reinforces neurogenesis. (VII) Neuronal specific genes, such as the Notch ligand Delta, are 
induced by the activator type bHLH genes. Schematic illustration adapted from (Kageyama et al. 2005). 

2.3 Sox, bHLH and Cell Cycle  

The HMG-box SoxB1 family genes, including Sox1, 2 and 3, have been recently 

identified as factors responsible for instructing and maintaining stem and neural 

progenitor cells. In ES cells, Sox2 has been found to maintain self-renewal (Rodda et 

al. 2005). Upon differentiation, ES cells predominantly generate neural cells (Zhao, S. 

et al. 2004b) and an enhancer of Sox2 has been found to respond to neural inducing 

signals (Uchikawa et al. 2003). SoxB1 genes are also expressed in cells committed to a 
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place in the cytosol followed by translocation of β-catenin to the nucleus, where it 

binds transcription factors of the TCF/LEF family. Subsequently, transcription of 

TCF/LEF target genes can takes place (Shimizu et al. 1997; Kishida et al. 1999; Peters 

et al. 1999). Wnt-1,-2,-3, 7a/b and Wnt-8a/b has been identified as players in the 

canonical pathway (Moon et al. 1997).

3.1.2 Non canonical Wnt signaling 

Non-canonical Wnts, eg Wnt4, -5a, -6 and Wnt11 (Moon et al. 1997), activate diverse 

intracellular pathways and describes Wnt signals that still interact with Fz receptors to 

activate Dvl. However, upon ligand binding GSKβ or β-catenin is not the downstream 

mediator.  

3.1.2.1 The Wnt/Ca2+ pathway 

The initial observation of β-catenin independent pathways was made in Xenopus

oocytes where overexpression of Wnt5a or Wnt11 resulted in an elevated level of 

intracellular calcium without affecting β-catenin stability (Sheldahl et al. 1999; Kuhl et 

al. 2000b). This and further studies showed, that upon Wnt binding to Fz, activates 

protein kinase C (PKC) and via Ca++/calmodulin dependent kinase II (CamKII), 

activates calcineurin (CN) and subsequent transcriptional activation of the nuclear 

factor of activated T cells (NFAT) (Slusarski et al. 1997; Kuhl et al. 2000a; Saneyoshi 

et al. 2002). D-V patterning of the early embryo is regulated in response to this 

pathway mediated by Wnt5a (Slusarski et al. 1997; Saneyoshi et al. 2002; Weeraratna 

et al. 2002).
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3.1.2.2 The PCP pathway  

The PCP pathway is also referred to as convergent-extension pathway, is associated 

with many polarization processes resulting in the formation of uniform orientation of 

cells in a single plane (Darken et al. 2002; Goto et al. 2002; Shariatmadari et al. 2005) 

and involves (i) the activation of GTPases (Rho, Rac and Cdc42) that result in 

cytoskeletal reorganization and cell adhesion (Habas et al. 2001; Jessen et al. 2002; 

Habas et al. 2003; Lu et al. 2004) or (ii) the activation of Jun N-terminal kinase (JNK). 

The signaling diversity in this pathway is achieved upon the various amount of 

signaling molecules detected, including Vangl, Celsr, and PTK7, all of them interacting 

with either Fz or Dvl (Dabdoub et al. 2003).  

Fig 3.The Wnt signaling pathways: The Wnt/β-catenin pathway signals via stabilized β-catenin either 
in the cytoplasm, or by translocation to the nucleus. The accumulation of stabilized β-catenin in the 
cytoplasm is a result of a dephosphorylation event leading to sequestration from the GSK3β destruction 
complex. In turn, the Wnt/Ca2+ pathway signals are mediated in the absence of LRP, by activating 
phospholipase Cβ (PLC) that leads to raised intracellular Ca2+ levels and by sequential events influences 
cellfate and cell adhesion processes. In the PCP pathway different Wnt-Fz combination signal via 
alternative Dvl-mediated process, in the absence of LRP, using GTPase Rho and Rho-associated kinase 
(ROCK).  
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3.4 LRP coreceptors 

Upon Fz binding, canonical Wnts concomitantly bind to two single-span 

transmembrane receptors, the low-density lipoprotein receptor-related protein (LRP) 5 

and -6, forming a ternary complex. These comprise multiple EGF repeats important for 

binding to Wnt, triggering an intracellular phosphorylation event necessary for 

recruitement of the scaffolding protein axin to the membrane, hindering its participation 

in the β-catenin destruction complex (Pinson et al. 2000; Tamai et al. 2000; Wehrli et 

al. 2000; Mao et al. 2001; Tamai et al. 2004). LRP5 homozygous mutants are viable 

(Gong et al. 2001) whereas LRP6 null mice display developmental defects including 

partial deletion of the dorsal MHB region similar to that observed in Wnt1 null mice. 

Redundancy of the two receptors has been suggested based on: (1) An overlapping 

expression pattern in vivo, (2) An increased LRP5 expression in the developing 

midbrain of LRP6 null mice (Castelo-Branco et al., manuscript in preparation). (3) 

Mice depleted of both LRP5 and-6 exhibit embryonically lethal gastrulation defects 

(Kelly et al. 2004).

3.5 Wnt modulation/antagonism  

Wnt antagonists comprise two functional groups based on mechanisms of action, (i) the 

soluble frizzled related protein (sFRP) class and (ii) the Dickkopf (Dkks) class. 

The Dkks class encompass four members (Dkk1-4) that contain two CRDs and share 

structural similarity with the colipase family (Aravind et al. 1998; Krupnik et al. 1999), 

implying a common function. Dkk exert their inhibitory activity upon formation of a 

ternary complex with LRP and Kremen, sequestering thus the LRP receptor away from 

the Wnt/Fz complex (Bafico et al. 2001; Mao et al. 2001; Semenov et al. 2001; Mao et 
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al. 2002). However, in the absence of Kremen, Dkk has been shown to function as an 

activator (Mao et al. 2003). In contrast, the sFRP class of antagonists (comprising of 

sFRP, Wnt inhibitory factor and Cerberus), bind directly to Wnts altering the ability to 

form Wnt/Fz complexes, and thereby antagonizing both canonical and non canonical 

signaling.  

Fig 4. Wnt pathway antagonists/modulators. sFRPs, Cerberus (CER) and WIF-1 prevent the Wnt-Fz 
complex to form and thereby blocking both canonical and non-canonical signaling pathways. 
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Netrin like domains. Early studies in Xenopus, co-expressing Wnts and SFRPs led to 

inhibition of Wnt-mediated dorsal axis duplication, (Finch et al. 1997; Leyns et al. 

1997; Wang, S. et al. 1997b; Xu, Q. et al. 1998) and further biochemical evidence 

concluded that sFRPs work as inhibitors of the Wnt pathway by forming a complex 

with Wnt or/and Fz and thereby sterically hindering ligand-receptor interaction (Bafico 

et al. 1999; Dann et al. 2001). However, recent evidence indicates that sFRP function is 

highly context and concentration dependent (Melkonyan et al. 1997; Üren et al. 2000; 

Yoshino et al. 2001; Galli et al. 2006; Wawrzak et al. 2007).  

5.3.2 sFRPs: Novel modulators of DA neuron development? 

Spatio-temporal mapping of sFRPs revealed a dynamic, partialy overlapping 

expression pattern of sFRP1,2 and Wnt5a in the vMB. However, complementary 

patterns of sFRP1 and Wnt1 (Fig 5.) were also identified (Paper II);(Prakash et al. 

2006). Their early expression pattern indicates an additional putative function of sFRPs 

in DA neurogenesis in establishing, maintaining and refining boundaries in the 

midbrain. sFRP3, conversely to sFRP1-2, is downregulated at the time of birth of DA 

neurons and can only be detected in the VZ area around the sulcus, the border between 

ventral and dorsal midbrain. This finding suggests an earlier function for sFRP3, 

possibly in the ventro-dorsal boundary. In sum, the expression patterns of sFRPs in the 

ventral midbrain exhibit similarities with other areas of the CNS. These finding 

suggested that sFRPs in the ventral midbrain may also serve similar functions as sFRPs 

in other structures, where they form opposing gradients (Chang et al. 1999; Kim, A. S. 

et al. 2001b) or regulate Wnts (Ellies et al. 2000; Kim, A. S. et al. 2001b). 
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Fig 5. Schematic picture representing the spatial distribution of sFRP1-3 compared with Wnt1 and 
Wnt5 expression domains in the vMB at E11.5. 

5.3.3 sFRP1 and sFRP2 exert opposing effects in the developing 

ventral midbrain 

In order to assess the function of sFRP in the developing midbrain we first assessed 

their mode of action. Interestingly, sFRP1, and to less extent sFRP2, acted as 

antagonists of Wnt signaling (inhibiting Wnt3a-mediated β-catenin activation as well as 

both Wnt3a and Wnt5a-mediated Dvl2 phosphorylation) in a DA cell line. However, in 

vMB primary precursor cultures the biological effects of sFRP1 and 2 were opposing. 

sFRP1 decreased whilst sFRP2 increased the number of TH+/Tuj+ neurons, 

BrdU+cells and pyknotic nuclei, even in the presence of the DA neuron enriching 

property of Wnt5a. In accordance with a recent report (Wawrzak et al. 2007) neither 

activation nor inhibition of β-catenin or Dvl by sFRP2 were detected, indicating that the 

interaction only occurs when sufficient ligand is available. The similarity of the 

biological activity of sFRP2 and Wnt1 or Wnt-5a indicated that the observed effects 

could not be explained by Wnt antagonism, and suggested that alternative signaling 

mechanisms must be involved. Hence, sFRP2 may serve two functions; block high 
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6 CONCLUSIONS 

The interplay between extrinsic versus intrinsic signals is a prerequisite for 

development to occur. Secreted factors such as Wnts and sFRPs, their transmembrane 

receptors together with transcription factors of the HMG-box and bHLH family 

mediate signals controlling cell-fate and differentiation. In this thesis we have 

characterized the role of some of these components in dopaminergic neuron 

development. Based on the work hereby presented we conclude:  

  

I) Proneural bHLH and Sox2 proteins are expressed in the developing ventral midbrain. 

* Sox2 and Mash1 label ventricular zone progenitors in the developing midbrain. 

* Ngn2 is expressed in progenitors of the VZ and precursors in the intermediate zone of 

the ventral midbrain.  

* Ngn2 is a partially required for dopaminergic specification and neurogenesis, but not 

for cell cycle exit in the ventral midbrain, whereas 

* Mash1 has a permissive role during ventral midbrain development. 

II) Wnts were identified as important regulators of dopaminergic neurogenesis in vitro. 

* Wnt1 and Wnt-3a induced the proliferation of dopaminergic precursors whereas 

* Wnt5a promoted the differentiation of Nurr1 positive precursors into dopaminergic 

neurons to a greater extent than Wnt1. 

* Wnt-3a did not promote dopaminergic differentiation. 

III) At the initiation of DA neurogenesis 13 Wnts and all Frizzleds are expressed in the 

developing ventral midbrain. 
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* Fz9 was particularly interesting because it was exclusively expressed in midbrain 

progenitor cells and inhibited Wnt5a signaling in vitro.  

IV) sFRP1-3 were identified to be expressed in a dynamic spatial temporal pattern in 

the developing midbrain and several novel functions were identified. 

* SFRP1 block proliferation, differentiation and the effects of Wnt5a in primary ventral 

midbrain neurons in vitro. 

* sFRP2 was shown to work as a Wnt3a or Wnt5a antagonist in vitro but no evidence 

was found in the absence of added ligand or in vivo. 

* sFRP2, by regulating multiple aspect of DA neuron development, such as DA 

neurogenesis, differentiation of DA precursors into DA neurons, and neuritogenesis in 

DA neurons, exhibited a unique activity profile. 

* sFRP3 has a generic pro-neuornal effect directing primary precursor cells in culture 

towards a non DA neuronal fate. 

Fig 6. Summary of Paper I, II, III, IV 
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