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1. Summary 
 

The development of a multi-cellular organism requires orchestration between 

increase in body mass and the generation of a wide variety of cell types. This 

objective is attended by the stem cells in the body during both embryonic and 

postnatal stages. Such stem cells are able to generate either their own kind, in 

order to increase the body mass and/or they are able to generate one cell of their 

own kind and one committed progenitor/differentiated cell, thereby maintaining 

the stem cell pool and at the same time creating a variety of cell types. The 

mechanisms that regulate self-renewal and differentiation in stem cells are of 

major concern in cell and developmental biology. Such mechanistic 

understanding leads to better utilization of stem cells in both research and 

therapeutic approaches. In my thesis I have focused on the developmental 

aspect of neural crest stem cells. These stem cells are versatile in their potential 

and contribute to a wide variety of cell types including the skeletal components of 

the head and face. Molecular dissections of pathways that regulate lineage 

commitments and fate decisions in neural crest have captured a lot of attention.  

 

In my thesis I have mainly elaborated a mechanism underlying the formation of a 

neural crest progenitor from a stem cell during development. Here, using ex vivo 

cultures I have identified a novel cranial neural crest progenitor in the pharyngeal 

apparatus of developing mouse embryos. Using self-renewal and differentiation 

assays, these cells are identified as committed progenitors with limited self-

renewal potential and restricted differentiation potential. These fate-restricted 
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progenitors developed in the pharyngeal apparatus are capable of differentiating 

into ecto-mesenchymal lineages and not into neural lineages. Further, I have 

shown that transforming growth factor β1 (Tgfβ1) induces the switch from neural 

crest stem to progenitor cell ex vivo. Tgfβ1 priming can alter the differentiation 

abilities of trunk neural crest stem cells by downregulating the transcription factor 

Sox10. Also notable is that the loss of Sox10 can suppress neural fates and 

promote ectomesenchymal fates in trunk neural crest. Thus, I have shown here 

the role of Tgfβ-mediated Sox10 suppression in neural crest cells that further 

dictates selective fates during development.  

 

Later in my thesis I have also briefly elaborated the significance of Insulin-like 

growth factor1 (Igf1) signaling in neural crest cells during mouse embryonic 

development. Conditional ablation of the gene encoding type I Igf1 receptor in 

neural crest did not indicate any striking phenotypical change. The mutant 

embryos were born but faced an immediate respiratory arrest and turned 

cyanotic. Gross analysis indicated that migration, proliferation and differentiation 

of neural crest were not affected in spite of the absence of Igf1 signaling.  Further 

examination of neural crest derivatives of heart and craniofacial structures did not 

exhibit any gross developmental defect, thus indicating a marginal role of Igf1 

signaling in neural crest development.  
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2. Zusammenfassung 
 

Die Entwicklung eines multizellulären Organismus erfordert die Koordination von 

Wachstum und der Generierung verschiedener Zelltypen. Dies wird durch das 

Vorhandensein von Stammzellen während der embryonalen und postnatalen 

Entwicklung erreicht. Stammzellen haben die Fähigkeit, einerseits sich selbst zu 

erneuern, um die Stammzellpopulation zu erhalten, und andererseits eine 

Diversität verschiedener, ausdifferenzierter Zelltypen oder determinierter 

Vorläuferzellen hervorzubringen. Es ist ein zentrales Anliegen der zell- und 

entwicklungsbiologischen Forschung geworden, die Mechanismen, welche die 

Selbsterneuerung und Differenzierung von Stammzellen regulieren, zu 

verstehen. Ein besseres Verständnis solcher Mechanismen bildet die Grundlage 

für eine gezieltere Verwendung von Stammzellen in der Forschung und in 

therapeutischen Anwendungen. In meiner Doktorarbeit habe ich mich auf die 

entwicklungsbiologischen Aspekte von Neuralleisten-Stammzellen konzentriert. 

Diese Stammzellen haben das Potenzial zur Erzeugung einer Vielzahl von 

neuronalen und nicht-neuronalen Zelltypen, insbesondere auch von solchen, die 

zu kraniofazialen Strukturen beitragen. Die Analyse der molekularen Signalwege, 

welche die Differenzierung von Neuralleisten-Stammzellen in verschiedene 

Linien regulieren, haben über die letzten Jahre viel Beachtung erhalten. 

 

Während meiner Doktorarbeit habe ich aufgeklärt, wie es zur Entstehung einer 

spezifischen, nicht-neuronalen Vorläuferzelle aus einer Neuralleisten-Stammzelle 
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kommt. Mittels ex vivo Zellkulturen, konnte ein neuartiger kranialer Neuralleisten-

Progenitor im pharyngealen Apparat des sich entwickelnden Embryos identifiziert 

werden. Unter Verwendung von Differenzierungs- und Selbsterneuerungsassays 

zeigte sich, dass diese Zellen eine determinierte Vorläuferzellpopulation mit 

limitierter Selbsterneuerungs- und Differenzierungskapazität darstellen. Diese 

Progenitoren aus dem pharyngealen Apparat differenzieren nur in Zelltypen der 

ektomesenchymalen und nicht in solche der neuronalen Linien. Ausserdem habe 

ich gezeigt, dass transforming growth factor β1 (Tgfβ1) die Konvertierung einer 

Neuralleisten-Stammzelle in eine solche Vorläuferzelle ex vivo induziert. Priming 

mit Tgfβ1 verändert die Differenzierungsmöglichkeiten einer Neuralleisten-

Stammzelle des Rumpfes, indem der Transkriptionsfaktor Sox10 

herunterreguliert wird. Die Deletion von Sox10 in Neuralleisten-Stammzellen des 

Rumpfes, unterdrückt die neuronale Linie und erhöht die Reaktionsfähigkeit auf 

externe Signale, die zur Differenzierung in die ektomesenchymale Linie führen. 

Daher konnte mit dieser Arbeit gezeigt werden, dass die Aktivierung des Tgfβ-

Signalwegs in Neuralleistenzellen Sox10 unterdrückt und während der 

embryonalen Entwicklung zu einem eingeschränkten Differenzierungpotenzial 

dieser Zellen führt. 

 

In einem weiteren Teil meiner Doktorarbeit habe ich die Bedeutung des Insulin-

like growth factor1 (Igf1) Signalwegs während der Embryonalentwicklung der 

Maus in Neuralleistenzellen analysiert. Die konditionelle Deletion des für den 

Igf1-Rezeptor TypI codierenden Gens in Neuralleistenzellen hatte keine 
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phänotypische Veränderung zur Folge. Die mutanten Embryonen wurden zwar 

geboren, litten aber unter einem sofortigen Atemstillstand und wurden 

zyanotisch. Eine Kurzanalyse zeigte, dass die Differenzierung und Proliferation 

der Neuralleistenzellen trotz des fehlenden Igf1-Signalwegs unverändert blieben. 

Die weitere Untersuchung der Neuralleistenzellderivate im Herz und in 

kraniofazialen Strukturen hat keine Entwicklungsdefekte zum Vorschein 

gebracht. Daher scheint der Igf1-Signalweg eine unbedeutende Rolle in der 

Entwicklung der Neuralleistenzellen zu spielen. 
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3. Introduction 
 

3.1. Stem Cells 
 

A key component in the formation of a functional multi-cellular organism is its 

stem cell pool. Stem cells are functionally characterized by their potential to form 

multiple differentiated progenies (multipotency) and their ability to expand in 

either their own kind or their progeny (self-renewal). By virtue of these two 

properties, stem cells are firstly able to expand a single-cellular zygote to a multi-

cellular organism and secondly are capable of generating enormous functional 

diversity by forming multiple and distinct tissue structures and organs (Figure 1). 

                  

Figure 1:  A Characteristics stem cell displaying self-renewal and multipotency. 
 
 
Stem cells in vertebrates are of mainly two groups, the embryonic stem (ES) cells 

and the tissue specific stem cells. ES cells originating from the inner cell mass of 

the blastocyst are placed in the supreme hierarchy of stem cells since they are 
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pluripotent, meaning that they have the potential to give rise to all possible cell 

types in a developing embryo. On the other hand, tissue-specific stem cells are 

lower in the stem cell hierarchy and therefore are restricted progenitors that are 

either unipotent or oligopotent but remains with strict differentiation abilities. 

Tissue-specific stem cells are not only pivotal during developmental stages, but 

also maintain cellular heterogeneity later during adulthood by maintenance of 

respective adult stem cell pools. The existence of ES and adult stem cells has 

strengthened the dimensions of regenerative and cell replacement therapies. 

Broad knowledge regarding isolation, in vitro culturing and lineage-specific 

differentiation of several types of stem cells has played an important role in using 

this population for therapeutic approaches. Recently used induced pluripotent 

stem cells (iPSCs) from somatic origin are one quotable example, where a 

humanized mouse model of sickle cell anemia was treated by replenishment of 

its hematopoietic cell pool (Hanna et al., 2007).  

 

Although, stem cells are essential for maintaining homeostasis, there is also a 

likelihood of them transforming into disease causing components of the body. A 

fine balance between proliferation and differentiation is critical for maintaining 

homeostasis. One striking example of deregulation of stem cell activity is the 

incidence of cancer, where the control over proliferation is breached and leads to 

accumulation of unwanted and non-physiological cell mass. Although cancer is a 

burden to the adult body, the fact cannot be neglected that cancer is mimicry of 

embryonic stages where the motif is to proliferate and expand. The evidence of 
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carcinoembryonic antigens ascertains the reoccurrence of embryonic antigens on 

cancer cells that are otherwise selectively expressed during development (Chu et 

al., 1972). Another example of tight regulation of stem cell functions can be 

appreciated during development, where each stem cell type has a responsibility 

to expand in three dimensions and differentiate into multiple lineages. For 

instance, absence of transforming growth factor β (Tgfβ) signaling in midbrain-

hindbrain junction results in over-proliferation of neural stem cells in that domain 

and further leads to reduced differentiation into neurons (Falk et al., 2008).  

 

One of the widely used model systems for understanding stem cell function are 

the neural crest stem cells (NCSCs). These cells arising from the crest of 

developing neural tube provide a homogenous system for understanding 

complex molecular and signaling networks between stem, progenitor and 

differentiated cells. Here, we recollect our to-date knowledge of factors regulating 

NCSCs, its multipotency, maintenance, and lineage restrictions. There will be an 

explicit introduction to several molecules including transcription factors, growth 

factors and their receptors that affect neural crest development.  

 

3.2. Neural Crest Stem Cells 
 

NCSCs were first described by Wilhelm His as “Zwischenstrang”, a group of cells 

making origin between the developing neural plate border (prospective dorsal 

neural tube) and the epidermal ectoderm. Since then, these cells have gained 
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enormous attention and importance in the field of vertebrate developmental 

biology. The importance of the emergence of NCSCs in evolution can be 

appreciated by the beauty of well-structured jaws and head (craniofacial 

mesenchyme) in vertebrates that mark them distinct from metazoans.  

 

Figure 2:  Induction of neural crest on the dorsal neural tube upon Bmp 
exposure, involvement of Snail and SoxE factors in induction of EMT, role of 
cadherins in delamination of neural crest. Adapted from Dupin et al., 2007. 
 

Induction of the neural crest is believed to be dependent on moderate levels of 

bone morphogenic protein (Bmp) signaling (Sela-Donenfeld and Kalcheim, 

1999); however, migration of NC is dependent on epithelial-to-mesenchymal 
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transition (EMT) that is regulated by the transcription factors snail and slug (Nieto 

et al., 1994), E-cadherin and N-cadherin adhesion molecules (Nakagawa and 

Takeichi, 1998). Additionally, SoxE transcription factors (Sox8, Sox9 and Sox10) 

of high mobility group (HMG) are also involved in neural crest delamination and 

migration (Figure 2) (Cheung and Briscoe, 2003; Cheung et al., 2005; McKeown 

et al., 2005). Sox9 is known to be expressed earliest in premigratory crest, 

quickly followed by Sox10 and later by Sox8. However, these transcription 

factors follow a dynamic expression pattern in the postmigratory crest, meaning 

that Sox9 is expressed later only the ectomesenchymal derivatives and Sox10 is 

only expressed in the neural cell types and melanocytes. Interestingly, Sox10 

relays different functions depending on the expression level, lower levels of 

Sox10 induces differentiation into neural lineages but overexpression data 

suggest its role in maintenance of stem cell state (Kim et al., 2003).  

 

The premigratory neural crest cells thus delaminate and extensively migrate 

throughout the embryonic body in both ventral and dorso-lateral paths. These 

postmigratory NCSCs find their respective postmigratory targets/niches where 

they survive and multiply to either generate committed progenitors or fully 

differentiated cell types (Figure 3). 
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Figure 3:  Migratory potential of neural crest in embryonic body. Ventral and 
dorso-lateral migrating cells populate distinct regions of embryo. Adapted from 
Marmigère et al., 2007. 
 

The hallmarks of NCSCs are its extraordinary migratory potential and its 

impressively versatile array of differentiation potential that was shown by initial in 

vivo graft experiments with labeled neural crest (Bronner-Fraser and Fraser, 

1988). 

 

Upon delamination, NCSCs reach the pharyngeal apparatus (PA), the dorsal root 

ganglia (DRG), the autonomic ganglia (AG), the enteric ganglia (EG), the adrenal 

glands and underneath the developing epidermis (Figure 4). Importantly, in all 

the above mentioned tissue, these cells perform unique functions, in that neural 

crest cells in the PA forms craniofacial ectomesenchyme and smooth muscle 

cells in the cardiac septum of the outflow tract, NCSCs in the DRG, AG and EG 

forms the neural cell types (including sensory, sympathetic and parasympathetic 
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neurons, glia), chromaffin cells of the adrenal gland and NCSCs underneath the 

epidermis generates melanocytes in the skin. 

 

Figure 4:  Postmigratory neural crest tissue in embryonic body and its gross 
migratory pattern.  
 

Preliminary knowledge in the field about neural crest migration and lineage 

contribution was mainly a result of quail-chick neural crest graft experiments (Le 

Douarin, 1980). Later, several other model systems like zebrafish, xenopus and 

mouse were also exploited for the same. There are evidences of multipotency of 

single NCSCs in ex vivo clonal experiments, where single multipotent NCSCs is 

capable of clonal expansion and differentiation (Baroffio et al., 1991). Such 

experiments have shown that the initial multipotent NCSCs with wide 

differentiation profile forms oligopotent progenitor, which can give rise to either 

bipotent, or unipotent restricted progenitors (Figure 5). 
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Figure 5:  Neural crest lineage tree illustrating the steps of fate restriction and 
the logic of transition from stem cell to progenitor cell state. Adapted from 
Baroffio et al., 1991 
 
 
Since the understanding of parameters regulating induction, migration, survival 

and differentiation of NCSCs is better comprehended, it is now possible to isolate 

and culture mouse embryonic NCSCs ex vivo. Since then, stem/progenitor cells 

of neural crest origin have been isolated from early postnatal and adult tissue, 

including the DRG, gut, skin, bone marrow and adrenal gland (Chung et al., 

2009; Nagoshi et al., 2008; Wong et al., 2006).  

 

Intriguingly, these NCSCs in adulthood might not always serve a fair purpose, but 

may undergo de-regulation and lead to cancers. Well-characterized cancers of 

neural crest origin like neuroblastoma and melanoma are proposed as originating 

from neural crest stem/progenitor cells. Given the technical comprehension for 

exploiting neural crest stem/progenitor cells, we could envisage a deeper insight 
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into rather complicated processes like stem cell maintenance, lineage 

commitment, molecular mechanisms underlying oncogenesis and therapeutic 

approaches for treatment of neural crest disorders. 

 

3.3. Instructive Growth Factors and Lineage Commitments in NCSCs 
 

The varied differentiation potential of NCSCs is due to its property to respond to 

distinct growth factor conditions. In vivo, the array of neural crest-derived cells 

ranges from neural, mesenchymal, to melanocytic lineages. However, this wide 

potential of NCSCs cannot be dissected in vivo given the complex growth 

conditions during development. Therefore, there is a need of a less complex 

system to understand the role of specific growth factors in neural crest 

development. This was made possible by the work of Stemple and Anderson, 

who were the first to isolate NCSCs utilizing the expression of p75 neurotrophin 

receptor (p75NTR) in pre-migratory crest (Figure 6) (Stemple and Anderson, 

1992). Migratory NCSCs were isolated from rat embryonic neural tube and 

cultured in clonal conditions and identified as self-renewing multipotent stem 

cells. Such clonal culture system was further exploited to understand 

mechanisms of lineage commitment, instructiveness of certain growth factors 

towards specific lineages. 
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Figure 6:  Ex vivo isolation of trunk neural crest in controlled conditions. 
Overnight incubation leads to migration of neural crest on to culture dish.  
 

Not all the fate decision mechanisms of neural crest lineage are understood until 

now. Smooth muscle cell fate is promoted in NCSCs upon Tgfβ1 exposure (Shah 

et al., 1996). Interestingly, Tgfβ induces smooth muscle fate universally, meaning 

in neural crest explants, dissociated sciatic nerve, DRG and gut. Bmp2, another 

Tgfβ family member, also induces a non-myogenic fate in NCSCs, namely of 

autonomic neurons. However, Bmp2 can also induce smooth muscle cell fate 

occasionally, depending on the cell density. Bmp2 stimulation induces the 

expression of the transcription factor Mash1 that is an early marker of autonomic 

lineage commitment (Shah et al., 1996). On the other hand, Wnt mediated β-

catenin signaling instructs commitment to sensory neuronal lineage (Lee et al., 

2004). Although, Bmp2 and Wnt are instructive factors for neuronal differentiation 

of NCSCs, the combinatorial action of both factors is surprisingly not the 

induction of neuronal fates, rather it is the suppression of differentiation and 

maintenance of stem cell state in NCSCs (Kleber et al., 2005). Neuregulin1 
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(Nrg1) and Notch are known to dictate glial fate in NCSCs (Figure 7) (Leimeroth 

et al., 2002) 

 

Figure 7:  Diagram illustrating instructive factor for neural crest lineage 
commitment. Adapted from Fuchs et al., 2007.  
 

However, instructive factor/s for the melanocytic lineage has not yet been 

characterized ex vivo, although there are several hints of endothelin 3 and stem 

cell factor (Scf) being collaboratively involved in melanogenesis (Lahav et al., 

1996).  

 

Interestingly, the above facts remain true to the trunk neural crest and not to the 

cranial neural crest, indicating a molecular distinction along the spatio-temporal 

axis of neural crest. Lineage commitment in neural crest cell is both dependent 

on the molecular code of the cell, the cellular matrix available at the site of 

migration and the growth factor cocktail available in that microdomain. The 
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cranial neural crest possesses different differentiation potential than the trunk 

neural crest in that the former is capable of forming neurons and glia of facial 

ganglia, melanocytes and majorly contributing to the skeletal structures of face 

and the latter is incapable of forming skeletal derivatives in vivo under 

physiological conditions. The molecular differences of trunk and cranial neural 

crest cells are elicited elsewhere in the introduction. 

 

Although NCSCs explants represent an ingenious ex vivo system to understand 

lineage commitments, it however needs affirmation in in vivo system. 

Interestingly, the data obtained from ex vivo and in vivo neural crest studies are 

mostly complimenting each other, further supporting the fact that neural crest 

explants presents a “close to reality state” system. Due to the fact that most of 

the above-mentioned signaling molecules are important during early 

developmental stages, knockout animal models are lethal in embryonic stages 

and therefore could not be used extensively for studying neural crest functions in 

detail. To evade this limitation, researchers use the Cre/loxP system to obtain 

targeted recombination. In this method the Cre recombinase is expressed under 

the expression of a specific promoter that is expressed in specific cell types and 

excise the loxP sites genetically that flank a gene of interest or a part of it. The 

Cre recombinase is expressed upon activation of the promoter and thereby gene 

ablation is achieved in a conditional manner.  
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Figure 8: Tissue-specific deletion of gene of interest (GOI) using the Cre/loxP 
recombination system. Gene deletion is specifically obtained in the neural crest 
lineage by using Wnt1-Cre transgenic line, where expression is specifically 
limited to NCSCs. 
 

The use of area-specific Cre transgenic lines has opened new ways to analyze 

tissue-specific questions. One such transgenic resource is the mouse expressing 

Cre under the Wnt1 promoter that is specifically and efficiently expressed in the 

neural crest lineage (Figure 8). Several laboratories, including ours, have made 

use of this line to understand the role of certain molecules specifically in the 

neural crest lineage. For instance, conditional inactivation of Tgfβ signaling in 

neural crest by targeted deletion of the gene encoding type II Tgfβ receptor, 

Tgfbr2, leads to absence of neural crest derived smooth muscle cells in the 

aorto-pulmonary septum, which is a part of the outflow tract in the developing 

embryo (Wurdak et al., 2005). This report is consistent with the known function of 
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Tgfβ signaling neural crest cells. In addition, the Tgfbr2 conditional knock out 

(cko) embryos exhibited defects in development of thymus and parathyroid 

glands. Also the craniofacial development in cko embryos was drastically 

affected, indicating the possible role of Tgfβ signaling also in the formation of 

skeletal derivatives. Taken together these defects are anatomically similar to 

DiGeorge Syndrome (DGS) prevalent in human. Further details of DGS are 

described elsewhere in the introductory part. Similarly, deletion of type I Bmp 

receptor has been correlated with developmental defects similar to DGS 

(Kaartinen et al., 2004). In both cascades the canonical signaling is mediated via 

the Smad4 transcription factor. Interestingly, the results of Smad4 deletion in 

neural crest are consistent with previous phenotypes observed; meaning that 

Smad4 plays a role in proper differentiation of craniofacial structures, outflow 

tract septation, sensory and autonomic neurogenesis (Buchmann-Moller et al., 

2009; Ko et al., 2007). Bmp overexpression study in chicken shows its 

contribution in autonomic lineage commitment (Reissmann et al., 1996). The 

canonical Wnt pathway has been shown to be important for the lineage 

determination of sensory neurons in the peripheral nervous system by means of 

β-catenin gain-of-function and loss-of-function experiments (Hari et al., 2002; Lee 

et al., 2004). This role of Wnt in the neural crest lineage is different to its known 

role in most of the other stem cell types, like neural stem cells, embryonic stem 

cells and hematopoietic stem cells where it is important for proliferation and 

maintenance of the stem cell pool and not lineage differentiation.  

 



  Introduction 

 20 

Although there is ample data in the field of neural crest fate decisions, not all the 

fates have been addressed in terms of factor responsiveness towards a specific 

lineage. One such example is the melanocytic lineage that is affected in animals 

with targeted deletion of transcription factors Ap2α and Sox10, loss-of-function of 

β-catenin and endothelin-B receptor (Britsch et al., 2001; O'Brien et al., 2004). 

Another neural crest derivative with a conspicuous instructive factor is the osteo-

chondrocytic lineage. There are several reports that show developmental defects 

in neural crest-derived craniofacial skeleton due to the targeted ablation of 

fibroblast growth factor (Fgf) (Abu-Issa et al., 2002; Frank et al., 2002), sonic 

hedgehog (Shh) (Abzhanov and Tabin, 2004; Washington Smoak et al., 2005), 

Crkl (Guris et al., 2001; Moon et al., 2006), Bmp (Kaartinen et al., 2004; Payne-

Ferreira and Yelick, 2003) and Tgfβ (Wurdak et al., 2005) signaling pathways, 

but exactly how these pathways work alone or in combination is not known.  

 

3.4. Pharyngeal Apparatus and Craniofacial Skeletal Development 
 

One of the hallmarks of a vertebrate body is its craniofacial skeleton that majorly 

is generated by the neural crest cells. The skeletal structures include almost all of 

the bones and cartilage of face and neck including the frontal cranial bone, 

meckel’s cartilage, malleus, incus, stapes, styloid process, stylohyoid ligament, 

hyoid bone, thyroid cartilage, cricoid cartilage, clavicle and tracheal rings.  
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Figure 9: Neural crest derivatives of developing PA. In embryonic stages 
postmigratory cranial NCSCs majorly populate four pharyngeal arches. Later in 
adulthood these cell contribute to bone and cartilage derivatives of the 
craniofacial area. The color code depicts the spatial actual contribution of neural 
crest into respective derivatives. 
 

Fate acquisition of this wide array of skeleton takes place in the pharyngeal 

apparatus (PA), a bilateral, five-arched post-migratory tissue populated with 

cranial NCSCs (Figure 9). The pharyngeal ectoderm plays an important role in 

the migration, survival and differentiation of cranial crest.  

 

Fgf8 (Abu-Issa et al., 2002; Trokovic et al., 2003), Shh (Abzhanov and Tabin, 

2004; Ahlgren and Bronner-Fraser, 1999) and Tbx1 (Jerome and Papaioannou, 

2001), a T-box homeodomain transcription factor, are proclaimed factors that aid 

patterning of cranial neural crest into the PA. Additionally, to achieve flawless 

migration of cranial neural crest cells into the PA, nature has evolved a plan 

where the hindbrain is segmented into seven rhombomeres and each 
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rhombomere is distinct in its molecular pattern. Different rhombomeres express 

different patterns of Hox proteins, homeobox domain transcription factors 

expressed during development along an anterior-posterior axis (McGinnis and 

Krumlauf, 1992). Proper Hox coded segments are crucial for establishing spatio-

temporal patterning and migration of neural crest into the PA (Figure 10) 

(Creuzet et al., 2002). 

 

Figure 10: Hox expression code along the spatio-temporal axis of a developing 
embryo. The diagram illustrates an impressive pattern of distribution of all 
components of four Hox families. The Hox code of cranial NCSCs in PA indicates 
their migratory origin. Adapted from Santagati et al., 2003 
 

Neural crest cells from rhombomeric segment r1 and r2 are known to migrate into 

the first PA, r4 cells into second PA and r6 and r7 into third PA (Figure 11).  
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Figure 11: Hox expression code along the spatio-temporal axis of a developing 
embryo. The diagram illustrates an impressive pattern of distribution of all 
components of four Hox families. The Hox code of cranial NCSCs in PA indicates 
their migratory origin. Adapted from Guthrie, 2007. 
 

As the Hox coded cranial crest reaches different PA arches, they are also 

predetermined for specific fates. For example, the maxillary and mandibular 

components of the first PA always give rise to the upper and lower jaws 

respectively. A prevalent model of understanding the craniofacial development is 

the “preprogramming model”.  This model is based on the evidences that the Hox 

code of pre-migratory crest is maintained also in their respective post-migratory 

tissue, indicating that the crest is delegated to its prospective target tissue. The 

other evidence is from transplantation experiments where a more rostral 

rhombomere when placed in a caudal position gave rise to rostral components 

like jaw indicating that the migratory crest follows its specification already 

acquired in the neural tube. However, there is also contradicting evidence to the 
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above model. For instance, the initially Hoxa2 expressing r2 cranial crest 

populating the PA2 later loses the Hoxa2 expression by the activity of Ap2α that 

is specifically expressed in the PA2, illustrating that maintenance of a Hox code 

in neural crest does not always occur (Maconochie et al., 1999). The classical 

transplantation experiments were informative but at the same time contradictory 

too. Early transplantation assays involving chicken-quail grafts were carried out 

using a large number of cells which led to the inference that preprogrammed 

neural crest cannot attain a fate corresponding to the new environment rather still 

obeys the primed instructions (Mallo and Brandlin, 1997). Later experiments with 

single neural crest cell grafts in mouse and fish embryos showed contradictory 

results that the transplanted cell could attain new fates (Schilling et al., 2001). 

Deeper understanding of such counter-observations is important in order to 

understand the actual fate restrictions and plasticity of neural crest cells. One 

reason to the observed differences in plasticity can be explained if we consider 

graft size and developmental stage of the transplant. The importance of graft size 

in determining plasticity was observed in zebrafish experiments, where less than 

10 cells grafted in neuroepithelium did show plasticity but graft size of more than 

30 cells maintained their Hox code and adopted the predetermined fate. Similar 

transplantation experiments in zebrafish using neural crest from different 

developmental stages showed differences in plasticity (Schilling et al., 2001). 

Cells obtained from 5-somite stage were better adapted to the new 

environmental Hox code and were more plastic than the cells from 15-somite 

stage, which were more resistant to the change in their Hox code. Considering all 
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these observations, explanations and contradictions it is important to redefine 

potentials of NCSCs in comparison to fate restricted progenitors. 

 

Although our understanding of neural crest fate determinations is appreciable, 

the comprehension of molecular regulation of neural crest at spatio-temporal axis 

is poor even today. The potential of cranial and trunk neural crest is different, but 

a molecular logic for such difference has not been addressed carefully yet.   

 

Figure 12: Spatio-temporal plasticity of neural crest. Cranial and trunk neural 
crest capable of forming all neural crest lineages in vivo, with one exception in 
that trunk neural crest is limited in forming osteo-chondrocytic lineage as 
indicated. Adapted from Abzhanov et al., 2003.  
 

Evidences of plasticity of cranial and trunk crest cells are also contradictory. 

While both cranial and trunk neural crest cells gives rise to neurons, glia and 

melanocytes, the ability of forming bones and cartilage is only limited to the 

cranial neural crest in vivo (Figure 12) (Abzhanov et al., 2003). However, this 

notion has been challenged by showing the wider potential of trunk crest cells by 
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culturing them in conditions promoting forced chondrocytic differentiation 

(McGonnell and Graham, 2002). Until today we don’t know how the spatial origin 

of neural crest confers distinction in plasticity.  

 

3.5. Neurocristopathies: DiGeorge Syndrome 
 

The neural crest being a major player during development is also at major risk 

towards contributing developmental defects. Disorders caused by defective 

induction, migration, proliferation and differentiation of neural crest are classified 

as neurocristopathies. Neurocristopathies fall into two major subgroup; tumors 

and congenital disorders. Better-characterized neural crest-derived tumors are 

neuroblastoma, medullary thyroid carcinoma, pheochromocytoma and 

melanoma. Even better characterized are the congenital neurocristopathies that 

include both rare and more common disorders like Hirschsprung disease, cleft 

lip/palate defects, conotruncal heart malformations and congenital melanocytic 

nevi. Here, I will only elaborate congenital palatal cleft closure and conotruncal 

heart defects since they are arising due to malformation of the PA and of concern 

to the project. Most of the cleft closure defects and craniofacial deformity are 

derived from poor development of the cranial crest from mid and hindbrain that 

migrates into the maxillary and mandibular component of the first PA. Similarly, 

impaired migration, proliferation or differentiation of cardiac crest in the outflow 

tract leads to a condition known as persistent truncus arteriosus (PTA). In this 

condition, the septation between the pulmonary trunk and aorta is missing and 
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leads to impaired blood circulation in the neonates leading to cyanosis followed 

by respiratory arrest and death.  In medical terms a combination of these two 

defects, in addition to some others, is coined as DiGeorge Syndrome (DGS). 

This syndrome is a complex disorder with multiple defects including PTA, 

craniofacial deformity, cleft palate, underdeveloped or absent thymus and 

parathyroid glands and learning disabilities.  

 

This congenital disorder has obtained a lot of concern and understanding 

towards its molecular etiology. In most human DGS patients a large chunk from 

chromosome 22 is deleted (known as del22q11) and phenocopies the mouse 

model of DGS with a deletion of a part of chromosome 16. Several evidences 

indicate that DGS results due to combinatorial defects arising from the cranial 

neural crest and the pharyngeal endoderm (Bockman et al., 1987). Therefore, 

this neural crest-derived anomaly can also occur as a result of non-autonomous 

defect of the neural crest, as the pharyngeal endoderm is also responsible for the 

migration, patterning, survival and differentiation of cranial crest cells (Couly et 

al., 2002). Among the best-studied culprits of DGS are Fgf8 and Tbx1, a T-box 

transcription factor. Fgf8 is known to be present in the facial ectoderm and 

pharyngeal endoderm and is known to induce and maintain proliferation of 

cranial crest (Abu-Issa et al., 2002). Haploinsufficiency of Fgf8 in mouse leads to 

defects similar human DGS patients (Frank et al., 2002). Tbx1 is expressed in 

the pharyngeal endoderm and certain areas of the outflow tract. Tbx1 

haploinsufficiency in mouse leads to conotruncal heart anomalies similar to DGS 
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patients (Jerome and Papaioannou, 2001; Vitelli et al., 2002a). Additionally, Tbx1 

can upregulate the expression of Fgf10, an Fgf family member that has similar 

expression pattern as Fgf8 and also falls into the Fgf8-Fgf10 auto-regulatory loop 

(Hu et al., 2004; Vitelli et al., 2002b).  

 

Figure 13: Molecular dissection of the etiology of DiGeorge Syndrome. The 
diagram illustrates key players involved in the development of pharyngeal 
derivatives Adapted from Wurdak et al, 2006. 
 
Other defective molecular components that are pivotal in the etiology of DGS are 

CrkL and Tgfbr2 (Guris et al., 2001; Wurdak et al., 2005). CrkL is an adapter 

protein that lies downstream to several receptor tyrosine kinases. The gene 

encoding CrkL lies in the mouse analogue of del22q11, and its deficiency in 

mouse leads to similar congenital defects like DGS. Furthermore, CrkL is also 

known to interact with Fgf8 activated-Fgfr1 and Fgfr2. Abrogation of CrkL-

mediated signal transduction is also described to cause DGS defects in mouse 

embryos with ablation of Tgfbr2 signaling in neural crest. Tgfbr2 ablated mouse 
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model of DGS phenocopies craniofacial defects, PTA, thymus and parathyroid 

glandular defects. Additionally, mutations in TGFBR1 and TGFBR2 in human 

families are also characterized with craniofacial and cardiac defects displaying 

milder forms of DGS (Loeys et al., 2005). These data point towards a critical role 

of defective growth factor signaling in the etiology of DGS, in particular the Tgfβ 

signaling (Figure 13).  

 

3.6. Transforming Growth Factor β Signaling 
 

Tgfβ family comprises of structurally related growth factors that are capable of 

relaying distinct array of biological processes like, proliferation, motility, adhesion, 

differentiation, lineage commitment and cell death. Tgfβ family consists of several 

ligands that include Bmp, growth and differentiation factor (Gdf), Activins, Glial 

derived neurotrophic factor (Gdnf) and Tgfβ. The cognate signaling receptors of 

Tgfβ family members fall into three major categories, the Activin receptors, the 

Tgfβ receptors and the Bmp receptors (Massague, 1998). These transmembrane 

molecules are further distinguished into type I and type II receptors based on 

their structural and functional properties (Figure 14).  

 

The Tgfβ family ligands are held together by disulfide bonds knows as cystine 

knots and each ligand monomer binds to another monomer by hydrophobic 

bonds to form dimer. This dimeric structure of the ligand is suggested to facilitate 

the physical interaction of type I and type II receptors. Two modes of ligand 
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binding has been described: the first involves the direct binding of ligand to type 

II receptor followed by type I interaction to the ligand-receptor complex and the 

second mode involves the cooperative mode where the ligand simultaneously 

binds to type I and II receptor. Apart from the cognate type I and type II 

receptors, there exists also accessory receptors for Tgfβ ligands. Two known 

accessory receptors are betaglycan and endoglin; both are transmembrane 

receptors that share homology with each other. Betaglycan can bind to all the 

Tgfβ ligands, but endoglin can only bind to Tgfβ1 and Tgfβ3 (Cheifetz et al., 

1992; Cheifetz and Massague, 1991). However, the functions of these accessory 

receptors are unclear. 

 

Tgfbr1 remains unphosphorylated in its basal state unlike Tgfbr2. The basal 

phosphorylation of Tgfbr2 is on a serine residue and has been shown to be trivial 

for the signal transmission (Wrana et al., 1994). Other phosphorylation sites 

within Tgfbr2 are dependent on ligand binding and have functional relevance. 

Ligand binding on Tgfbr2 initiates phosphorylation of its kinase domain followed 

by its enzymatic and physical interaction with Tgfbr1. Tgfbr2-mediated 

phosphorylation of Tgfbr1 activates the downstream molecules called Smad 

proteins. The Smad proteins are subdivided into three categories based on their 

function, R-Smads are receptor-Smads that directly interact with phosphorylated 

receptors, Co-Smads that interact with activated R-Smads and the antagonistic 

Smads that inhibit the function of other two Smads (Massague and Wotton, 

2000).  
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R-Smads for Bmpr1 are Smad1, 5, 8 and R-Smads for Tgfbr1 and Activin 

receptor1 are Smad2 and 3. These R-Smads work in conjunction with Co-Smad 

to carry out their gene regulatory roles. The only known Co-Smad to date is 

Smad4 that participates in activated Bmp, Tgfβ and Activin receptor pathways. 

The known antagonistic Smads are Smad6 and 7, where the former preferentially 

inhibits Bmp signaling and the latter inhibits Tgfβ and Bmp signaling (Figure 14). 

 

Figure 14: An illustration of Tgfβ family signaling components and cascades. 
The model describes all ligands, receptors, Smads and their mode of action with 
each other. Adapted from Dijke and Arthur, 2007.   
 

The activation of Smads is regulated by phosphorylation at serine residues. Upon 

Bmp2 or 4 signals, Smad1 is phosphorylated, Tgfβ or Activin activation can 
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phosphorylate Smad2 and Smad3 is phosphorylated only by Tgfβ ligands. 

Further, these receptor activated R-Smads bind to Smad4 and the whole 

complex is translocated into the nucleus to regulate gene transcription. 

 

Several gene responses upon Tgfβ pathway activation take place. One amongst 

them is cell growth/proliferation/cycle arrest. Tgfβ introduces cell cycle arrest by 

inactivating/downregulating the cyclins and cyclin dependent kinases (cdk), on 

the other hand it also functions by activating inhibitors of cell cycle like cdk 

inhibitors p15 and p21 (Datto et al., 1995a). p15 and p21 are shown to contain 

Tgfβ responsive elements at their transcriptional start sites (Datto et al., 1995b). 

Tgfβ molecules can also induce immediate downregulation of pro-proliferative 

molecules like myc (Alexandrow and Moses, 1995). Thus Tgfβ family members 

can directly persuade cytostatic role in cells. 

 

Here we sought of testing the role of Tgfβ signaling in NCSCs during 

development. Since the ablation of Tgfbr2 in neural crest leads to anomalies 

similar to DGS that is in turn is derived from malformation of PA, we 

hypothesized the role of Tgfβ signaling in the early development of neural crest-

derived PA cells. We have characterized Tgfβ gain-of-function and loss-of-

function conditions ex vivo and in vivo in order to dissect the molecular 

mechanism of DGS etiology.  
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Additionally, we have also analyzed the role of Igf signaling in neural crest by 

means of deleting the Igf1r1 gene in neural crest. Since Igf1 signaling is a well-

known growth-promoting component during development, we wanted to examine 

its role specifically in neural crest development.   

 

Thus, in my thesis I have elucidated the role of growth factors that elicit distinct 

functional roles, meaning Tgfβ that is known as a cytostatic molecule and Igf1 

that is knows as growth promoting molecule.  
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4.1. Abstract 
 

The neural crest (NC) is an embryonic structure in vertebrates that generates 

most of the peripheral nervous system, pigment cells in the skin, and 

mesenchymal cells in the head. It is assumed that this structural diversity is 

achieved by neural crest-derived stem cells (NCSCs) endowed with a broad 

potential and self-renewal capacity. Although NCSCs can be found after 

emigration from the neural tube in neural crest target tissues, neural crest-

derived cells undergo fate restrictions during development. This led to a model 

according to which progressive restrictions in the potentials of multipotent stem 

cells eventually lead to the generation of committed cells. Here we present an 

alternative model and provide evidence that NCSCs, rather than undergoing 

gradual restrictions in potentials, switch their potentials during development. 

Short term Tgfβ exposure promotes the transition from a NCSCs with neural 

potential to a progenitor cell, in which Tgfβ-mediated suppression of neural 

potentials is accompanied by gain of mesenchymal potentials. This switch in 

potentials involves the transcription factor Sox10, in that loss of Sox10 upon Tgfβ 

priming or gene inactivation confers chondrocytic potential to NC cells. It remains 

to be shown whether acquisition of new potentials during development is a 

general feature of stem cells other than NCSCs. 
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4.2. Introduction  
 

Neural crest stem cells (NCSCs) are multipotent cells that during vertebrate 

development arise from the dorsal margins of the neural tube. Although NCSCs 

can generate a versatile array of cell types, the mode of lineage segregation is 

not yet fully understood, and it remains to be shown whether all known fates of 

the neural crest (NC) are derived from a single multipotent stem cell or from 

lineage-restricted progenitors. Evidence for multipotency of NCSCs was provided 

in a classical avian in vivo injection experiment, where individually labeled trunk 

NC cells migrated away from the neural tube in a characteristic pattern and gave 

rise to multiple lineage descendants, including sensory neurons, glia, 

melanocytes, and adrenomedullary cells (Bronner-Fraser and Fraser, 1988; Le 

Douarin et al., 2008). Similarly, in vitro clonal experiments with cranial and trunk 

crest revealed the presence of multipotent NCSCs along with committed NC 

progenitors that predominantly produced chondrocytes, glial cells, neurons, 

myofibroblasts or melanocytes (Le Douarin et al., 2008). Recently, a relatively 

scarce population of early cranial NC cells has been identified that possesses 

neural as well as mesenchymal potential, able to generate cell lineages as 

diverse as neurons, glia, melanocytes, smooth muscle, cartilage, and bone from 

a single cell (Calloni et al., 2007; Calloni et al., 2009). Various findings suggest 

the presence of initially multipotent cranial NCSCs that follows a path of gradual 

fate restrictions and lineage commitment over developmental ontogeny (Le 

Douarin et al., 2004).  
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Fate and potential of NCSCs are depending on their axial position, as trunk, 

cardiac, and cranial crest cells display dissimilarities in their differentiation 

abilities. For a long time, the potential to generate chondrocytes and osteocytes 

has exclusively been attributed to cranial NC cells (Le Douarin et al., 2004). Such 

a restriction due to rostro-caudal specification in NC lineages has been 

challenged by culturing trunk NC cells in tailor-made chondrogenesis-permissive 

media for a prolonged time period, leading to the emergence of mature 

chondrocytic markers (Ido and Ito, 2006; McGonnell and Graham, 2002) 

However, in clonal cell culture assays of trunk NC cells, multipotent progenitors 

with neural as well as mesenchymal potentials were very rare (Calloni et al., 

2007; Calloni et al., 2009), and trunk NC was ineffective in forming cartilage after 

transplantation in vivo (Lwigale et al., 2004). These combined data points to the 

necessity to find a bona fide instructive factor that could induce cartilage and 

bone formation in NCSCs at a precise time and location during development.  

 

Pharyngeal apparatus (PA), the harbor tissue for migratory cranial NC cells, 

plays a pivotal role in development of craniofacial cartilage and bones, endocrine 

glands (thyroid, parathyroid and thymus) and the outflow tract septum of the 

developing heart (Chai et al., 2000; Graham, 2003; Jiang et al., 2000). In 

accordance with the significance of PA during development, disturbances in the 

development of PA components lead to severe congenital disorders, such as 

DiGeorge Syndrome (DGS) (Wurdak et al., 2006). Numerous mouse models 

have been exploited to understand the etiology and phenotype of DGS which 
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includes mice with conditional deletion of transforming growth factor β (Tgfβ) 

signaling in NCSCs (Chai et al., 2003; Guris et al., 2001; Ito et al., 2003; Jerome 

and Papaioannou, 2001; Moon et al., 2006; Wang et al., 2006; Wurdak et al., 

2005). For instance, absence of the Tgfβ receptor type II (Tgfbr2) in NCSCs 

leads to phenotypical defects in virtually all NC-derived PA structures, impaired 

phosphorylation of CrkL (a Tgfβ signal modulator often deleted in DGS patients) 

and reduced levels of mRNA encoding the transcription factor Sox9 (Wurdak et 

al., 2005). In addition, mutations in TGFBR1 or TGFBR2 are correlated with 

craniofacial, cardiovascular, skeletal, and cognitive disorders in human families 

(Loeys et al., 2005). As in the PA, Tgfβ family signaling has been reported to 

induce Sox9 expression during limb chondrogenesis and to regulate 

chondrogenesis-specific enhancers of Sox9 (Chimal-Monroy et al., 2003). In 

agreement with these findings, Sox9 plays an important role in the development 

of PA-derived osteo-chondrocytic progenitors and in the formation of cardiac 

valves and septa (Akiyama et al., 2004; Akiyama et al., 2005; Mori-Akiyama et 

al., 2003). 

 

Given the tight association of Tgfβ signaling with the development of NC-derived 

PA tissues, it is conceivable that Tgfβ acts on a putative PA progenitor cell 

common to these tissues. Alternatively, Tgfβ might elicit multiple and 

independent lineage-specific effects on committed progenitors to regulate the 

development of distinct PA structures. Both multipotent NC-derived cells and 

progenitors committed to mesenchymal fates have been isolated from the PA of 
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chicken and rodent embryos (Ito and Sieber-Blum, 1993; Zhang et al., 2006). 

Here, we have characterized a NC-derived PA cell in mouse embryos that is able 

to generate mesenchymal, but not neural cell types. Tgfβ controls proliferation of 

this progenitor and promotes its formation from NCSCs. The latter involves 

downregulation of the multipotency factor Sox10, which is functionally relevant 

for the acquisition of mesenchymal potentials. Thus, Tgfβ coordinates cellular 

and molecular processes underlying proper PA development. 
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4.3. Results 
 

4.3.1. In Vitro Characterization of Neural Crest-Derived PA Progenitor Cells 

 

In order to analyze the contribution of NC cells to the developing PA, we mapped 

the fate of NCSCs by crossing R26R female mice with males expressing Wnt1-

Cre transgene, where b-galactosidase is stably expressed in NC cells and their 

progeny (Danielian et al., 1998; Soriano, 1999). Resulting recombined embryos 

at embryonic day 10.5 (E10.5) were analyzed using whole mount X-Gal staining 

(Figure 15A; arrow pointing to the PA). The PA was dissected out from 

recombined E10.5 embryos, and adherent cultures of dissociated single cell 

suspension were stained with X-Gal (Figure 15B). Using bright field microscopy 

images, we quantified X-Gal stained cells and found a very high percentage 

(89.05±2.5%) of PA cells was derived from the NC, in agreement with previous 

results (Zhao et al., 2006). In similar adhesive cultures, we examined the 

expression of p75 neurotrophin receptor (p75NTR) and Sox10 transcription factor, 

classical markers of NCSCs (Figure 15C) (Paratore et al., 2001; Stemple and 

Anderson, 1992). A high fraction of the population expressed p75NTR, while only 

few cells were positive for Sox10. Additionally, we analyzed expression of Sox9 

transcription factor, which plays a crucial role in the formation of PA derived 

osteo-chondrocytic structures and observed a majority of the population 

expressing Sox9 (Figure 15D). 
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Figure 15 (A-D): Characterization of PA cells. (A) Whole mount X-Gal staining of 
a Wnt1-Cre; R26R embryo at E10.5, arrow marking PA. (B) Adherent E10.5 PA 
culture stained with X-Gal. (C) Adherent PA cells stained for the NCSCs markers 
p75NTR and Sox10. (D) PA culture stained for Sox9. 
 

Furthermore, we analyzed the ex vivo differentiation potential of PA cells. To 

analyze the myogenic potential, adhesive PA cells were cultured in undefined 

growth medium (GM) with or without Tgfβ1, as it is known that Tgfβ1 instructs 

smooth muscle cell formation in NC cells (Shah et al., 1996).  

 

Figure 15 (E-F): Myogenic potential of PA cells. (E and F) SMA and Calponin 
expression in PA cells in GM and Tgfβ1-supplemented GM. 
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In PA cells, acquisition of a smooth muscle cell fate was not dependent on the 

supplementation of Tgfβ1, as cells cultured in growth medium expressed smooth 

muscle actin (SMA) and Calponin after 2 days of culture, irrespective of Tgfβ1 

addition (Figures 15E and 15F).  

 

Figure 15 (G-L): Mesenchymal potential of PA cells. (G and H) Collagen-II 
expression in PA cells cultured in GM and CM respectively. (I and J) Alcian blue 
staining in PA cells cultured in GM and CM respectively. (K and L) Alizarin red 
staining in PA cells cultured in GM and OM. 
 

Since PA cells extensively contribute to the formation of facial skeletal structures, 

we sought to analyze the osteo-chondrogenic potential of PA cells. In order to do 

so, cells were cultured either in control GM or in chondrogenesis permissive 
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medium (CM; see Experimental Procedures) to induce differentiation. High cell 

density structures were visible after 10 days of culture in CM; further analysis by 

immunocytochemistry for Collagen-II confirmed the presence of chondrocytes, 

while no chondrocytes were visible in the GM (Figures 15G and 15H). 

Additionally, alcian blue dye was utilized to visualize the presence of 

chondrocytic cell types (Figures 15I and 15J). To assay the osteogenic potential 

of PA cells, we cultured them in osteogenesis permissive medium (OM; see 

Experimental Procedures) for 18 days and stained with Alizarin red dye. Staining 

revealed the presence of osteocytes in OM conditions with added growth factors, 

but not in control conditions (Figures 15K and 15L).  

 

Figure 15 (M-N): Lack of neural potential of PA cells. (M) PA cells cultured in 
FCS-forskolin cocktail stained negative for NF160 and FABP7. (N) BMP2-treated 
PA cells were negative for NF160 and positive for SMA. Scale bars: (A), 2mm; all 
others, 50µm. 
 

To analyze whether NC-derived PA cells displayed neural potential, the cells 

were cultured in a differentiation cocktail containing fetal calf serum (FCS)-

forskolin for 8 days; under these conditions, NCSCs give rise to neurons, glia, 

and smooth muscle (Sommer et al., 1995). Surprisingly, PA cells failed to 

differentiate into neural cell types as shown by immunocytochemistry for 

neurofilament 160 (NF160) and fatty acid binding protein 7 (FABP7) (Figure 
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15M). To further confirm the lack of neural potential, PA cells were treated with 

bone morphogenic protein 2 (Bmp2), an instructive factor inducing autonomic 

neurogenesis in NCSCs (Shah et al., 1996). Again, rather than becoming 

neurons, PA cells gave rise to SMA-positive smooth muscle cells, an alternative 

fate induced by Bmp2 (Figure 15N). 

 

4.3.2. Self-Renewal Potential of PA Progenitor Cells 

 

In order to determine the self-renewal potential of PA cells, single cells were 

cultured in sphere medium permissive for self-renewal of NCSCs (Fuchs et al., 

2009). We observed that PA cells possessed a limited sphere forming potential 

and could only be passaged efficiently up to three passages. The number of 

spheres generated from an initial population of 10,000 cells was 49.80±3.9 in the 

1° passage, 23.00±2.8 in the 2° passage, 19.40±2.4 in the 3° passage, and 

3.00±0.5 in the 4° passage (Figure 16A). Moreover, the ratios of sphere numbers 

obtained from 2°/1° (0.46±0.06), 3°/2° (0.85±0.1), and 4°/3° passages 

(0.15±0.02) indicated a limited self-renewal potential of PA cells that is 

characteristic for progenitors rather than stem cells (Figure 16B). To assess 

maintenance of PA progenitor cell identity upon passaging, 2° sphere cells were 

dissociated and immunostained for p75NTR, Sox10, and Sox 9, revealing the 

presence of cells with an expression pattern comparable to the one of primary 

PA cells (Figures 16C and 16D). 
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Figure 16 (A-D): Self-Renewal Potential of PA Cells. (A) Graph represents 
number of PA spheres per 10,000 cells over four passages. (B) Graph shows the 
ratio of PA sphere numbers in consecutive passages, indicative for self-renewal 
activity. (C and D) p75NTR, Sox10 and Sox9 expression in 2° sphere cells. Data 
represent mean ± SD and error bars represent ± SEM. 
 

Likewise, the differentiation potential of 2° sphere cells was similar to that of 

primary PA progenitor cells. In particular, smooth muscle cell fate was attained 

by sphere cells in GM with or without adding Tgfβ1 (Figures 16E and 16F), while 

chondrocytic clusters formed only upon culturing in CM (Figures 16G and 16H) 

and osteocytes upon culturing in OM (Figures 16I and 16J). Furthermore, 

comparable to primary PA progenitor cells, 2° sphere cells lacked the capacity for 

neural differentiation and formed neither NF160-positive neurons nor FABP7-

expressing glia upon exposure to a differentiation cocktail containing FCS-

forskolin (Figure 16K). Similarly, treatment of sphere cells with instructive growth 

factor Bmp2 led to the formation of smooth muscle, but did not yield any 

neuronal cells (Figure 16L).  
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Figure 16 (E-J): Myogenic and mesenchymal differentiation potential of 2° 
sphere cells. (E and F) SMA expression in control or Tgfβ1-treated cells. (G and 
H) Collagen-II expression in sphere cells cultured in GM or CM. (I and J) Alizarin 
red staining in 2° sphere cells cultured in GM or OM. 
 

In sum, our data identifies a novel NC-derived progenitor cell type in the PA 

endowed with mesenchymal but not neural potential and with limited self-renewal 

capacity. 
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Figure 16 (K-L): Neural differentiation potential of 2° sphere cells. (K) 2° sphere 
cells cultured in FCS-forskolin and immunostained for NF160 and FABP7. (L) 2° 
sphere cells cultured in BMP2 and stained for NF160 and SMA. Scale bars, 
50µm. 
 

4.3.3. In Vitro Development of PA Progenitor-Like Cells from NCSCs upon Tgfβ1 

Priming 

 

Since Tgfβ signal inactivation leads to defects in all NC derivatives of the PA 

(Wurdak et al., 2005), it is conceivable that Tgfβ affects the generation, survival, 

proliferation, and/or differentiation of a progenitor common to these derivatives. 

To assess whether generation of such a mesenchymal PA progenitor can be 

promoted by Tgfβ, we treated trunk NCSCs with different concentrations of Tgfβ1 

for different time intervals (data not shown). Intriguingly, after priming of NCSCs 

for 4 hrs with 0.5ng/ml Tgfβ in a defined medium (SN1; see Experimental 

Procedures), NC explants revealed absence of Sox10, unlike control cells, while 

expression of p75NTR was maintained as in the control (Figures 17A and 17B). 

Furthermore, expression of Sox9 was upregulated in Tgfβ 1-primed explants on 

sister plates, but not in the untreated control plates (Figures 17C and 17D). 

Although Tgfβ1 induces smooth muscle cell fate in NCSCs upon prolonged 

incubation, SMA-positive cells were not present after 4 hrs of Tgfβ1 priming of 

NCSCs (data not shown). 
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Figure 17 (A-E): Tgfβ1 priming of NCSCs. (A) p75NTR and Sox10 expression in 
untreated NC cells. (B) Expression of p75NTR and Sox10 after priming with Tgfβ1 
for 4 hrs. (C) Sox9 expression in control NC cells. (D) Sox9 expression after 
priming with Tgfβ1 for 4 hrs. (E) Model below gives a summary of the 
experiment. 
 

Thus, Tgfβ1 priming induced changes in marker expression consistent with a 

transition from NCSCs to PA progenitor cells. To further address this hypothesis, 

we investigated the developmental potential of PA progenitor-like cells generated 

from NCSCs. In order to do so, sister plates with trunk NC explants were divided 

into two sets, with or without Tgfβ1 priming. These sets were then further 

cultured in various differentiation conditions. 
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Figure 17 (F-L): Mesenchymal potential of Tgfβ1 primed NCSCs. (F and G) SMA 
expression in control and Tgfβ1-primed NC explants, respectively, cultured in 
GM. (H and I) Collagen-II expression in control and in Tgfβ1-primed NC explants 
cultured in CM. (J and K) Alizarin red staining in control and Tgfβ1-primed NC 
explants cultured in OM. (L) Summary of the experiment. 
 

To test the myogenic potential, Tgfβ1-primed and unprimed NC explants were 

incubated for 2 days in GM. While control cells only occasionally expressed SMA 

antigen (Figure 17F), priming with Tgfβ1 readily promoted smooth muscle 

generation in NCSCs (Figure 17G). Similarly, NCSCs without Tgfβ1 priming did 
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not form chondrocytes when cultured in CM, as assessed by Collagen-II 

immunostaining (Figure 17H). In contrast, priming with Tgfβ1 enabled trunk 

NCSCs to respond to CM and to form chondrocytes (Figure 17I). Upon culture in 

OM, control explants without Tgfβ1 priming did not display alizarin red staining 

indicating absence of osteocytes (Figure 17J). Tgfβ1-primed NCSCs cultured in 

OM, however, displayed osteogenesis (Figure 17K).  

 

Figure 17 (M-Q): Lack of neural potential in Tgfβ1 primed NCSCs. (M and N) 
Control and Tgfβ1 primed cells cultured in FCS-forskolin and immunostained for 
NF160 and FABP7. (O and P) NF160 and SMA expression in control and Tgfβ1 
primed cells treated with BMP2. (Q) Summary of the experiment. Scale bars, 
50µm. 
 

We next tested the effect of Tgfβ1 priming on the neural potential of NC cells. 

Upon culturing in FCS-forskolin without prior treatment to TGFβ1, NCSCs formed 
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NF160-expressing neurons and FABP7-expressing glia (Figure 17M). In contrast, 

in the same conditions, Tgfβ1-primed cells neither differentiated into neurons nor 

glia (Figure 17N). To ascertain the lack of neural potential in Tgfβ1-primed NC 

cells, we cultured both primed and unprimed NC explants with the neurogenic 

instructive factor Bmp2 and observed that only unprimed control cells, but not the 

Tgfβ1-primed explants were capable of undergoing neuronal differentiation 

(Figures 17O and 17P). We conclude that Tgfβ1 priming alters the marker 

expression and differentiation potential of trunk NCSCs by enabling them to 

acquire various mesenchymal fates, while loosing the ability to form neural cell 

fates. Thus, Tgfβ1 primed NC cells display a potential reminiscent of primary PA 

progenitor cells. 

 

4.3.4. Fgf8-Induced Sox9 Expression is not Sufficient to Elicit Competence for 

Mesenchymal Fates in NC Cells 

 

As Fgf8 is known to promote chondrogenesis in vivo (Abzhanov and Tabin, 2004; 

Sasaki et al., 2006; Vitelli et al., 2006), we also tested the effect of Fgf 8 on trunk 

NC explants in the same conditions as used before for Tgfβ priming. First, we 

analyzed the expression of p75NTR, Sox10, and Sox9 after exposure of NCSCs to 

50ng/ml Fgf8 for 4hrs. Comparable to Tgfβ treatment, Fgf8-primed NC cells 

maintained p75NTR expression (Figures 18A’ and 18A), and Sox9 expression was 

also induced in virtually all Fgf8-primed cells (Figure 18B).  
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Figure 18 (A’-B): Fgf8 priming of NCSCs. (A’, A’’ and A) p75NTR and Sox10 
expression in Fgf8-primed NCSCs. (B). Sox9 expression in NC explants after 
priming with Fgf8 for 4 hrs. 
 

However, unlike Tgfβ1 priming, treatment with Fgf8 did not efficiently 

downregulate Sox10 expression (Figures 18A’’ and 18A). Moreover, the 

myogenic potential of Fgf8-primed NC cells was dissimilar to that of Tgfβ1-

primed cells, as Fgf8 priming did not promote a smooth muscle cell fate in 

NCSCs (Figure 18C). On the contrary, NC explants primed with Fgf8 and 

subsequently treated with Tgfβ1 were able to generate SMA-positive cells 

(Figure 18D). Intriguingly, Fgf8-primed NC cells also lacked the competence to 

respond to chondrogenic and osteogenic cues in appropriate culture conditions 

and did not form any cells labeled for Collagen-II immunostaining (Figure 18E) 

and for alizarin red staining (Figure 18F). 
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Figure 18 (C-I): Differentiation potential of Fgf8-primed neural crest cell. (C and 
D) SMA immunostaining on Fgf8-primed NC explants cultured with or without 
Tgfβ1. (E) Collagen-II expression in NC explants primed with Fgf8 and further 
cultured in CM. (F) Alizarin red staining in NC explants primed with Fgf8 and 
cultured in OM. (G) NF160 and FABP7 immunostaining in Fgf8-primed NC cells 
cultured in FCS-forskolin. (H) NF160 and SMA immunostaining on Fgf8 primed 
NC cells cultured in Bmp2. (I) Model below gives a summary of the results. Scale 
bars, 50µm. 
 

To analyze the ability of Fgf8-primed cells to form neurons and glia, we cultured 

NC cells with FCS-forskolin after short-term exposure to Fgf8. These conditions 

allowed the generation of FABP7-expressing glial cells, although neurons were 
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scarcely formed (Figure 18G). Fgf8-primed cells indeed possessed the potential 

for neurogenesis, as many NF160-positive neuronal cells, but not SMA-positive 

cells, emerged in the presence of Bmp2 (Figure 18H). Thus, Fgf8 priming of 

NCSCs led to the appearance of cells co-expressing Sox10 and Sox9. Similar to 

untreated Sox10-positive/Sox9-negative NCSCs, these cells displayed the 

potential to acquire neural fates but not to respond to signals inducing 

mesenchymal fates. These data indicate that Tgfβ cannot be substituted by Fgf8 

in promoting non-neural fates in NCSCs. Furthermore, expression of Sox9, a 

factor implicated in smooth muscle formation and osteochondrogenesis, is not 

sufficient per se to endow NC cells with the competence to form these non-neural 

lineages. 

 

4.3.5. Tgfβ Signal Inactivation Results in Delayed and Limited Differentiation of 

PA Cells 

 

As preceding results indicated a specific role of Tgfβ1 in regulating mesenchymal 

fates in NC-derived cells, we analyzed the differentiation potential of PA cells 

isolated from E10.5 embryos, in which Tgfbr2 had been conditionally deleted in 

NCSCs by means of Wnt1-Cre-mediated gene recombination (Wurdak et al., 

2005). Control and Tgfbr2 conditional knockout (cko) cells were cultured in GM 

for 24 hrs and immunostained for differentiation (SMA) and proliferation (Ki67) 

markers (Figures 19A and 19B). At this time point, a high fraction of postmitotic 

fully differentiated SMA-expressing cells (Figure 19A; arrow) was observed in the 

control.  
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Figure 19 (A-E): Delayed differentiation and increased proliferation in Tgfbr2 cko 
PA cells. (A and B) Control and Tgfbr2 cko PA cells cultured in GM for 24 hrs and 
immunostained for SMA and Ki67, arrows indicate fully differentiated smooth 
muscle cells (A) and arrowheads indicate proliferating cells (B). (C and D) 
Control and Tgfbr2 cko PA cells cultured in GM for 2 days and immunostained for 
SMA and Calponin. (E) Percentage of the cell population expressing SMA and 
Ki67 in control and Tgfbr2 cko PA adherent cell cultures at time points 12hr, 
24hrs, and 36hrs. Data represent mean ± SD and error bars represent ± SEM. 
**p < 0.01; ***p < 0.005. Scale bars, 50µm. 
 

In contrast, Tgfbr2 cko cell cultures contained many undifferentiated proliferating 

cells (Figure 19B; arrow) in addition to SMA-expressing cells co-expressing the 

proliferation marker Ki67. Surprisingly, however, after 2 days of culture in similar 

conditions, both control and Tgfbr2 cko PA cell cultures exhibited many SMA and 

Calponin-positive cells, indicating the presence of fully differentiated smooth 
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muscle cells (Figures 19C and 19D). Given these data and since in other 

systems, Tgfβ signaling regulates the balance between cell proliferation vs. 

differentiation rather than differentiation as such (Falk et al., 2008), we quantified 

the percentage of proliferating and differentiating cells in control and Tgfbr2 cko 

PA cells at three different time points, 12hrs, 24hrs and 36hrs (Figure 19E).  

 

Figure 19 (F-K): Delayed differentiation and increased proliferation in Tgfbr2 cko 
PA cells. (F and G) Collagen-II immunostaining on control and Tgfbr2 cko cells 
cultured in CM for 6 days. (H and I) Collagen-II immunostaining on control and 
Tgfbr2 cko cells cultured in CM for 10 days. (J and K) Alizarin red staining on 
control and Tgfbr2 cko cells cultured in OM for 18 days. Scale bars, 50µm. 
 

Interestingly, proliferation persisted and differentiation was delayed in Tgfbr2 cko 

cells. Indeed, in the Tgfbr2 cko cells, at all three time points we observed 
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significantly lower percentage of SMA positive cells (14.57±3.6% at 12hrs, 

43.89±4.1% at 24hrs, 91.43±2.1% at 36hrs) compared to control cells 

(36.07±3.6% at 12hrs, 72.91±2.7% at 24hrs and 98.62±0.3% at 36hrs). On the 

other hand, at all time points analyzed, there were significantly higher 

percentages of proliferating cells in Tgfbr2 cko culture (98.82±1.3% at 12hrs, 

66.63±4.1% at 24hrs, 64.95±1.6% at 36hrs) when compared to the control plates 

(90.44±5.9% at 12hrs, 56.56±5.6% at 24hrs, 30.57±4.3% at 36hrs). Thus, 

smooth muscle formation does occur upon Tgfbr2 ablation in NC cells, but 

differentiation is delayed and coupled with increased proliferation in mutant cells. 

 

Likewise, the emergence of differentiation markers in chondrocytic cultures was 

also delayed upon Tgfβ signal inactivation. After culturing cells for 6 days in CM, 

we observed Collagen-II expression only in control cultures but not yet in the 

Tgfbr2 cko (Figures 19F and 19G), while culturing for 10 days resulted in the 

presence of Collagen-II expressing cell clusters in both control and Tgfbr2 cko 

cells (Figures 19H and 19I). Similarly, when tested for osteogenic potential, the 

Tgfbr2 cko cell exhibited impaired differentiation after 18 days of culture when 

compared to control cells (Figures 19J and 19K). The emergence of 

mesenchymal cell types from Tgfbr2 cko NC cells, although delayed and 

impaired in vitro and in vivo, points to the presence of cues partially substituting 

for Tgfβ signaling, as suggested before (Buchmann-Moller et al., 2009; Wurdak 

et al., 2005). 
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4.3.6. Increased Proliferation and Decreased Cell Cycle Exit in the PA of Tgfbr2 

cko Embryos 

 

The above-mentioned data reveals enhanced levels of proliferation in Tgfbr2 cko 

PA cell cultures. To quantify the proliferating cell fraction in the PA of Tgfbr2 cko 

embryos in vivo, we performed immunostaining of PA sections using phospho-

Histone-H3, a marker of proliferating cells in M-phase.  

 

Figure 20 (A-I): Increased proliferation and delayed cell cycle exit in Tgfbr2 cko 
PA. (A and B) Longitudinal sections of E10.5 control and Tgfbr2 cko embryos 
immunostained for phospho-Histone-H3 (pHH3). (C) Graphic representation of 
percentage of pHH3 positive mitotic nuclei in control and Tgfbr2 cko at E10.5. (D 
and E) Double labeling of BrdU (BrdU pulse performed at E10.5 for 24 hrs) and 
Ki67 on control and Tgfbr2 cko sections in E11.5 embryos. (F) Graph shows 
percentage of cells that exited cell cycle in 24 hrs. (G-I) Cyclin D2 expression on 
longitudinal sections of control and Tgfbr2 cko PA at E10.5 and E11.5. Scale 
bars, 50µm. 
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Quantification unveiled a highly significant increment in the percentage of mitotic 

cells in the Tgfbr2 cko PA (49.16%±3.63) at E10.5, as compared to the control 

(30.03%±0.72) (Figures 20A-20C). Since in certain CNS areas Tgfβ regulates 

cell cycle exit (Falk et al., 2008), we performed BrdU and Ki67 double labeling 

method to assess the ratio of cell cycle exit in control vs. Tgfbr2 cko cells. A 

cohort of cycling cells in embryos were labeled by injecting BrdU intraperitoneally 

in time mated females (when the embryos were E10.5), harvested the embryos 

after 24 hours of BrdU incorporation and further immunostained for BrdU and 

Ki67 to determine the index of cell cycle exit (Figures 20D and 20E). This 

experiment revealed that, unlike in the control (21.47±0.1%), only a low 

percentage of cells exited the cell cycle in the Tgfbr2 cko PA (9.62±0.3%) during 

the chosen time period (Figure 20F).  

 

To assess possible mechanisms underlying Tgfβ-mediated cell cycle regulation, 

we analyzed the expression of cell cycle regulators in control and mutant PA 

tissue. Amongst 13 cell cycle components analyzed (data not shown), only Cyclin 

D2 expression was altered in the Tgfbr2 cko PA, in that Cyclin D2 levels were 

drastically increased in the Tgfbr2 cko PA for a transient time period at E10.5, but 

not at E11.5 (Figures 20G, 20H and 20I). 

 

We next exploited sphere culture assays to further address the proliferation 

potential of PA cells in Tgfβ loss and gain of function experiments. In three 

consecutive passages, the number of spheres per 10,000 cells plated was 
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significantly increased in sphere cultures derived from Tgfbr2 cko PA at E10.5 

(77.25±4.9 in 1° passage, 59.25±6.5 in 2° passage and 49.00±1.8 in 3° passage) 

as compared to control cultures (46.50±6.6 in 1° passage, 24.75±4.1 in 2° 

passage and 20.25±2.5 in 3° passage) (Figure 20J). To assess Tgfβ1 gain of 

function, PA sphere cultures were prepared from control embryos and passaged 

with or without Tgfβ1. In all three passages, addition of Tgfβ1 reduced the 

number of spheres per 10,000 cells plated (12.20±1.9 in 1° passage, 4.80±1.9 in 

2° passage and 1.60±1.1 in 3° passage) in comparison to control conditions 

(49.80±3.9 in 1° passage, 23.00±2.8 in 2° passage and 19.40±2.4 in 3° passage) 

(Figure 20K).  

 

Figure 20 (J-K): Increased in Tgfbr2 cko PA. (J) Graphic representation of 
control and Tgfbr2 cko PA sphere numbers per 10,000 cells in three passages. 
(K) Graphic representation of PA spheres per 10,000 cells in control cultures with 
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or without addition of TGFβ1 in sphere medium. Data represents mean ± SD and 
error bars represent ± SEM. ***p < 0.005.  
 

The combined data indicate an anti-proliferative role of Tgfβ signaling in PA 

progenitor cells, associated with the regulation of cell cycle exit and 

downregulation of Cyclin D2 expression. 

 

4.3.7. Tgfβ-Mediated Acquisition of Mesenchymal Fate through Suppression of 

Sox10  

 

We have demonstrated that Tgfβ signaling is involved in the generation of 

Sox10-negative/Sox9-positive PA progenitor-like cells from Sox10-positive/Sox9-

negative NCSCs (Figures 17A-17D); moreover, Tgfβ regulates proliferation and 

differentiation of PA progenitors in vitro and in vivo (Wurdak et al., 2005). 

Conceivably, therefore, a change in the Sox transcription factor code in PA 

progenitors might be associated with the phenotype observed in vivo upon Tgfβ 

signal inactivation.  
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Figure 21 (A-E): Increased Sox10 expressing cells in Tgfbr2 cko PA. (A and B) 
Sox9 expression in control and Tgfbr2 cko PA cells ex vivo. (C and D) Sox10 
expression in control and Tgfbr2 cko PA cells ex vivo. (E) Percentage of all 
Sox10-expressing cells in PA culture ex vivo. Data represent mean ± SD and 
error bars represent ± SEM. ***p < 0.005. Scale bars, 50µm. 
 

To address this issue, Sox10 and Sox9 marker expression was assessed on PA 

progenitors acutely isolated from control and Tgfbr2 cko embryos at E10.5. 

However, no major difference in the number of cells expressing Sox9 protein was 

found at this stage in control and mutant PA cells ex vivo (Figures 21A and 21B), 

consistent with the presence of Fgf8 in the PA (Figure 18B) (Trumpp et al., 

1999). In contrast, quantification of all cells expressing Sox10 demonstrated a 
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highly significant increase in the Sox10-positive cell population in Tgfbr2 cko PA 

(47.44±4.8%) in comparison to the control (25.57±2.6%) (Figures 21C-21E).  

 

Figure 21 (F-H): Lack of Sox10 confers mesenchymal potential in NCSCs (F and 
G) Collagen-II staining in control and Sox10 -/- NC explants cultured in CM. (H) 
Quantification of number of chondrocytic colonies per explant in control, Sox10+/- 
and Sox10-/- cultures. Data represent mean ± SD and error bars represent ± 
SEM. **p < 0.01; ***p < 0.005. Scale bars, 50µm. 
 

The preceding results indicate that Tgfβ normally suppresses Sox10 expression 

in the PA, eventually leading to absence of this transcription factor during 

development. Thus, we speculated that the Tgfβ-mediated control of 

mesenchymal PA progenitor fates might involve loss of Sox10. According to this 

hypothesis, Tgfβ1 would confer a mesenchymal potential to NCSCs by means of 

Sox10 downregulation, which in turn might be sufficient for the commitment of 

NCSCs towards a non-neural lineage. To test this idea, we prepared NC explants 

from control and Sox10 -/- (knockout) embryos and, without Tgfβ1 priming, 
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cultured these explants in CM to provide chondrocytic differentiation conditions. 

Consistent with previous results, control NC explants were unable to adopt a 

chondrocytic fate without Tgfβ1 priming. Intriguingly however, Sox10 -/- NC cells 

in CM were expressing the chondrocytic marker Collagen-II, even when cultured 

without Tgfβ1 priming (Figures 21F and 21G). Sox10 +/- (heterozygous) NC cells 

express lower levels of Sox10 than the control cells and display 

haploinsufficiency (Britsch et al., 2001; Paratore et al., 2002). Further, to also 

investigate a possible correlation between Sox10 expression levels and 

chondrocytic differentiation, we quantified the number of Collagen-II positive 

colonies in control, Sox10 +/-  and Sox10 -/- explants cultured in CM without prior 

Tgfβ1 priming. The graph (Figure 21H) illustrates a striking relationship of Sox10 

levels and chondrogenesis, in that control explants contained negligible number 

of chondrocytic colonies (1±0.8), whereas Sox10 +/- explants (4.8±0.8) and 

Sox10 -/- explants (11±0.8) displayed a non-neural potential increasing with 

decreasing Sox10 levels.  
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4.4. Discussion 
 

Cells representing distinct hierarchical stages of NC development have been 

found to co-exist in migratory and postmigratory NC cell populations (Le Douarin 

et al., 2008; Sommer, 2001). It has been proposed that this cellular hierarchy is 

achieved by gradual fate restrictions during development through which 

multipotent stem cells give rise to intermediate progenitors with restricted 

potential and eventually to committed cells. However, the mechanisms 

underlying this process are poorly understood. In the present study, we 

demonstrate that short term Tgfβ signaling commands the transition from a NC 

stem to a progenitor cell state reminiscent of non-neural progenitors present in 

the PA. Intriguingly, however, this transition is not strictly characterized by a 

gradual loss of potentials. Rather, Tgfβ-mediated suppression of neural 

potentials is accompanied by gain of non-neural potentials. A key player in this 

event is the transcription factor Sox10, the expression of which is negatively 

regulated by Tgfβ. Sox10-positive NC cells are unable to respond to 

osteochondrocytic cues and to generate bone and cartilage. In contrast, loss of 

Sox10 upon Tgfβ priming or absence of this transcription factor in Sox10 mutants 

confers osteochondrocyte potential to NC cells. Based on our data we propose a 

model in which the interplay between Tgfβ and Sox10 controls a switch from 

neural to non-neural potentials in NC cells (Figure 22). 
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Figure 22: Model explaining mechanism of TGFβ-mediated development of 
mesenchymal progenitors from NCSCs, by means of Sox10 downregulation. 
 

Multipotent cells with properties of NCSCs have been identified in many tissues 

harboring NC derivatives, including the skin, the gut, the dorsal root ganglia, the 

bone marrow, and other tissue (Delfino-Machin et al., 2007). In the PA, clonal 

analysis revealed the presence of NC-derived cells with the potential to generate 

neural as well as mesenchymal derivatives together with cells able to produce 

only mesenchymal cell types (Ito and Sieber-Blum, 1993). However, the 

responsiveness to extracellular growth factors, their growth requirements, and to 

a certain extent, the potential of such postmigratory NCSCs appears to be 

altered as compared to early developmental stages (Fuchs et al., 2009; White et 

al., 2001). For instance, the capacity to form sensory neurons has so far only 

been associated with early NCSCs emigrating from the neural tube, but is lost 



Part I    Discussion 

 67 

later in development (Lee et al., 2004). Similarly, highly multipotent progenitors 

endowed with neural, melanocytic, and mesenchymal potentials have been 

identified primarily in cultures of early migratory cephalic NC cells (Calloni et al., 

2009). Hence, gradual fate restrictions are a phenomenon characteristic for NC 

development and presumably for stem cell development in general. This led to a 

hierarchical model of NC lineage segregation, in which NCSCs with the potential 

to generate all NC derivatives gradually gives rise to more and more 

developmentally restricted progenitors (Le Douarin et al., 2008; Le Douarin et al., 

2004).  

 

Our data provide evidence for a somewhat different logic of NC development, 

according to which early stage NCSCs generate later progenitors by acquiring 

new potentials, while losing others (Figures 3F-3Q). We propose that Tgfβ 

represents one of these signals, able to promote the transition from neurogenic 

NCSCs to osteochondrocytic progenitors. Although for technical reasons we 

were unable to assess the osteochondrocytic potential in Tgfβ-treated NCSCs 

cultures at clonal density, Tgfβ has been shown before to act as an instructive 

factor in suppressing neurogenesis and promoting smooth muscle cell generation 

(Shah et al., 1996). In addition, in the present NCSCs explant cultures system 

almost all cells upregulate the early osteochondrocyte marker Sox9 when 

exposed to Tgfβ (Akiyama et al., 2005); likewise virtually all of these cells 

downregulate Sox10, which controls neural fates and is lost upon generation of 

non-neural lineages from NCSCs (Paratore et al., 2001). Moreover, Tgfβ priming 
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of NCSCs cultures does not increase cell death (data not shown). Therefore, we 

propose that Tgfβ induces a switch in differentiation potentials, rather than acting 

on NC cells to select for mesenchymal progenitors. 

 

Intriguingly, the Tgfβ-induced generation of mesenchymal progenitors can be 

imposed efficiently on trunk NCSCs in defined minimal medium, although trunk 

NC cells do not give rise to osteocytes and chondrocytes in vivo, in contrast to 

cranial NC (Abzhanov et al., 2003). Previously, osteochondrogenic potential has 

already been attributed to trunk NC cells after long term culture in complex 

medium (McGonnell and Graham, 2002), although the rate of chondrogenesis is 

much lower in trunk as compared to cranial NC cell cultures (Calloni et al., 2007). 

Moreover, trunk NC cells failed to form cartilage after transplantation in vivo 

(Lwigale et al., 2004). It has been proposed that the discrepancies between in 

vitro and in vivo experiments could be due to community effects suppressing 

mesenchymal potentials in transplanted trunk NC cells (Helms and Schneider, 

2003). Indeed, trunk NCSCs cultured in complex medium display community 

effects in response to Tgfβ, generating neurons rather than non-neural cell types 

in these conditions (Hagedorn et al., 2000).  

 

The differential behavior of NC cells from distinct axial levels likely involves 

differential expression of Sox transcription factors. The specification of cephalic 

and trunk NC occurs by the simultaneous expression of Sox10 and Sox9, but this 

co-expression is not maintained during emigration (Cheung and Briscoe, 2003; 
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Honore et al., 2003). Cephalic crest retains the expression of Sox9 but 

downregulates Sox10 rapidly, whereas trunk premigratory crest loses Sox9 

expression, while maintaining the expression of Sox10 (Hong and Saint-Jeannet, 

2005). Although these transcription factors play a very similar role in NC cells 

(Taylor and Labonne, 2005), we demonstrate in the present study that Sox9 and 

Sox10 elicit fundamentally different functions in NC lineage decisions. Sox9 and 

Sox10 are crucially involved in controlling the Tgfβ-induced switch in NC cell 

potentials, as reflected by a change in the Sox code from a Sox10-positive/Sox9-

negative to a Sox10-negative/Sox9-positive state. However, although Sox9 is 

required for the differentiation of mesenchymal cell types in vivo, it is not 

sufficient as such to endow NC cells with osteochondrocytic potential (Akiyama 

et al., 2004; Mori-Akiyama et al., 2003). Indeed, Fgf8 induces Sox9 expression in 

NC cells as efficiently as Tgfβ, but does not promote responsiveness to 

osteochondrogenic factors. Importantly, unlike Tgfβ, Fgf8 treatment of NCSCs 

does not result in loss of Sox10 expression. Consistent with the role of Sox10 in 

conferring neural potential in NCSCs (Dutton et al., 2001; Kim et al., 2003), Fgf8 

but not Tgfβ-primed NC cells are able to produce neurons and glia in response to 

appropriate growth factors. Our data now reveal an additional, novel function of 

Sox10 in suppressing mesenchymal fate acquisition in NC cells: First, Tgfβ-

induced Sox10 downregulation coincides with a gain in osteochondrocytic 

potential; second and most importantly, mutant NCSCs displaying reduced 

Sox10 levels are capable of generating chondrocytes in vitro, even without prior 

exposure to Tgfβ1. Our data are in agreement with the absence of Sox10 
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affecting only neural lineages but not mesenchymal derivatives (Britsch et al., 

2001; Dutton et al., 2001). It is noteworthy, however, that deletion of Sox10 does 

not as effectively elicit non-neural potential in NCSCs as does the short term 

priming by Tgfβ1, indicating additional Tgfβ-dependent cues controlling 

mesenchymal fates. Furthermore, Tgfβ-independent signals can apparently 

substitute in part for Tgfβ, given that mesenchymal cell differentiation is delayed 

but not fully blocked upon Tgfβ signal inactivation (Buchmann-Moller et al., 

2009). 

 

Indeed, numerous signaling molecules contribute towards the timely 

development of the PA. For instance, sonic hedgehog (Shh) is required for PA 

patterning and craniofacial development (Calloni et al., 2009). However, in 

contrast to Tgfβ, Shh promotes the survival and, therefore, frequency of 

osteochondrogenic NCSCs without actually suppressing neural potentials.  

Likewise, Fgf signaling plays a crucial role in PA patterning, formation of 

craniofacial skeleton, and cardiac valve formation (Albertson and Yelick, 2005; 

Vincentz et al., 2005; Vitelli et al., 2006). But as mentioned before, Fgf signaling 

on its own cannot promote the transition of NCSCs to a mesenchymal progenitor. 

Fgf can activate Notch signaling, thereby stimulating chondrocyte formation in 

cephalic NC after prolonged incubation in complex medium containing serum 

(Nakanishi et al., 2007). Thus, Fgf acting through Notch might add to the 

complex signaling network regulating PA development. Finally, it is obvious that 

Tgfβ fulfills other functions in mesenchymal NC derivatives, in addition to 
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promoting their generation from NCSCs. Tgfβ signaling also controls proliferation 

and cell cycle exit of the non-neural PA progenitor cells described in this study. 

This is presumably achieved by suppression of Cyclin D2 that we found to be 

transiently upregulated in the PA of Tgfbr2 cko embryos. At later stages, Fgf-

dependent proliferation of osteochondrocyte progenitors and their terminal 

differentiation is regulated by Tgfβ activity (Sasaki et al., 2006). Furthermore, 

during mandible development, Tgfβ mediates osteogenesis as opposed to 

chondrogenesis (Oka et al., 2008). In sum, fate determination, differentiation, and 

proliferation have to be finely tuned to allow proper morphogenesis of PA-derived 

structures. We propose that Tgfβ-mediated formation and proliferation of a non-

neural progenitor in the PA plays a prominent role in this process. An effect on a 

progenitor common to most, if not all, mesenchymal NC derivatives of the PA 

would also best explain the broad developmental anomalies of mesenchymal 

structures obtained upon Tgfβ signal inactivation in NCSCs.  
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4.5. Outlook 
 

We have identified a novel role of Tgfβ signaling in neural crest cells that induces 

the transition of a stem cell state to a progenitor state. Additionally, we propose a 

mechanism that promotes this switch from stem to progenitor state. Tgfβ1-

mediated Sox10 downregulation promotes the development of a neural crest 

derived ectomesenchymal progenitor ex vivo. Although, our study does not 

indicate any neurogenic and gliogenic potential of ectomesenchymal progenitors, 

some other study claims of this observation (Zhao et al., 2006). Since we know 

from previous studies that cell density and developmental stage are non-trivial 

factors that determine plasticity, we should also consider analyzing the 

differentiation potentials of PA progenitors at early embryonic stages (Schilling et 

al., 2001). This will lead us to a better comprehension of the time frame of neural 

crest lineage commitment.  

 

Another important question that still remains unanswered is the potential of 

mouse cranial NCSCs ex vivo. We know the contribution of cranial crest from in 

vivo graft experiments and ex vivo clonal assays in avian embryos, but to date 

mouse cranial crest cells have not been characterized ex vivo. We would like to 

take this opportunity to establish condition for isolation cranial NCSCs from the 

hindbrain of developing embryo between E8-E8.5. These cells can be exploited 

ex vivo to study their Sox code and differentiation potential with or without added 

Tgfβ1. Information about the Sox code would explain the in vivo situation whether 
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cranial neural crest follows a similar mechanism of Sox10 downregulation 

mediated by Tgfβ as the ex vivo trunk NCSCs does or whether the cranial crest 

is naturally possessing low levels or lack of Sox10 and therefore is in vivo 

capable of attaining ectomesenchymal fates.  

 

Our ex vivo Sox10 knockout data suggests that loss of Sox10 is necessary and 

sufficient for the promotion of mesenchymal fates, in particular the chondrocytic 

fate. At this point we need to present additional in vivo validation in Sox10 

knockout embryos, indicating precocious differentiation into osteo-chondrocytic 

lineage and/or its formation at the expense of neural lineages. Additionally, we 

need to perform similar in vivo examinations in the Tgfbr2 cko embryos to 

confirm delayed differentiation, as we found highly increased fraction of Sox10 

positive cells in the PA of Tgfbr2 cko embryos and such cells displayed a delay in 

attaining mesenchymal fate.  

 

Another point of interest is the mechanistic understanding of Sox10 

downregulation by Tgfβ1. If this regulation is mediated by canonical Tgfβ 

pathway, Smad binding sites might be present in the Sox10 promoter that might 

negatively regulate its expression. The other possibility might be the activation of 

a Tgfβ/Smad dependent ubiquitin degradation pathway that further leads to 

Sox10 downregulation. Therefore, it calls for a proteosomal inhibitors assay to 

assess Tgfβ dependent Sox10 downregulation in neural crest explants.  

 



Part I    Outlook 

 74 

One of the critical aspects of our study is the fate restriction passed on to a 

NCSC upon Tgfβ-mediated downregulation of Sox10. To further confirm this 

novel finding as an instructive mechanism during development, we need further 

affirmation at single cell density. Unfortunately, until now we were unable to 

perform such clonal cultures due to the demand of the experiment. To induce 

chondrocytic differentiation, neural crest cultures have to be cultured for longer 

duration, which is challenging at clonal density. However, we tested several 

possibilities to perform clonal experiments that included co-cultures of labeled 

NCSCs with unlabelled NCSCs to attain high cell density. Other approach was to 

culture labeled NCSCs on growth arrested fibroblast feeder layers to support 

their long-term survival. However, these attempts failed to date but we seek for 

other optimal methods like electroporation of neural tube with eGFP expressing 

vector and thereby labeling premigratory crest. These few pre-labeled NCSC 

might have higher probability of survival in chondrocytic explants. With answers 

to the above issues we would like to solve the puzzle of chondrocytic lineage 

determination mediated by Tgfβ signaling.  
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5.1. Introduction  
 

The prominent biological role of insulin-like growth factor (Igf) signaling is to 

promote growth and proliferation, pronounced during embryonic and postnatal 

stages.  There are ample evidences using straight knockouts of Igf1, Igf2 and 

Igf1 receptor (Igf1r) that show growth retardation in the mutants. The 

components of Igf signaling system consists of two ligands Igf1 and Igf2, two 

receptors Igf1r1 and Igf1r2, six Igf binding proteins (Igfbp) and six Igfbp 

proteases (Hwa et al., 1999). Interestingly, the Igf ligands share high similarity to 

insulin and Igf1r shares similarity with the insulin receptor (Ir).  

 

Figure 23: An illustration of Igf signaling components and cascades. The model 
describes all ligands, receptors, downstream activators and their mode of action. 
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Growth-promoting role of Igf1r pathway is transduced by phosphoinositide 3-

kinases-Akt pathway and the mitogen-activated protein kinase pathway (Figure 

23). Since there is high homology between the ligands and receptors of Igf1r and 

Ir pathway, they also share the same downstream mechanisms to carry out their 

biological function (Figure 24) (Avruch, 1998). Immediate downstream signal 

acceptor in both pathways is the insulin receptor substrate1 (Irs1), which after 

phosphorylation binds to proteins with SH2 domains and converges to initiation 

of growth and proliferation.  

 

Figure 24: An illustration of possible combinations of signaling components of 
Igf1r and Ir pathway. The model describes possible ligand binding with 
predictable receptors.  
 

Since all major components of Igf1r signaling are widely expressed through out 

development, its loss would cause noticeable developmental anomalies. Most of 

the significant studies are involving knockouts of Igf1, Igf2 and Igf1r. Not much of 

surprise, all the knockouts exhibit similar phenotypes, where all the mutants were 
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born faced immediate postnatal death (Liu et al., 1993). The report described 

Igf1r knockout animals that were obtained by mutagenesis of exon 3, which 

encodes the cysteine rich ligand-binding domain. The Igf1r knockout animals 

were reported to be born but were severely growth-deficient and inviable. Born 

knockout animals were dwarf and turned cyanotic within minutes. This phenotype 

was explained as a result of general hypoplasia, which was also observed in the 

form of muscle hypoplasia leading to secondary effects like respiratory arrest. 

Interestingly, the same animals also showed a small degree of neural crest-

derived skeletal defects. Mutants exhibited defects in frontal cranial bone and 

hyoid bones. Similar phenotypes were observed in Igf1 knockout and Igf1:Igf2 

double knockout animals that were born but displayed neonatal lethality due to 

similar respiratory defects.  

 

With these known functions of Igf1 signaling in embryonic and postnatal 

development, we speculated that it might have similar roles also in the neural 

crest development. Here we abrogated Igf1 signaling by deleting Igf1r1 in neural 

crest lineage. To circumvent the problem of neonatal lethality we crossed 

Igf1r1floxed/floxed (floxed exon 3) animals with Igf1r1floxed/WT: Wnt1-Cre animals and 

studied the phenotype of cko (Figure 25).  
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Figure 25: Igf1r1 floxed transgenic line. (A) Exon 3 of Igf1r1 is flanked between 
loxP sites visualized by a DNA band size of 400 base pairs. (B) Upon 
recombination, a DNA band of 300 base pairs is obtained indicating the deletion 
of flanked portion of exon 3 Adapted from (Kloting et al., 2008). 
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5.2. Results 
 
  
5.2.1. Conditional Ablation of Igf1r Signaling in NCSCs 

 

Upon deletion of Igf1r1 in neural crest we observed that newborn pups displayed 

cyanosis followed by immediate neonatal lethality. The mutant embryos were 

born alive with no significant difference in body mass or size, but died within the 

hour of birth. Gross overview of the mutant embryo at E18 and postnatal day 

zero (P0, data not shown) displays no major defect, but careful observations 

pointed towards a plausible structural minor defect in the pharyngeal region 

(Figure 26C and 26D). The hyoid bone in the neck region could be affected to a 

minor extent as seen in the Igf1r1 straight knockout, albeit this minor phenotype 

was not clearly visible in histological sections (data not shown). Retrospectively, 

there was no visible difference in the migration of neural crest cells to their post-

migratory targets (Figure 26A and 26B).  
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Figure 26: Characterization of Igf1r1 cko. (A and B) In vivo fate mapping of 
neural crest using X-gal in control and cko embryos at E11. (C and D) Gross 
overview of in control and cko embryos at E18. 
 

 

5.2.2. Analysis of Postmigratory Neural Crest Tissue 

 

Furthermore, we confirmed loss of protein in the Igf1r1 cko in PA and DRG, two 

major postmigratory targets (Figure 27A-27D). However, expression of one of the 

neural crest markers, p75NTR, was not altered in the PA, but crest cells in the 

DRG showed a certain level of downregulation by means of immunofluorescence 

(Figure 27E-27H).  
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Figure 27: Marker analysis in Igf1r1 cko. (A and B) Igf1r1 expression in PA at 
E10.5 in control and cko embryos. (C and D) Igf1r1 expression in DRG at E12.5 
in control and cko embryos. (E and F) Neural crest marker p75NTR expression in 
PA at E10.5 in control and cko embryos. (G and H) p75NTR expression in DRG at 
E12.5 in control and cko embryos. 
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5.2.3. Differentiation into Neural Lineages is not affected in Igf1r1 cko embryos  

 

Similarly, we also confirmed the expression of early neuronal marker, 

Doublecortin (Dcx) and of mature neuronal marker, NF160 in the developing 

DRG at E12.5 and E16.5, but did not observe any striking difference in control 

versus cko embryos (Figures 28A-28D). Similarly, there was no obvious defect in 

glial lineage differentiation at E16.5 that was tested by immunostaining against 

GFAP (Figures 28E and 28F).  

 

Figure 28: Analysis of differentiation in Igf1r1 cko. (A and B) Early neurogenesis 
marker, Doublecortin expression in DRG at E12.5 in control and cko embryos. (C 
and D) Mature neuronal marker, NF160 expression in DRG at E16.5 in control 
and cko embryos. (E and F) Glial marker, GFAP expression in DRG at E16.5 in 
control and cko embryos. 
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5.2.4. Craniofacial Development is not affected upon Igf1r1 Ablation in NCSCs 

 

Since the embryos were viable throughout the embryonic stages, we sought to 

analyze later stages like E18 to obtain deeper insight into the craniofacial 

development. To analyze such embryos we took advantage of the magnetic 

resonance imaging system that was supported by the group of Markus Rudin in 

the Institute for Biomedical Engineering in ETH. MRI images indicated no 

obvious structural differences through out the mutant embryonic body.  
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Figure 29: MRI images of E18 control and Igf1r1 cko embryos. (A and B) 
Transverse acquisition showing the nasal septum (NS), hyoid. (C and D) 
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Longitudinal scan showing the closure of palate (Pl). (E and F) Transverse 
images showing the thyroid cartilage (Th) and molar tooth (MT). (G and H) Image 
showing the thymus glands (TG).  
 

Craniofacial structures including the frontal bone, hyoid bone, molar tooth, 

meckel’s cartilage, thyroid cartilage, nasal septum and the palate did not show 

any difference in MRI scans (Figure 29A-29H).  

 

5.2.5. Cardiac Septation is normal in Igf1r1 cko embryos 

 

Similar MRI scan images of cardiac septa also did not show any defect in the 

septation of outflow tract.  

 

Figure 30: MRI images of E18 control and Igf1r1 cko embryos. (A and B) 
Transverse image showing initiation of pulmonary trunk (PT) and aorta (Ao). (C 
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and D) Transverse scan showing septation of the pulmonary trunk and aorta 
(Sep).  
 

The images clearly showed distinct blood circulation in aorta and pulmonary 

trunk (Figure 30A-30D).  

 

Overall, Igf1r1 cko did not exhibit any gross deficiencies in migration, 

differentiation, proliferation (data not shown), cell death (data not shown) and 

distribution of neural crest and its derivatives.  
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5.3. Discussion and Outlook 
 

Here we conclude that the proliferation and growth of neural crest derived 

structures are not maintained by Igf1 signaling at least during embryonic stages, 

as we did not observe any morphological differences in neural crest derived 

tissue. Since Igf signaling is redundant in nature, we should consider other 

compensatory mechanisms. Both Igf and insulin signaling relays similar 

biological functions though the Irs1 and Irs2, meaning that even in the absence of 

Igf1, compensatory mechanism of insulin might get activated (Withers et al., 

1999). There are reports suggesting an insulin-Igf1 feedback loop, which makes 

this hypothesis valid in our situation (Zhao et al., 1997). In addition, alternative 

signaling pathways might serve the same function. Recently shown is the 

function of epidermal growth factor receptor (Egfr) signaling that is trivial in 

NCSCs but critical in neural crest progenitors for maintaining the progenitor pool 

(Fuchs et al., 2009).  

 

In order to understand the lack of any obvious neural crest deformity, we ought to 

confirm the presence of compensatory molecules like phospho-Irs, alteration in 

Egfr expression or activation of Egfr pathway.  One question that still remains 

unanswered is the cause of the respiratory defect, which is similar to previously 

known developmental defects in the straight knockouts. In Igf1r knockout this 

defect was due to hypoplasia of muscles and diaphragm. It is likely that the 

sympathetic innervations from the neural crest are defective in the Igf1r1 cko 
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embryos and could not contribute to the movement of the diaphragm. Since we 

did not observe any outflow tract defect it is more likely to be the above-

mentioned respiratory defect that calls for better validation. These results help us 

appreciate the fact that very well known signaling molecules can act in a cell 

type-specific and context-dependent manner.  
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6. Experimental Procedures 
 

6.1. In Vivo Fate Mapping and Generation of Tgfbr2 cko Mice 

 

In vivo fate mapping of NC cells was performed by breeding Wnt1-Cre with R26R 

reporter transgenic animals. Tgfbr2 cko animals were obtained as described 

previously (Wurdak et al., 2005). Littermates carrying only one allele of Tgfbr2 or 

lacking Cre transgene were used as control. Sox10 transgenic animals were bred 

and maintained in C3H Heston strain as described previously (Britsch et al., 

2001). Igf1r1 cko animals were obtained on C57BL/6 genetic background by 

crossing Wnt1-Cre: Igf1r1floxed/WT with animals Igf1r1floxed/floxed animals. Littermates 

carrying only one allele of Igf1r1 or lacking Cre transgene were used as control. 

Genotyping was done by PCR using genomic DNA. All animal experiments were 

conducted in accordance to the veterinary office of the Canton of Zurich, 

Switzerland. 

 

6.2. Cell Culture Preparations 

 

PA cell cultures were prepared by dissecting PA from E10.5 embryos and 

digesting them in a solution containing 0.025% trypsin (Gibco) and 0.35mg/ml 

collagenase type1 (Worthington) in HBSS w/o Ca2+ and Mg2+ (Gibco). For 

adherent cultures PA cells were plated on fibronectin (Sigma) coated plates 

(Corning). Sphere cultures were prepared by plating 10,000 cells/ well of 

dissociated single PA cells in 24 well plates (Nunc). Poly-2-hydroxyethyl 
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methylacrylate (Sigma) coated culture plates were used to prevent adhesion of 

sphere cells to the plastic surface. Spheres were passaged every 6th day up to 

the 3rd passage. NCSCs explants cultures were obtained as described previously 

(Lee et al., 2004). All cells were fixed with 4% formaldehyde in PBS for 10 mins 

at room temperature (RT) and subsequently washed.  

 

6.3. Media and Differentiation Conditions 

 

PA cells were cultured in growth medium (GM), unless specifically mentioned, 

containing DMEM, 10% FCS, and 1% Penicillin/Streptomycin (all from Gibco). 

NCSCs were isolated in defined NC medium (SN1) as described previously 

(Greenwood et al., 1999). Priming of NCSCs was done using SN1 supplemented 

with 0.5ng/ml TGFβ1 or 50ng/ml Fgf8 in low oxygen chambers. Sphere medium 

was prepared as described (Fuchs et al., 2009). Smooth muscle differentiation 

was achieved by culturing cells in GM with or without the addition of 1ng/ml 

TGFβ1. Chondrogenesis permissive medium (CM) was prepared by adding 

0.05mg/ml ascorbic acid (Sigma), 0.1µl/ml dexamethasone (Sigma) and 

100ng/ml Fgf8 to previously mentioned GM. Osteogenesis permissive media 

(OM) was prepared by adding 10µg/ml insulin and 10ng/ml Fgf2 to CM. For 

differentiation into neurons and glia, standard medium (SM) supplemented with 

10% FCS-10µM forskolin was utilized (Stemple and Anderson, 1992). For 

autonomic neurogenesis SM supplemented with 50ng/ml Bmp2 was used. All 

growth factors were used in above-mentioned concentrations unless mentioned. 

All growth factors were purchased from Peprotech.  
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6.4. Staining Procedures 

 
Embryos were fixed in 4% PFA at RT for 1hr to 2 hrs according to their 

developmental stages. Immunostaining was performed on 7µm thin paraffin 

sections. Antigen retrieval on paraffin sections was done using 10mM citrate 

buffer, pH6, in a steam cooker device at 110˚C for 5 min. Standard 

immunostaining protocols were utilized. The following primary antibodies were 

used: p75NTR (Chemicon), Sox10 (Paratore et al., 2001), Sox9 (Abcam), SMA 

(Sigma), Calponin (Sigma), Collagen-II (Acris), NF160 (Sigma), FABP7 (a kind 

gift from C. Birchmeier), Ki67 (Dako), phospho-Histone-H3 (Uptsate), BrdU 

(Roche), Cyclin D2 (Santa Cruz) and IGF1R (Novus Biologicals). Fluorescence-

conjugated and HRP-conjugated secondary antibodies were purchased from 

Jackson Immunoresearch. Development of Nickel-Diaminobenzidine (Sigma) 

precipitates was performed by using standard protocols. X-Gal (Applichem) 

staining of whole mount embryos, PA cells and spheres were done according to 

standard protocols. Alcian blue and alizarin red (Chroma Gesellschaft) stainings 

were done as described previously with minute changes (Menegola et al., 2001). 

BrdU incorporation was done according to the manufacturer’s instructions 

(Roche). Time mated females were intra-peritoneally injected with BrdU when 

embryos were E10.5 and sacrificed at E11.5.  
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6.5. Statistical Analysis 

 

Each experiment was performed with at least three independent samples. 

Results are shown as mean ± standard deviation (SD) of the mean. Error bars 

represent ± standard error of the mean (SEM). Statistical significance was tested 

with two-tailed unpaired Student’s t-test in Excel. 
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