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ABSTRACT

The enteric nervous system (ENS), the intrinsic innervations of the 

gastrointestinal tract, consists of multiple neuronal and glial cells. However, 

during embryonic development, abnormalities in the colonization of the gut 

by ENS progenitors can result in lack of neurons in the colon and 

subsequent defective bowel function, a phenotype which characterizes the 

congenital disorder Hirschsprung’s disease (HSCR). The current treatment 

of HSCR is surgery but chronic post-operative complications have 

stimulated research aimed at developing the use of ENS progenitor cell 

transplants as an adjunct therapy.

During the last two decades ENS progenitor cells and their neuronal and 

glial derivatives have been cultured in vitro as aggregates called 

neurospheres. Upon transplantation into explants of aganglionic embryonic 

colon, neurospheres have been shown to restore a normal pattern of 

contractility. However, the behaviour of neurosphere cells and the 

mechanisms controlling them either in the neurosphere or after
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transplantation still need to be established. Consequently, the aim of this 

study was to investigate the proliferation, differentiation and migratory 

behaviour of ENS progenitors in vitro.

Results showed that although neurospheres are a mixture of cells 

expressing different markers, dividing cells follow a pattern. It was 

demonstrated that cells with high proliferation rate were localized at the 

periphery of the neurosphere. Upon division some of these cells moved 

towards the centre and slowed down or stopped proliferating, whereas the 

rest remained at the periphery and divided further. In both cases, their 

phenotype changed and they started expressing markers of differentiation. 

The phenotypic change and the proliferation rate were found to be 

regulated by the Notch signaling pathway. In addition, transplantation 

experiments in bowel explants showed that these cells were able to 

migrate into the gut in the presence or absence of an intrinsic ENS. 

Migration was also observed when neurospheres were transplanted to 

different tissues indicating the high migratory potential of these cells.

In conclusion the results of the present thesis give more light in 

understanding the properties and behaviour of neurosphere cells and 

represent one step closer to the treatment of bowel disorders such as 

HSCR.
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CHAPTER 1

Introduction



Hirschsprung’s disease (HSCR) is a congenital disorder characterized 

by a lack of neurons in a variable length of the distal gut. The cause has 

been shown to be defective formation of the enteric nervous system 

(ENS) during early development (Swenson, 1996). In the last two 

decades although significant progress has been made in understanding 

the mechanisms regulating the formation of the ENS by neural crest 

cells, many questions remain unanswered. In the following paragraphs 

the origin and the mechanisms regulating the development of the ENS 

are discussed as well as current and potential treatments of HSCR.

1.1. Neural crest development and neural crest derivatives

The neural crest is derived from the embryonic ectoderm and was firstly 

described by His in 1868 in chick embryos as a group of cells located at 

the neural folds between the neural plate and the dorsal non neuronal 

ectoderm (Hall et al., 2008). Cells fated to become neural crest start 

expressing the paired-box transcription factor Pax7 and signaling 

induced by secreted molecules of the adjacent epidermal ectoderm 

such as bone morphogenetic-protein 4 (BMP-4) and fibroblast growth 

factor from the paraxial mesoderm are prerequisites for the generation 

of neural crest identity (Lemke et al., 2009). The dorsal lips of the neural 

folds during neurulation will fuse to form the neural tube. During and 

after the fusion, neural crest cells (NCCs) transit from an epithelial to
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mesenchymal (EMT) state and migrate in different pathways giving rise 

to multiple cell types (Ruhrberg et al., 2010; Sieber-Blum et al., 2000; 

Gammill and Bronner-Fraser, 2003) (Fig. 1.1). The mesenchymal 

transition in neural crest cells is regulated by molecules such as the 

zinc finger transcription factors Snail-1 or Snail-2 which inhibit the role 

of cell-cell junction proteins cadherins and thus enable a migratory 

behaviour (Acloque, 2009).
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neural folds non neural

paraxial neural
mesoderm plate

NCCs
somite

neural tube
notochord

Figure 1.1. Formation of neural crest during embryonic development.

Neural crest (green) is formed at the border between the non-neural ectoderm 

and the neuronal ectoderm (neural plate) (A). When the neural tube is formed, 

neural crest cells migrate to various locations where they form different cell 

types and tissues (B). NCCs= neural crest cells. (Picture was adapted and 

modified from Gammill and Bronner-Fraser, 2003).
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Depending on their location and migratory pathways, NCCs can be 

divided in 4 groups:

1) cranial (cephalic), 2) vagal and sacral, 3) trunk and 4) cardiac NCCs 

(Table 1.1). Cranial NCCs undergo dorsolateral migration and 

differentiate into bone, cartilage, cranial neurons, glia and connective 

tissues of the face (Gilbert, 2000). The vagal and sacral NCCs are 

responsible for the generation of enteric ganglia in the gastrointestinal 

tract (Le Douarin and Teillet, 1973; Pomeranz et al., 1991; Gilbert, 

2000). The trunk NCCs migrate either dorsolaterally to give rise to 

melanocytes or ventromedially and differentiate into Schwann cells, 

chromaffin cells of the adrenal medulla and also give rise to dorsal root 

and sympathetic ganglia (Lemke, 2009). Finally, the cardiac NCCs, 

which are a vagal subpopulation (Kirby et al., 1990), give rise to 

melanocytes, neurons, cartilage and also to the connective tissue of the 

large heart arteries (Gilbert, 2000).
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Neural crest type Cellular derivative

Cranial neural crest Mesenchyme
Connective tissue (including muscle sheaths)
Cartilage
Bone
Dentine (odontoblasts)
Parafollicular cell (ultimobranchia! bodies) of the thyroid 
gland.
Cornea
Sclera
Ciliary muscle and muscles for eye attachment
Inner ear (with otic placode)
Sensory ganglia of cranial nerves V, VI, IX and X

Vagal and sacral neural crest Neurons of parasympathetic nervous system of alimentary canal 
Neurons of parasympathetic nervous system of blood vessels
Enteric ganglia

Trunk neural crest Pigment Merkel cells
Dorsal root ganglia
Neurons and ganglia of the sympathetic nervous system
Chromaffin cells of the adrenal medulla
Epinephrine-producing cells of the adrenal gland

Cardiac neural crest Connective tissue associated with the great vessels of the heart 
Aorticopulmonary septum of the heart
Smooth muscles of the great arteries
Ganglia (celiac, superior and inferior mesenteric, and aortical renal)

Table 1.1. Neural crest derivatives.

(Table was adapted and modified from Hall, 2008).
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1.2. Enteric nervous system origin

Ablation experiments of vagal NCCs in chick embryos (Yntema and 

Hammond, 1954) and quail - chicken interspecies transplantations of 

segments from the neural axis (Le Douarin and Teillet, 1973) showed 

that most of the ENS progenitors derive from vagal neural crest cells, 

which emigrate at the level of the post-otic hindbrain and enter the 

foregut. Following that transition, cells migrate caudally through the gut 

wall and colonize the gastrointestinal tract (Burns 2005), There is also a 

small contribution from the sacral level of the neural tube where NCCs 

enter the gut mesenchyme and migrate in a caudal-rostral direction 

(Burns and Le Douarin, 1998; Burns et al., 2000; Kapur et al., 2000) 

(Fig. 1.2A).

The formation of ENS in the foregut is also contributed by trunk neural 

crest cells (Durbec et al., 1996). More precisely in chick, vagal neural 

crest cells that are located adjacent to somites 1-2 colonize mainly the 

oesophagus and the stomach whereas crest cells adjacent to somites 

3-6 colonize the entire gut (Burns et al., 2000). In mice vagal NCCs 

adjacent to somites 1-5 give rise to enteric neurons along the entire 

gastrointestinal tract, whereas NCCs adjacent to somites 6-7 contribute 

only in the oesophagus. The sacral NCCs originate from the area 

caudally to somite 28 and 24 in chick and mouse embryos respectively 

(Anderson et al., 2006a).
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In chick embryos the vagal NCCs enter the foregut on embryonic day 

2.5-3 (E2.5-3), they reach the caecum on E6-E6.5 and colonization of 

the enteric gut is complete by E8.5 (Burns and Le Douarin, 1998). In 

mice vagal NCCs enter the foregut at embryonic day 9.5-10 (E9.5-E10), 

they arrive at the caecal region by E11.5 and reach the terminal hindgut 

at E14.5 (Young et al., 1998) (Fig. 1.2B). In humans, the entrance of 

vagal NCCs into the foregut takes place at week 4 and the colonization 

of the gut is completed by week 7 of development (Wallace et al., 2005).
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A B

vagal flvic gang
nc cells

sacral 
nc cells

hmd-

somrtes''* stomach

Figure 1.2. Colonization of mouse embryonic gut from neural crest-derived 

cells.

Neural crest cells from the vagal and sacral region enter and colonize the 

developing gut (A). Vagal neural crest-derived cells complete the colonization 

of the gut by El 4.5 (B). NC= neural crest. (Pictures were adapted and modified 

by Anderson et al., 2006a (A) and Young et al., 2000 (B)).
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In mice and humans, vagal NCCs migrate in the mesenchyme near to 

the periphery of the gut wall and form ganglia in the region where the 

myenteric plexus will form between the circular and longitudinal smooth 

muscle. Later on, a second migration takes place where NCCs migrate 

radially from the region of the myenteric plexus towards the circular 

muscle in order to give rise to the submucosal plexus (McKeown et al., 

2001). A different migration pattern takes place in the colorectum of 

chick embryos. When vagal NCCs reach the proximal hindgut enter the 

inner layers of the circular muscle and migrate where the future 

submucosal plexus will form. Then they migrate outwards to form the 

myenteric plexus (Burns and Le Douarin, 1998).

The contribution of sacral NCCs is smaller in the generation of enteric 

ganglia and as it was demonstrated in the distal hindgut of E16 chicks, 

17% of the enteric neurons derived from sacral NCCs (Burns and Le 

Douarin, 1998). In mice, sacral NCCs leave the neural tube at E9.5, 

form prospective pelvic ganglia at E11.5 and enter the distal hindgut at 

E13.5 which has not been colonized yet by vagal NCCs. Then caudal- 

rostral migration takes place guided by extended fibers of the pelvic 

ganglia into the hindgut (Wang et al., 2011). In chicks, sacral NCCs 

emigrate from the neural tube and form the nerve of Remak at E3.5. 

After E7 and in large numbers at E10, sacral NCCs colonize the distal 

hindgut guided by neuronal projections from the nerve of Remak in the
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area of the myenteric plexus (Burns et al., 2005; Anderson et al., 

2006a). In both mouse and chick, when sacral NCCs enter the hindgut 

give rise to neurons and glia (Burns et al., 1998; Wang et al., 2011).

1.3. Enteric nervous system structure and phenotypes of 

migratory and post-migratory vagal crest-derived cells

The ENS in the small intestine and colon consists of interconnected 

networks of neurons and glia which are grouped into two plexi; the 

myenteric (Auerbach's) plexus and the submucosal (Meissner’s) plexus. 

The former is located between the inner circular muscle and the outer 

longitudinal muscle layers of the intestine, whereas the submucosal 

plexus is situated between the muscularis propria and the muscularis 

mucosa (Furness 2006).

Vagal crest-derived cells (called enteric NCCs from now on) express 

the neurotrophin receptor p75 (Chalazonitis et al., 1998). The 

expression of other markers has also been observed including the SRY- 

related High Mobility Group- box transcription factor Sox10 (Wegner et 

al., 1999), the Ret receptor protein tyrosine kinase (Pachnis et al., 

1993), the transcription factors paired-like homeobox 2a (Phox2a) or 

homeobox2b (Phox2b) (Pattyn et al., 1999) and tyrosine hydroxylase 

(TH) (Gershon et al., 1984). Enteric NCCs colonize the gut in a rostral-
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caudal direction and the formation of enteric neurons also follows a

rostrocaudal wave (Rothman et al., 1982).

At the migratory wavefront all the neural crest p75+ cells were Phox2b+/ 

Ref/ Sox10+/ Phox2a" (Young et al., 1999; Young et al., 2003) and 

represented undifferentiated enteric NCCs as examined in E10.5, E11.5, 

E12.5 and E13.5 mouse bowel (Young at al., 1999). All the Ref cells 

were p75+ but only a small number of p75+ cells were expressing Ret. 

TH+ cells were present not at the very caudal end of the wavefront but 

more rostrally. AT E10.5 around 15% of the p75+ population was also 

TH+. Cells expressing TH were present transiently in the foregut and 

midgut between E10-14 and they were never observed in the hindgut 

(Teitelman et al., 1981; Gershon et al., 1984). They gave rise to enteric 

serotonergic neurons but not neurons positive for the calcitonin gene- 

related peptide (CGRP) which seemed to be derived from TH" 

progenitors (Baetge et al., 1990; Blaugrund et al., 1996).

In E12.5 mice, when the migratory wavefront is in the post-caecal 

hindgut, cells expressing nitric oxide synthase (NOS) were present in 

the oesophagus and midgut and they were Ref/Phox2b+/TH" and 

weakly labeled for p75 (Young et al., 1999; Young et al., 2001a). 

Vasoactive intestinal peptide (VIP) was co-localized with NOS+ neurons 

in adult mice but it appears later in embryonic life than NOS (Rothman
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et al., 1984). The neurotransmitter acetylcholine can be detected as 

early as E10 (Hao and Young, 2009). CGRP+ neurons were only found 

in the small intestine by E17 (Blaugrund et al., 1996) and they were not 

present in the oesophagus or the large intestine of E17 or P2 mice and 

their phenotypic profile was p75+/ Ret+/ Phox2a7Phox2b+/NOS' (Young 

et al., 1999).

Regarding glial cells, at E11.5, cells expressing the glial marker Brain- 

specific fatty acid binding protein (B-FABP) were present in the foregut 

and the proximal midgut, showing that they were rostral to the migratory 

wavefront which at that time point had colonized the caecum. The B- 

FABP+ cells were all p75+ and had low expression of Ret (Young et al., 

2003). The calcium binding protein S100B was observed after E14.5 in 

small numbers in the duodenum and these cells were p75+ with low 

expression of Ret. In addition the glial fibrillary acidic protein GFAP 

appeared for the first time at E16 (Rothman et al., 1986). When enteric 

NCCs commit towards the neuronal lineage the expression of Sox10 is 

downregulated whereas when they commit to the glial lineage Sox10 

expression is maintained (Bondurand et al., 2003; Kim et al., 2003). 

The expression of all the above markers highlights the complexity in the 

formation of the ENS and the differentiation potential of enteric NCCs. 

This change in the phenotype of enteric NCCs during migration reflects 

changes in their proliferative and differentiating potential.
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1.4. Functions of enteric nervous system

The ENS is capable of regulating gut motility reflexes without input from 

the central nervous system (CNS) (Gershon, 1999), due to the 

presence of interconnected neuronal networks consisting of sensory 

and intrinsic primary afferent neurons and excitatory and inhibitory 

neurons (Furness 2006). The ENS also regulates a series of functions 

such as secretion, absorption, electrolyte transport, immune and 

endocrine functions as well as blood flow within the gut tube (Furness 

2008).

1.5. Migration pattern of enteric NCCs in the gut

Enteric NCCs migrate caudally in a complex and dynamic way in the 

gut mesenchyme. In chick embryonic gut, cells positive for the enteric 

NCC marker HNK-1 (Bronner-Fraser, 1986), migrate in chain formation 

which could be branched or not (Conner et al., 2003). A chain formation 

pattern of enteric NCCs has also been observed in mouse embryonic 

gut explants (Young et al., 2004) where the enteric NCCs were labeled 

with enhanced green fluorescent protein (EGFP) under the constitutive 

control of the promoter for the tyrosine kinase receptor gene, Ret, a 

marker for migrating NCCs in the gut (Pachnis et al., 1993). The 

trajectories of the chains showed great variations in terms of orientation 

and speed and also there were some individual cells which escaped
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from the chain and migrated 50-100|jm circumferentially and then joined 

the same or different chains of cells (Young et al., 2004).

A transgenic mouse model, using yellow fluorescent protein (YFP) 

under the control of the Wnt1 promoter, a marker for neural crest cells, 

demonstrated essential properties of the migration pattern in caecal and 

post-caecal regions. Migrating cells in the form of strands pause in the 

ileo-caecal border for 8-12h where more strands are forming. Individual 

'advanced cells’ from the wavefront migrate caudally and enter the 

caecum where they form new short strands which then join the network 

of strands located caudally to the leading wavefront. Repeat of this 

process results in the colonization of the distal gut (Druckenbrod and 

Epstein, 2005). It is worth mentioning that both groups (Young et al., 

2004 and Druckenbrod and Epstein, 2005) observed a chain of enteric 

NCCs extending along the mesentery between the base of the caecum 

and the post-caecal hindgut, preceding the entry of the migratory 

wavefront in the mesenchyme of the intestinal wall, indicating the 

presence of a vagal crest cell-derived population with different migratory 

properties and maybe different response to the caecal mesenchyme as 

they can by pass it through the mesentery.

The migration pattern of NCCs in chains implicates the importance of 

cell to cell interactions in gut colonisation. Indeed cell contact
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interactions have been shown to be present as the cell adhesion 

molecule L1 is expressed by enteric NCCs in embryonic mouse gut 

explants. Blockage of L1 function, with a L1-function blocking antibody 

decreased the migration rate and disrupted the chain formation at the 

leading wavefront of migration (Anderson et al., 2006b). Migration in 

chains is not a unique characteristic of crest-derived cells in the gut. 

Cardiac crest-derived cells migrate in cord formation as they colonize 

the heart (Poelmann et al., 1998). In addition, absence of gap junction 

protein connexin 43 (Cx43alpha1) has been shown to have a negative 

effect on the directionality and speed of cardiac neural crest cells (Xu et 

al., 2006). Furthermore, it has been demonstrated that the migration 

speed of enteric NCCs is approximately 35-40 pm/ h as has been 

shown in both fowl and mouse embryonic gut explants (Allan and 

Newgreen, 1980; Young et al., 2004).

1.6. Effect of cell number in the migration of vagal crest-derived 

cells

Various research groups, using neural crest ablation experiments, have 

demonstrated a relationship between the number of vagal crest cells 

and the length of the gut they colonize (Peters van de Sanden et al., 

1993; Burns et al., 2000; Yntema and Hammond, 1954, Barlow et al., 

2008). In embryonic mouse explants when part of the mesenchyme was 

removed, caudaily to the migratory wavefront and without disturbing the
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epithelium, the leading migratory cells showed reduced motility 

compared to controls (Young et al., 2004). A more detailed study which 

focused on the migration of ENS precursors in the hindgut, 

demonstrated that leading cells located caudal to the caecal colonic 

which was dissected out, were able to form an evenly distributed 

network only when they exceeded a minimum number (Druckenbrod 

and Epstein, 2005), suggesting that gut colonization depends on a 

‘population pressure’ model from cells located rostral to the migratory 

wavefront. Using mathematical simulations and chimaeric experiments 

with embryonic chicken and quail gut, it was proposed that migratory 

cells at the leading wavefront proliferate more due to the fact the ENS 

density is low at the wavefront and therefore less population pressure is 

applied by the surrounding environment (Simpson et al., 2007).

1.7 Signaling pathways involved in the ENS formation

Two major signaling pathways have been shown to play important roles 

in the development of the ENS. These are the GDNF/Ret/GFRcd and 

the endothelin-3/ endothelin receptor B pathways.

1.7.1. GDNF/Ret/GFRa1 signaling pathway

GDNF/Ret/GFRcd signaling regulates the survival, proliferation and 

differentiation of enteric NCCs in vitro (Heuckeroth et al., 1998; 

Taraviras et al., 1999; Chalazonitis et al., 1998; Hearn et al., 1998).
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Glial cell line-derived neurotrophic factor (GDNF) is a homodimer 

belonging to the transforming growth factor-p (TGF-p) superfamily 

which was initially found to promote the survival of embryonic midbrain 

dopaminergic neurons (Lin et al., 1993). GDNF is expressed by the gut 

mesenchyme (Young et al., 2001b) and attaches to GFRal which is 

bound to the cell membrane via a glycosyl phosphatidylinositol (GPI) 

anchor. Onto this complex the Ret receptor protein tyrosine kinase, 

which is expressed by the enteric NCCs, attaches and becomes 

activated (Airaksinen and Saarma, 2002; Pachnis et al., 1993). GFRal 

is expressed by both enteric crest and non crest-derived cells 

(Chalazonitis et al., 1998; Worley et al., 2000).
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Figure 1.3. GDNF/Ret/GFRal signaling pathway.

A GDNF dimer binds and brings together two molecules of GFRotl. Onto this 

complex Ret molecules attach, followed by trans-phosphorylation and 

activation of their tyrosine kinase domains which initiates the signaling cascade. 

(Picture was adapted and modified from Sariola and Saarma, 2003).
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Pre-enteric NCCs were chemo-attracted by GDNF when explants of 

mouse E9-9.5 post-branchial region were cultured in vitro with or 

without GDNF (Natarajan et al., 2002). Expression of GDNF mRNA in 

the gut mesenchyme of the foregut, midgut and caecum had been 

shown to precede migration of Ret+ enteric NCCs, consistent with a 

chemoattractive role of GDNF in vivo (Natarajan et al., 2002; Young et 

al., 2001b).

Experiments using transgenic mice showed that GDNF -/- (Moore et al., 

1996), GFRal -I- (Enomoto et al., 1998, Cacalano et al., 1998) and Ret 

-/- (Schuchardt et al., 1994) mice die within 24 hours of birth. 

Aganglionosis in small and large intestine and renal agenesis or severe 

dysgenesis were observed in Ret -/- newborn mice (Schuchardt et al., 

1994). In Ret -/- E17.5 mouse embryos, neurons and glia were present 

only in the esophagus and the proximal stomach, whereas in Ret +/- 

E17.5 embryos neurons and glia were present throughout the whole 

gastrointestinal tract (Durbec et al., 1996), indicating that Ret 

haploinsufficiency in mice is adequate for the entire colonization of the 

gut.

GDNF -/- E13.5 and P0 mice have no neurons in the small and large 

intestine as shown after immunostaining bowel sections for neuron 

specific enolase (NSE) and peripherin, although very few neurons could
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be observed in the stomach area when compared to wild type (Moore et 

al., 1996). GDNF adult heterozygote mice have a reduced number of 

enteric neurons throughout the whole Gl tract (Shen et al., 2002; 

Gianino et al., 2003) and that was shown to be due to fewer neuronal 

precursors identified by PGP9.5 and BrdU staining (Gianino et al., 2003) 

indicating the role of GDNF in influencing the number of enteric neurons 

by regulating the proliferation of their precursors. The degree of 

aganglionosis or hypoganglionosis may vary as shown in GDNF +/- 

newborn mice (Shen et al., 2002). On the other hand, adult Ret +/- mice 

do not have a decrease in the number of neurons but a reduction in 

neuron size was observed (Gianino et al., 2003). Both GDNF and Ret 

heterozygotes demonstrated abnormal contractility in the small and 

large intestine and a lower release of vasoactive intestinal peptide (VIP) 

and substance P (Gianino et al., 2003), suggesting that 

haploinsufficiency for the above genes is enough to provoke functional 

defects and loss of neuronal subpopulations.

Heterozygote GFRal mice appear healthy and reproduce normally 

(Enomoto et al., 1998). However GFRal -/- newborn mice have no 

ganglion cells in the small and large intestine but only in the 

oesophagus and stomach and do not survive more than a day after 

birth as mentioned previously (Enomoto et al., 1998). Also, in GFRal 

null mice agenesis or dysgenesis of kidneys was observed similar to
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what has been shown for GDNF and Ret null mice (Shen et al., 2002; 

Gianino et al., 2003; Pichel et al., 1996; Sanchez et al., 1996). The 

similarity in the defects of the ENS and the kidney development in these 

mutants indicates the strong interaction between GDNF, GFRal and 

Ret and that they cannot compensate for the functional loss of the other 

one.

1.7.2. Endothelin 3/ Endothelin receptor B signaling pathway

The second important signaling pathway in ENS development is the 

endothelin 3 (EDN3) / endothelin receptor B (EDNRB) pathway. EDN3 

interacts with the G protein-coupled seven trans-membrane receptor, 

EDNRB (Barlow et al., 2003). EDN3 is produced by the gut 

mesenchyme where its expression is higher in the caecum region as 

shown by in situ hybridization in mice embryos (Leibi et al., 1999). On 

the other hand EDNRB is expressed by the migrating enteric neural 

crest cells (Gariepy et al., 1998) and occasional mesenchymal cells in 

the embryonic jejunum (Barlow et al., 2003; Lee et al., 2003).

In mice there are natural mutants for EDN3 (lethal spotted-ls) and 

EDNRB (piebald lethal-sl). The lethal spotted mice have a mutation 

which blocks the proteolytic activation of EDN3 by the endothelin 

converting ezyme-1, ECE-1 (Baynash et al., 1994) whereas the piebald 

lethal mice have a deletion in the EDNRB gene resulting in absence of
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a functional receptor (Hosoda et al., 1994). In both cases the phenotype 

of the mutants is distal bowel aganglionosis and coat colour spotting. 

Mice with targeted disruption of either the EDN3 or EDNRB gene have 

the same phenotype as the natural mutants (Baynash et al., 1994; 

Hosoda et al., 1994).

Studies in Is/ls mouse embryos showed that lack of EDN3/EDNRB 

signaling does not affect the survival or the proliferation of migratory 

enteric NCCs in the gut (Kruger et al., 2003; Woodward et al., 2003), 

although differences were observed in the spatial differentiation towards 

a mature neuronal phenotype (Woodward et al, 2003). In contrast, 

some groups reported a promotion of proliferation when EDN3 was 

present (Barlow et al., 2003; Nagy and Goldstein, 2006). These 

differences are more likely to be a result of different experimental 

approaches as in a study done by Barlow et al. (2003) they observed no 

difference in the total number of dividing cells in gut cultures of EDN3 

Is/ls mice. However, they found a reduction in the number of dividing 

cells expressing the transcription factor and ENS progenitor marker 

Sox10, indicating the role of EDN3 in the proliferation of undifferentiated 

ENS progenitors (Barlow et al., 2003). Other evidence from 

experiments done in avian gut showed that EDN3 acts as an inhibitor of 

neuronal differentiation and in addition blocks the chemoattractive effect 

of GDNF on enteric crest-derived cells (Hearn et al., 1998; Nagy and
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Goldstein, 2006). Thus, the EDN3/EDNRB pathway is responsible for 

maintaining an undifferentiated migratory population responsible for 

colonizing the hindgut (Wu et al., 1999; Bondurand et ai., 2006).

1.7.3. Other signaling pathways involved in ENS development

1.7.3.1. Hedgehog signaling pathway

Sonic hedgehog (Shh) and Indian hedgehog (Ihh) have been both 

implicated in the normal development of the gut (Sukewaga et al., 2000; 

Ramalho et al., 2000). Both Shh and Ihh homozygous mutant mouse 

embryos displayed various abnormalities in the ENS. Shh -/- embryos 

have additional neurons into the villi and under the epithelium instead of 

them being localized only in the plexi. Ihh -/- mice displayed 

aganglionosis in regions of small intestine and colon (Ramalho et al., 

2000).

Experiments in embryonic mouse bowel revealed expression of the 

Sonic hedgehog (Shh) receptor Patched (Ptd) in Ret+ enteric NCCs. 

Further investigation in neurospheres formed by enteric crest-derived 

cells and in embryonic gut explants showed that Shh promotes 

proliferation and inhibits the chemoattractive effect of GDNF on enteric 

NCCs (Fu et al., 2004). In addition, the Shh pathway was shown to be 

necessary for the migration of vagal neural crest cells before entering
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the bowel and for the migration of ENS precursors inside the gut 

(Reichenbach et al., 2008). Therefore, Hedgehog signaling seems to be 

necessary for the normal ENS development and further investigations 

to identify interactions with other pathways are essential.

1.7.3.2. Notch signaling pathway

Although the role of Notch signaling has been studied thoroughly in 

progenitors of the central nervous system and in other tissues or organs 

where it was shown to have an effect on cell proliferation and cell fate 

determination (Artavanis-Tsakonas et al., 1999; Andersson et al., 2011), 

very few studies have been published regarding its role for ENS 

precursors. Using adult rats with in situ hybridization and 

immunohistochemistry experiments it was shown that the receptor 

Notch-1 as well as the ligand Jagged-2 were expressed in ganglia along 

the gastrointestinal tract (Sander et al., 2003). Similarly, expression of 

Notch-1 and Jagged-2 was demonstrated in a recent study where 

human bowel was examined. It was shown that staining for Notch-1 or 

Jagged-2 was negative in patients with aganglionic bowel 

(Hirschsprung’s disease) as their expression was low in segments 

lacking ganglia as demonstrated by Western blot analysis and RT-PCR 

(Jia et al., 2011).

25



Transgenic mice lacking a fucosyl-transferase (POFUT1) important for 

Notch signaling had a reduction in the number of Sox10+ enteric NCCs 

due to premature differentiation towards a neuronal fate (Okamura et al., 

2008). On the other hand, transient expression of the Notch pathway in 

neural crest cells induced gliogenesis (Morrison et al., 2000).

Finally a synergistic mechanism has also been implied between Shh 

and Notch signaling pathways during ENS development. Activation of 

Shh in enteric NCCs promoted their proliferation and glial differentiation, 

a reaction which was blocked by a Notch inhibitor, indicating that the 

induced proliferation and gliogenesis by Shh is caused through Notch 

signaling activation. In addition Shh activation promoted expression of 

the Delta-like 1 ligand (DIM) and upregulation of the Notch signaling 

target gene Hes1 (Ngan et al., 2011). These data indicate the 

regulatory role of both Shh and Notch signaling pathways in ENS 

development.
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1.8. Other molecules important for the ENS development

1.8.1. Transcription factor Sox10

A spontaneous mutation resulting in dominant megacolon appeared in 

the Jackson Laboratory in 1979 and was subsequently shown to involve 

the Sox 10 transcription factor (Lane et al., 1984, Southard-Smith et al., 

1998). Mice naturally or experimentally homozygous for the dominant 

megacolon (Dorn mutation), Sox10Dom/Dorri, completely lack neurons 

from the gastrointestinal tract and the etiology was shown to be 

increased apoptosis of neural crest cells before entering the foregut 

(Kapur et al., 1999). On the other hand heterozygotes, Sox10Dom/+, in 

both mice and humans demonstrate distal colonic aganglionosis in 

addition to pigmentation defects (Pingault et al., 1998, Southard-Smith 

et al., 1999, Walters et al., 2010), suggesting a critical role for Sox10 in 

ENS formation and survival of migratory NCCs. Additionally, the 

transcription factor Sox10 has been shown to maintain undifferentiated 

neural crest cells (Kim et al., 2003) and enteric NCCs (Bondurand et al., 

2006)

A relationship between the transcription factor Sox10 and the gene 

EDNRB has been proposed as researchers have identified binding sites 

for Sox10 on the EDNRB gene (Zhu et al., 2004). Cross-breeding 

experiments between EDNRB and Sox10 mice mutants revealed that
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agangiionosis in the double mutants was more severe than the one in 

the single mutants, as shown by staining of acetylcholine positive 

enteric neurons (Cantrell et al., 2004), indicating the presence of other 

mechanisms in ENS formation except their possible genetic interaction. 

Also, EDN3 and Sox10 double mutant mice had more severe 

agangiionosis than single mutants as demonstrated with Tuj1 immuno- 

histochemistry, implying that different mechanisms are regulating the 

role of Sox10 and EDN3 in ENS formation (Stanchina et al., 2006).

In addition Sox10 has been shown to bind to a 45bp sequence at the 3’ 

end of the enhancer of the Ret promoter. Also, the transcription factor 

Pax3 binds in the same 45bp sequence (Lang et al., 2000). Mouse 

embryos (E12.5) lacking Pax3 have no enteric ganglia distal to the 

stomach (Lang et al 2000). In addition, a physical interaction between 

Sox10 and Pax3 in a protein-protein manner has been shown by 

immunoprecipitation experiments, suggesting a synergistic role for both 

Sox10 and Pax3 in the regulation of Ret expression (Lang et al., 2003).

1.8.2. Transcription factors Phox2b and Mashl

The transcription factor Phox2b has also been implicated in the normal 

development of the ENS. In mutant mouse embryos which lack Phox2b, 

enteric NCCs migrated only to the proximal stomach, a phenotype 

similar to Ret -/- mice (Pattyn et al., 1999). Also, Phox2b is needed for
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the expression of the Ret gene as in transgenic mouse embryos lack of 

Phox2b results in loss of Ret expression (Pattyn et al., 1999). However 

an exact direct binding site of Phox2b on Ret has not been confirmed 

implying that Phox2b could control Ret expression indirectly (Leon et al., 

2009).

The transcription factor Sox10 has been shown to be important for the 

initial induction of Phox2b and the proneural gene mammalian achaete- 

scute Homolog 1, Mashl, in neural crest cells. However, Sox10 

expression decreases as Phox2b+ and Mash1+ cells commit towards 

the neuronal lineage (Kim et al., 2003). Transgenic mice lacking Mashl 

(Mashl -/-) die during the first day of birth (Guillemot et al., 1993).

Cultures of dissociated E12.5 rat bowel showed that most of TH+ cells 

were expressing Mashl. Often TH+/ Mash1+ cells were found as 

doublets suggesting a recent division but no doublets were observed in 

TH+/ MashT cells. TH+/MashT cells were larger and with long 

processes compared to TH+/Mash1+ cells, indicating that the latter are 

neural progenitor cells. Immunoreactivity of TH could not be observed in 

E12.5 Mashl -/- rat bowel, whereas lack of Mashl did not have an 

effect in Ret+ ENS progenitors (Blaugrund et al., 1996). These data 

suggest that Mashl plays a critical role in the survival of TH+ neural 

progenitors in the gut.
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1.8.3. Bone Morphogenetic Proteins

The bone morphogenetic proteins BMP-2 and BMP-4 are signaling 

molecules, that are part of the TGF-(3 family. They bind to BMP 

receptors and activate the Smad pathway through phosphorylation 

(Zwijsen et al., 2003). The BMPs participate in the induction and 

migration of neural crest cells (LaBonne et al., 1999) and play a role in 

the neuronal differentiation of enteric NCCs where BMP4 acts together 

with GDNF to promote enteric neuronal differentiation (Chalazonitis et 

al., 2004) and enteric NCCs’ migration (Goldstein et al., 2005).

Overexpression of the BMP inhibitor noggin resulted in higher numbers 

of neurons in the small intestine (Chalazonitis et al., 2004), whereas in 

the hindgut fewer ganglionic neurons and a delay in the intestinal 

colonization were observed (Goldstein et al., 2005). These data are 

consistent with defects in the migration of enteric NCCs due to reduced 

BMP function. In the developing gut both BMP-2 and BMP-4 proteins 

are produced by enteric NCCs and by non-crest derived cells indicating 

an autocrine and paracrine role for BMPs on ENS cells (Chalazonitis et 

al., 2004).

BMP-2 has been shown to inhibit gliogenesis in rat neural crest ceil 

colonies, a process which could be rescued by the presence of Sox10 

(Kim et al., 2003). Also, BMP-4 promotes neuronal differentiation of
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enteric NCCs in a manner independent from the EDN3/EDNRB 

signaling pathway (Kruger et al., 2003). Moreover, BMPs show a 

selective regulation in the survival of neurons expressing the 

neurotrophin-3 receptor TrkC (tyrosine kinase receptor C) (Chalazonitis 

et al., 2004). The above evidence shows that BMPs regulate the 

development of the ENS through complex mechanisms.

1.8.4. Vitamin A and retinoic acid

Retinoic acid, which is derived from the metabolism of vitamin A (Ott et 

al., 1979), has also been implicated in the development of the ENS. 

Regulation of Ret expression and the morphology of the gut are some 

of the roles of retinoic acid (Pitera et al., 2001). Mutant mice embryos 

which lack the synthesizing enzyme of retinoic acid retinaldehyde 

dehydrogenase 2 (RALDH2) die on embryonic day E10.5 due to heart 

abnormalities (Niederreither et al., 2001). However, exogenous addition 

of retinoic acid extended the lifetime of these embryos until the end of 

gestation demonstrating that there were defects in the development of 

the oesophagus and the stomach (Wang et al., 2006). Retinoic acid in 

vitro promotes the proliferation of a subset of enteric NCCs already 

committed to the neuronal lineage, as shown by expression of the 

immature neuronal marker Tuj1. In addition retinoic acid is responsible 

for the reduction of neurite length of enteric NCCs in culture expressing 

Ret and induces their neuronal differentiation (Sato et al., 2008). Finally,
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distal enteric aganglionosis occurrs in transgenic mice lacking the 

vitamin A binding protein Rbp4, suggesting that reduction in retinoic 

acid levels due to low levels of vitamin A, results in defective gut 

colonization by the ENS progenitors (Fu et al., 2010).

1.8.5. Extracellular Matrix Proteins

The mesenchyme of the gut contains various extracellular matrix (ECM) 

proteins such as laminin, fibronectin, chondroitin sulfate proteoglycan 

and tenascin (Newgreen et al., 1995). Integrins are the main receptors 

of ECM proteins and they include 24 a(3 heterodimers. Enteric NCCs 

express receptors for ECM proteins including a4, a6 and (31 integrins 

(Iwashita et al., 2003, Breau et al., 2006) and the LBP110 receptor of 

laminin-1 (Chalazonitis et al., 1997). In mice which have a tissue- 

specific homozygous mutation for (31-integrin, the enteric NCCs fail to 

colonize the whole length of the gut resulting in distal colonic 

aganglionosis. Moreover, ganglia formed aggregations in a 

disorganized pattern when compared to control ENS of P14 mice 

(Breau et al., 2006) indicating that normal interaction of enteric NCCs 

with the ECM proteins of the gut is crucial for their migration and 

colonization of the gut. This interaction was analyzed further, as it was 

demonstrated that enteric NCCs lacking p1-integrin failed to interact 

with the fibronectin in the hindgut which promotes their migration. As a 

result they receive the negative effect from tenascin which has been
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shown to act as a negative regulator of cell adhesion and migration 

(Breau et al., 2009).

1.9. Hirschsprung’s disease

In previous paragraphs the molecules and signaling pathways involved 

in the ENS development were analyzed, indicating the complexicity of 

the ENS formation and the different factors that could alter the normal 

colonization of the gut by enteric NCCs. The defective colonization of 

the gut by enteric NCCs and the consequent absence of ganglia in the 

distal colon is the typical phenotype of a disorder in humans called 

Hirschsprung’s disease (HSCR).

HSCR is a congenital disorder which is characterized by the lack of 

enteric ganglia (aganglionosis) in both submucosal and myenteric plexi 

typically in the distal colon (Amiel et al., 2008). Children with HSCR 

have an extremely dilated proximal colon (megacolon). The length of 

the bowel which is affected may vary, but in 80% of the cases the 

aganglionic segment includes the internal anal sphincter, the rectum 

and a small part of the sigmoid colon and is classified as short segment 

HSCR (S-HSCR). When the aganglionosis is more extensive then it is 

termed long segment HSCR (L-HSCR). In addition different variants 

have been observed including total colonic aganglionosis (TCA), total
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intestinal aganglionosis (where parts of the small intestine are involved), 

short segment aganglionosis (involving only the distal rectum) and 

finally the case where the aganglionic colon is rostral to ganglionic 

segment (Amiel et al., 2008).

Although HSCR was first reported in 1888 by the Danish paediatrician 

Harald Hirschsprung in two patients who died from chronic constipation 

and dilated bowel it was not until 1948 that the first effective surgical 

technique was developed to treat HSCR. Previous investigators were 

unaware that the etiology was the absence of ganglia caudal to the 

dilated bowel as demonstrated with histochemical examination and that 

was the segment that had to be removed (Swenson 1996). Surgery 

involved resection of the distal aganglionic bowel and a low 

anastomosis of ganglionic bowel to the rectum.

HSCR occurs in a ratio of 1:5000 live births (Bodian et al., 1963) but 

that number varies among different ethnicities (Kenny et al., 2010). In 

addition, there is a bias of males towards the occurrence of HSCR in a 

ratio of 4/1 (Kenny et al., 2010). Occurrence of HSCR could be 

identified as an isolated trait (70% of the cases) or it could be 

accompanied with a chromosomal defect such as trisomy 21 (12%). In 

the rest of the cases HSCR symptoms are part of another syndrome 

such as Waardenburg syndrome (Gershon, 2010).
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Various genes have been implicated in the pathogenesis of HSCR with 

the most common being those involved in the Ret/GDNF and EDN3/ 

EDNRB signaling (Table 1). Mutations at the locus 10q11.2 of the proto­

oncogene Ret are the most common ones as they have been identified 

in up to 50% familial and 35% sporadic cases. Mutations can be located 

in different positions of the gene and involve different types of mutations 

such as missense and nonsense mutations or even large deletions 

(Amiel et al., 2008).
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ene Abbreviation Mutation
frequency

Function

eceptor tyrosine
nase

Ret 50% familial
cases
15-35% 
sporadic cases

Expressed by ENCC. Promotes 
migration, survival and 
differentiation of ENCC

lial cell-line
erived neurotrophic
ictor

GDNF Rare, <5%, 6 
cases reported

Produced by gut mesenchyme.
Ret-ligand promoting 
migration, survival and 
differentiation of ENCC

eurturin NTN 1 familial case 
reported

Co-ligand for GDNF. Produced 
by gut mesenchyme

idothelin
receptor

EDNRB ~5% Expressed by ENCC.
Maintenance of ENCC in
undifferentiated state

idothelin-3 EDN3 <5% EDNRB ligand. Produced by 
gut mesenchyme particularly
caecum

idothelin 
inverting enzyme

ECE1 1 case report Proteolytic conversion of 
endothelin-3 precursor to 
active form

RY-related
MG-box 10

SoxlO Waardenburg- 
Shah syndrome

Expressed by ENCC, 
maintenance of ENCC in 
undifferentiated state, cell fate 
and glial cell differentiation

aired-like 
omeobox 2d

Phox2b Congenital
Central
Hypoventilation 
Syndrome with 
HSCR

Expressed by ENCC. Essential 
for development of autonomic 
neural crest derivatives.
Necessary for Ret expression.

nc finger 
omeobox lb or 
nad interacting 
rote in 1

Zfhxlb/sipl Mowat Wilson 
syndrome

Expressed by ENCC and 
derivatives. Essential for 
formation of vagal neural crest 
cells

"anscription factor 4 TCF4 Pitt-Hopkins 
syndrome, 
occasionaly HSCR

Interacts with 3-catenin that enters 
the nucleus as a result of Wnt signaling

Table 1.2. Genes involved in human Hirschsprung’s disease and their role. 

ENCC: enteric neural crest-derived cells, HSCR: Hirschsprung’s disease.

(Table modified from Theocharatos et aL, 2008 and Gershon, 2010).
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Alternative splicing of the proto-oncogene Ret results in two isoforms, the 

RET9 and RET51 which differ only in their C-terminal ends (Tahira et al., 

1990). Mice mutants expressing only one of the isoforms revealed an 

important role for RET9, because mice lacking only the RET9 isoform had 

colonic aganglionosis whereas Ret517Ret5r mice had no apparent defect 

in the innervation of the gut (de Graaff et al., 2001). As discussed 

previously, mice heterozygotes for the Ret gene do not have any 

alterations in the number of enteric neurons (Gianino et al., 2003) whereas 

in humans Ret +/- genotype results in distal aganglionosis (Amiel and 

Lyonnet, 2001), implying a possible species difference regarding the role of 

HSCR related genes.

Nevertheless, many studies using transgenic animals including mouse and 

zebrafish knock-out models, as well as microarray assays, have identified 

the role of many genes, transcription factors and molecules involved in the 

normal development of the ENS and thus potential targets for HSCR 

therapy (Burzynski et al., 2009). In all cases where gut aganglionosis 

occurs the parameters discussed are the survival, proliferation, 

differentiation and migration of the enteric NCCs which for one or the other 

reason fail to colonize the whole gut and/or cannot keep up with the 

simultaneous growth of the bowel (Landman et al., 2007; Laranjeira et al., 

2009).
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The treatment of HCSR today is surgery and involves the approach 

described previously by Swenson where the aganglionic segment is 

removed (reviewed in Swenson et al., 1996). Although the same 

operational principle exists today with some modifications, the outcome of 

the surgery sometimes can lead to long-term complications as the 

aganglionic internal anal sphincter is required to remain in situ in order to 

maintain the function of the external anal sphincter (Theocharatos et al., 

2008). These complications can involve chronic constipation or 

enterocolitis and social problems resulting in poor quality of life (Jarvi et al., 

2010, leiri et al., 2010, Chumpitazi et al., 2011).

1.10. Stem cells of the enteric nervous system and their clinical 

potential

The possible post-operative complications of HSCR lead to the search for 

other adjunct therapies such as the use of neural stem cells. Previously, 

Reynolds and Weiss reported a protocol for maintaining neural stem cells 

in vitro isolated from the central nervous system (CNS) introducing a new 

era for the expansion of neural stem cells (Reynolds et al., 1992). The 

original protocol suggested that the presence of the epidermal growth 

factor (EGF) in combination with non adherent tissue culture conditions 

were the prerequisites for maintaining the proliferation of CNS stem cells. 

Due to proliferation and lack of adhesion to a culture substrate these cells
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derived from mouse forebrain formed aggregates, named ‘neurospheres’ 

and they were able, upon attachment on adherent substrate, to give rise to 

neurons positive for the neuron-specific enolase (NSE), substance P and 

y-aminobutyric acid as well as GFAP+ glial cells (Reynolds et al., 1992) 

suggesting an in vitro way to propagate and maintain undifferentiated 

neural stem cells.

Regarding neural stem cells of the ENS, isolation and expansion of mouse 

enteric NCCs as neurospheres was demonstrated by Schafer et al. (2003). 

Thereafter progress has been made in isolating enteric NCCs from both 

mouse and human bowel samples (Bondurand et al., 2003; Almond et al., 

2007; Metzger et al., 2009a, b). These groups demonstrated by 

immunostaining in gut-derived neurosphere sections the presence of 

neuronal markers including Tuj1, PGP9.5, NOS, VIP, substance P, CGRP 

and cholino- acetyltransferase (ChAT), indicating that the neuronal 

markers than can be found in the ENS in vivo, are also present in 

neurospheres. In addition, markers for enteric glia such as S100B and 

GFAP were also expressed. The fact that neurospheres upon multiple 

dissociations could regenerate and still express neuronal and glial markers 

suggests that neurospheres are a complex environment containing self- 

renewing progenitors and their progeny (Bondurand et al., 2003; Almond et 

al., 2007; Metzger et al., 2009a, b; Lindley et al., 2009). However, the
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number and the location of stem cells in the neurospheres, how many of 

the cells express neuronal or glial markers or the mechanisms regulating 

cell differentiation within the neurosphere are still unknown.

Transplantation of neurospheres derived from bowel of HSCR patients into 

mouse aganglionic gut showed restoration of contractility indicating a 

functional role for neurosphere cells, and that neurosphere-cell 

transplantation in internal anal sphincter could be a therapy to treat HSCR 

(Lindley et al., 2008). In addition, neural stem cells derived from mouse 

embryonic brains were able to differentiate into NOS+ neurons and improve 

the gastric emptying after transplantation into the pyloric wall of NOS-/- 

adult mice (Micci et al., 2005). Also, when CNS neural stem cells isolated 

from the cortex of embryonic rats were transplanted into benzalkonium 

chloride-treated aganglionic rectum of adult rats, were able to differentiate 

into neurons and glia and recover the rectoanal inhibitory reflex as that was 

shown 8 weeks post-transplantation (Dong et al., 2008). However, it is 

unknown how and why these cells migrate in the gut expiants. Also, it is 

not known if neurosphere cells behave in vitro in the same manner as 

enteric NCCs during bowel development.

Regarding proliferation, a small number of studies have demonstrated the 

presence of proliferating cells at the periphery of the neurosphere (Campos
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et al., 2004). Again, we do not understand why these cells proliferate at 

such a great rate in culture compared to the in vivo conditions and most 

importantly how can we regulate their proliferation, a prerequisite for any 

potential transplantation in vivo as their continuous proliferation could lead 

to tumour formation.

Therefore, in this study we designed and performed experiments to answer 

the questions that rose above, because understanding the behaviour and 

the mechanisms controlling enteric stem cells in vitro could one day be the 

solution to treat enteric nervous system disorders such as HSCR.

Aims of the thesis:

- To investigate cell proliferation in neurospheres.

- To identify the relationship between cell proliferation versus cell 

differentiation in the neurospheres.

- To investigate the presence and the role of signaling pathways 

regulating cell proliferation and cell differentiation.

- To study the behaviour of neurosphere-derived cells following 

transplantation.
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CHAPTER 2 

Materials and Methods
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2.1 Tissue dissection

Time mated CD-1 mice (Charles River Laboratories, Kent, UK) were 

sacrificed by inhalation of increasing concentration of carbon dioxide on 

embryonic day (E) 11.5 in accordance with UK Home Office regulations. 

Uterus containing embryos was dissected out and placed on a 60mm petri 

dish with 5ml of Dulbecco's Modified Eagle Medium, DMEM (Invitrogen, 

Paisley, UK) low glucose. Using forceps embryos were removed from the 

uterus and placed in a 60mm silicon based dissection dish. Embryonic 

caeca were isolated under a dissection microscope (Leica M165 FC) using 

fine forceps (No. 5 Dumont, Fine Science Tools, FST, Heidelberg, 

Germany). At the embryonic age E11.5 the wavefront of the migratory 

undifferentiated NCCs are located at the caecum (Druckenbrod and 

Epstein, 2005). At this stage in the caecum both GDNF (Young et al., 2001) 

and EDN3 (Leibl et al., 1999) are higly expressed by the gut mesenchyme, 

implying that enteric NCCs have been exposed to both GDNF and EDN3 

signaling pathways at this stage. In addition, when mouse E11.5 colon 

containing few migratory enteric NCCs was dissected and cultured in vitro, 

enteric NCCs colonized the colon at similar density with what observed in 

intact gut and the number of NOS+ neurons in both conditions remained 

unaltered (Sidebotham et al., 2002). These data indicate that the caecum 

at E11.5 contains ENS progenitors able for the colonization of the gut and 

therefore caecum was used as source of cells for our experiments.
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2.2. Generation of embryonic mouse neurospheres

Dissected caeca (n= 12-16/ pregnant mouse) were centrifuged at 150g for 

5 min. Caeca were incubated with 0.05% trypsin (Sigma Aldrich, Poole, UK) 

diluted in Dulbecco's phosphate buffered saline, DPBS (Invitrogen) for 

15min at 37°C. The reaction was stopped by removing trypsin after 

centrifugation at 150g for 5min and by the addition of 1ml of neurosphere 

culture medium. Mechanical dissociation followed using 1ml Gilson pipette. 

The resulting single cells (2-3X105 ceils/ ml) were transferred to 60mm non 

adherent dish (see 2.2.1.) and further 4ml of neurosphere culture medium 

were added. Cells were kept in a humidified incubator with 5% C02 

(Heraeus, Thermo Fisher Scientific, Essex, UK).

After one week the first neurospheres had developed and by 2 weeks in 

culture they had reached the size of 100pm. Neurospheres were passaged 

by dissociation. They were incubated with 0.05% trypsin for 10min at 37°C. 

Upon centrifugation at 150g for 5min, the supernatant was removed and 

1ml neurosphere culture medium was added. Mechanical dissociation with 

a 1ml Gilson pipette followed. Single cell suspension was split to 2 or 3 

new 60mm non adherent dishes and complemented with medium to reach 

a final volume of 5ml.
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2.3. Tissue culture

2.3.1. Tissue culture substrates

1. 60mm non adherent dishes (Sterilin, Scientific Laboratory Supplies, 

SLS, Nottingham) for the generation and propagation of the 

neurospheres as described in the previous paragraph.

2. Filter paper (Millipore, Watford, UK) with V-shape cut situated on top 

of a well in Terasaki 72-well plate (VWR, Lutterworth, UK) was used 

for the explant culture.

3. 8-well Permanox plastic Chambers (Sigma-Aldrich) for 

immunostaining of single cells derived from dissociated 

neurospheres.

4. 8-well Glass chambers (VWR), coated with 150 pg/ cm2 poly-D- 

lysine (8h) (Sigma-Aldrich) and 1.5 pg/ cm2 laminin (8h) (Sigma- 

Aldrich) with 3 rinses of PBS after each coating, for neurosphere 

attachment and neurosphere cell migration.
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2.3.2. Neurosphere culture medium

Low glucose (1 mg/ml) DMEM with 100U/ml penicillin and lOOpg/ml 

streptomycin (Invitrogen), 2mM L-glutamine (Invitrogen), 2% v/v chick 

embryo extract (Sera Laboratories Int, Horsted Keynes, UK), 1% v/v N1- 

supplement (Sigma-Aldrich), O.OSmM 2-mercaptoethanol (Sigma-Aldrich), 

20 ng/ml, epidermal growth factor (EGF, Sigma-Aldrich), 20 ng/ml 

fibroblast- growth factor-2 (FGF2, Autogen Bioclear, Caine, UK) and 1% 

fetal bovine serum (FBS, Invitrogen). The protocol was adapted from 

Almond et al. (2007). The culture medium was replaced twice a week; 

neurospheres were moved close to the centre of the dish by swirling and 

2/3 0f the old medium were removed.

2.3.3. Explant culture medium and HEK293T medium

High glucose (4.5mg/ml glucose) DMEM with 100U/ml penicillin 

(Invitrogen), 10% FBS (Invitrogen) and 2mM L-glutamine (Invitrogen).
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2.4. Sections and Immunostaining

2.4.1. Neurosphere sections

Neurospheres were firstly sectioned and then immunostained in order to 

identify protein localization in the middle of the neurosphere and avoid any 

antibody penetration issues resulting from wholemount immunostaining. 

Neurospheres with diameter 100-150pm were transferred to an embedding 

mold (peel-a-way truncated- T12, Park Scientific, Northampton, UK) with a 

glass Pasteur pipette (230mm, VWR). Excess medium was discarded and 

the mold was covered with 300pl of Shandon Cryomatrix (Thermo Fischer 

Scientific). Using a 200pl tip neurospheres were positioned in the centre of 

the mold. They were then centrifuged at 150g for 3min and as a result all 

the neurospheres were grouped at the bottom of the mold. They were 

stored at -80oC until sectioning. For the sections a Cryostat (HM505N, 

Thermo Fisher Scientific) was used, with disposable microtome blades 

(MX35, Thermo Fisher Scientific) and the sections were cut at 8pm thicken.

2.4.2. Explant sections

Explants including mouse embryonic E11.5 and neonatal P1 colon as well 

as neonatal P1 heart, liver and bladder were transferred to a 12-well plate 

(VWR) and fixed with 4% (w/v) paraformaldehyde (Sigma-Aldrich)
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dissolved in Phosphate Buffered Saline (PBS), for 30min at RT followed by 

washing with PBS 3 X times. Explants were kept overnight (O/N) at 4°C 

embedded in 20% (w/v) sucrose dissolved in PBS. The following morning 

explants were transferred to freezing molds (peel-a-way truncated T12, 

Park Scientific, Northampton, UK) using forceps and covered with 300pl 

Shandon Cryomatrix. Tissue was stored at -80oC. Sections were taken as 

described in the previous paragraph.

2.4.3 Immunostaining on sections

Frozen sections were washed once with PBS. Cells were fixed with 4% 

paraformaldehyde for 10min at room temperature (RT). Fixative was 

removed with 3 X 5min washes of PBS. Incubation with 0.25% Triton X- 

100 (v/v) (Sigma-Aldrich) in PBS for 10 min at RT followed. Cells were 

washed 3 X 5min with PBS and a ring with a hydrophobic marker (Super 

HT Pap Pen, 4mm, Research products Int Corp, Illinois, USA) was drawn 

around each section in order to minimize the volume required for reagents 

in the next steps. Bovine serum albumin, BSA (2%, w/v in PBS) 

(Invitrogen), was added in each ring for 1h at RT prior to incubation with 

primary antisera diluted in BSA (2%, w/v in PBS) at 4°C, O/N. The next day, 

primary antibody was washed away with PBS 3X5 min times. Secondary 

antibody conjugated with fluorophore (see 2.14.2.) was added for 1h in the 

absence of light. Further washing 2X5 min with PBS followed. Sections
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were incubated with 0.5|jg/ml ^.e-diamidino^-phenylindole (DARI) for 5 

min in the dark, 2x5 min washes with PBS followed. Sections were 

mounted with Mounting Medium (Dako) and covered with a coverslip. 

Sections were kept at 4°C until observation under the microscope.

2.4.4. Immunostaining on neurosphere-derived adherent cells

Following neurosphere dissociation, 5x103 cells/ chamber/ 0.8cm2 were 

seeded onto Permanox chambers slides (Sigma-Aldrich). Counting was 

performed using a haemocytometer. In detail, 10pl from the single cell 

suspension were mixed 1/1 with Trypan Blue (Sigma-Aldrich) and half the 

volume was loaded to the haemocytometer for counting. Cells were fixed 

with 4% paraformaldehyde (150pl/ chamber) for 10min at RT. Cells were 

then processed as described in section 2.4.3.

2.4.5. BrdU immunostaining on frozen sections

BrdU solution was purchased from Becton Dickinson (Worthing, UK). It 

was diluted in neurosphere cell culture medium at a final concentration of 

10pM. Sections were processed as normally but before adding 0.25% 

Triton X-100 (v/v), cells were treated with 4M HCI for 15min in order to 

denature the DNA. Washing with distilled water followed and 2X washes 

with PBS before continuing with the Triton X-100 step.
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2.4.6. S-ethynyl^’-deoxyuridine (EdU) staining

For both sections and ceils that were seeded on Permanox slides the 

process of EdU immunostaining was the same. Cells were fixed for 10min 

with 4% paraformaldehyde. Upon washing 3 X 5min times with PBS, 

0.25% Triton X-100 was added for 20 min and then the process was 

continued according to the manufacturer’s instructions (Click-it EdU 

imaging kit, Invitrogen). In contrast to antibody immunostaining, retrieval of 

incorporated EdU was based in the bond created by the azide group of the 

Click-it fluorophore Alexa594 and the alkyne group of EdU, a covalent 

reaction catalyzed by copper. The azide-containing fluorophore can enter 

the nucleus without prior HCI treatment.

2.4.7. Treatment of neurospheres with DART

For the inhibition of Notch signaling pathway the y-secretase inhibitor N-[N- 

(3, 5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester (DAPT) 

was used (Sigma-Aldrich). DAPT (5mg) was dissolved in pure (99.7% v/v) 

dimethyl sulfoxide (DMSO) at a final concentration of 10mM. It was added 

to neurosphere culture medium so that the final concentration was 10pM. 

In the control an equal amount of pure DMSO was added to the medium.
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2.5. Transplantation assay

Colon was dissected from E11.5 mouse embryos and P1 mouse neonates. 

In embryos the explant originated from the caecal-colonic junction until the 

most caudal end that could be dissected (Fig. 2.1A). In the case of 

neonates ~3mm of bowel was dissected in between the appendix and anus. 

Colon from either E11.5 or P1 mice was transferred onto a square filter 

paper into which a V-shape cut had been made so that ends of the colon 

explants rested on the paper while most of the explants extended across 

the V-shaped gap. The paper (Millipore) was then transferred to a Terasaki 

well containing 11.5 pi transplantation culture medium. The middle of the 

bowel was suspended free in the medium whereas the edges remained 

attached to the paper. This technique allowed the bowel to maintain its 

tubular shape over time (Hearn et al., 1999). An EGFP+ neurosphere was 

placed either at the rostral or the caudal end of the colon as indicated (Fig. 

2.1B).
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Figure 2.1. Schemes demonstrating the origin of the embryonic mouse El 1.5 

colon and the transplantation design.

Colon for transplantation experiments was dissected at the caecal-colonic junction 

and in cases where the caecum was included that was dissected at the boundary 

between ileum and caecum (A, dotted lines; Druckenbrod and Epstein, 2005). The 

transplantation design was adapted from Hearn et al., 1999 (B, NS=neurosphere; 

C=colon).
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2.6. Production of lentivirus

2.6.1. Molecular cloning in bacteria and plasmid purification

For the production of the EGFP-expressing lentivirus, 3 plasmids were 

used. These were the pMDG.2, pCMVA8.74 and the pHR-SFFV-EGFP 

(Fig. 2.2). Plasmids were kindly provided by Dr Tristan McKay (University 

of Manchester). The plasmids were transformed (Ipg) by heat-shock in 

One Shot Top10 competent E.coli bacteria (Invitrogen) according to the 

manufacturer’s instructions. Selection of the successfully transformed 

bacteria was done by spreading them on LB/agar plates containing 

100pg/ml ampicillin. For the plasmid purification Maxi-prep bacteriological 

cultures (500ml) were lysed and the lysate containing plasmid DNA was 

processed according to manufactures’s instructions (Qiagen, Crawley, UK).
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Figure 2.2. Plasmids used for the transfection of the HEK 293T packaging 

cells.

The plasmids used were pMD2.G (A), pCMVA8.64 (B) and pHR-SFFV-EGFP 

(C). The pMDG.2 plasmid contains the gene which encodes the envelope protein 

(vesicular-stomatitis-virus glycoprotein, VSV-G,), the pCMVA8.74 contains the 

genes gag (capsid protein) and pol (reverse transcriptase/ integrase activity) and 

the pHR-SFFV-EGFP plasmids contain an EGFP coding sequence which is
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constitutively expressed under the control of the spleen focus-forming (SFFV) 

promoter (Restriction maps from Addgene, www.addgene.org).

2.6.2. HEK293T transfection

The packaging cell line HEK293T (provided by Dr Tristan McKay, 

University of Manchester) was triple transfected with the above plasmids 

using calcium phosphate precipitation. 12 X 106 HEK293T cells were 

seeded in a T175 (175cm2) flask and kept 0/N at 37°C, 5% C02. The 

following morning the three plasmids were added to a 50ml Falcon Tube 

containing 5ml DMEM (High Glucose, 4mg/ml), 25mM HEPES, 250pl 

CaCfe and the pH was adjusted to 7.1 with 1M HCI. The mixture was 

filtered with a 0.2pm filter (VWR) after pH adjustment and prior to plasmid 

addition. The amount of plasmids added were:

Plasmid M9

pMG.2 17.5

pCMVA8.74 32.5

pHR-SFFV-EGFP 50

Table 2.1. List of the plasmids used for the lentiviral production and their 

quantity for each HEK293T transfection.
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After plasmid addition, 3-4 gentle inversions of the tube followed and 

plasmids were left to incubate with CaCI2 containing medium for 20min at 

RT. Medium from the HEK293T culture was removed and replaced with 

the medium containing the plasmids plus 20ml of 0.2pm filtered DMEM 

(High glucose) consisting of 10% FBS, 25mM HEPES whose pH was 

adjusted to 7.9 using 1M NaOH. Cells were left O/N at 370C, 5% C02. The 

following day (Day 2), medium was discarded using Class 2 procedures 

and replaced with 20ml of HEK293T culture medium. Cells were kept O/N 

at 370C, 5% C02. The next morning (Day 3) the 20ml of culture medium 

which contained the lentiviral particles was filtered through a 0.2pm pore 

size membrane (Sigma-Aldrich) in order to remove cell debris. Lentiviral 

supernatant was transferred to a Vivaspin 20 100kD MWCO filter tube 

(Sartorius Stedim, Epsom, UK) and centrifuged for 60min at 1500g at 4°C. 

The lentiviral supernatant was concentrated to a final volume of 300-500pl. 

The concentrated virus was aliquoted in 2 cryovials and kept at -80°C until 

further use.
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2.6.3. Lentiviral transduction of embryonic mouse neurosphere cells

Embryonic mouse primary neurospheres after 2-3 weeks in culture in 

60mm non adherent dishes were dissociated using 0.05% trypsin for 15 

min at 37°C and mechanical agitation with a 1ml Gilson pipette. Single 

cells upon centrifugation at 150g were resuspended in 5ml of neurosphere 

culture medium and seeded into 60mm non adherent dishes. A viral aliquot 

was thawed from -80°C and transferred to the dish containing the single 

neurosphere cells. Virus was mixed with the medium by repetitive pipetting. 

Two days post-transduction, cell medium was discarded under Class 2 

safety guidances and replaced with fresh neurosphere culture medium. 

After two weeks in culture EGFP+ neurospheres of 100pm size were 

generated.

2.7. Formation of chimaeric neurospheres

EGFP+ neurospheres 2-3 weeks old were dissociated. Single EGFP+ 

neurosphere cells were counted and 5000 EGFP+ cells were transferred to 

a small eppendorf tube together with an unlabeled neurosphere 2-3 weeks 

old. They were centrifuged in 150g for 5min and transferred at 37°C O/N. 

The next day, chimaeras had been formed inside the tubes. Using a 200pl 

Gilson pipette chimaeras were transferred to non adherent 96-well plate 

(Sigma-Aldrich) (1 chimaera/ well). Medium was changed every other day.
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2.8. Flow cytometry

For the counting of EGFP* cells, labeled neurospheres were incubated 

with 0.05% trypsin for 15 min at 37°C and then centrifuged at 150g for 5 

min. The suspension was discarded and neurospheres were resuspended 

in 1% (w/v) BSA/ PBS and dissociated as previously described. Single 

cells were counted and diluted with 1% BSA in a concentration of 10 X 105 

cells/ ml. Large cell clumps were removed by passing the cell suspension 

through a cell strainer (VWR) before loading the cells in the flow cytometer. 

Settings: FSC=E00, SSC=371, FL1=333.

2.9. Statistical analysis

Graph plotting and unpaired two-tailed t-tests with confidence intervals of 

95% were performed using the software GraphPad Prism 5.03 (GraphPad 

Software Inc., California, USA). Differences were considered statistically 

significant when p value< 0.05.
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2.10. Image Software

• Adobe Photoshop was used for image cropping, resizing and colour 

channel overlay.

• Adobe Illustrator and Microsoft Office PowerPoint 2007 were used 

for figure-panel formation and orientation.

• Imaged was used for cell counting on pictures of neurosphere 

sections and for measuring the distance of the most distal cell in 

explants and on adherent substrate as well as the measurement of 

neurite length.

2.11. Microscopy

For Image acquisition a range of different light and confocal microscopes 

were used.

Microscope Camera

Leica DM IRB (inverted) Leica DFC 420C

Leica Leitz DMRB (upright) Leica DFC 420C

Leica M165 FC (dissection microscope) Leica DFC 425C

Leica TCS SPE (confocal) Integrated

Table 2.2. List of microscopes and cameras used in the experiments.
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2.12. Molecular Biology

2.12.1. RNA extraction from neurosphere cells

Neurospheres were transferred to a 15ml falcon tube and centrifuged at 

100g for 5 min. The supernatant was discarded, neurosphere cells were 

lysed in 1ml Trizol Reagent (Invitrogen) and transferred to a 1.5ml 

eppendorf tube. The tube was inverted gently 2-3 times. Then 200pl of 

chloroform was added and the mixture following vigorous shaking, was 

incubated at RT for 5 min. The cell lysate was centrifuged at 12000g for 15 

min at 4°C. The top aqueous phase contained the RNA, the interphase 

DNA and the bottom one proteins and lipids. The RNA phase was 

transferred to a new 1.5ml eppendorf tube containing 20pg/ pi glycogen 

(Invitrogen) followed by 500pl isopropanol (Sigma-Aldrich). Samples were 

kept at -20°C O/N for higher RNA yield.

The next day the sample was centrifuged at 12000g for 10min at 4°C. RNA 

was visualized as a white pellet. The supernatant was discarded and the 

pellet washed with 75% ethanol in nuclease free water (Sigma-Aldrich) 

without disturbing the pellet. The sample was centrifuged at 4400g for 

10min at 4 °C, ethanol was removed and the pellet was left to air-dry. The 

pellet was resuspended in 20pl of nuclease-free water. RNA concentration 

and RNA overall quality were assessed using a spectrophotometer
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(Biophotometer, Eppendorf) and 1.5% agarose (Sigma) gel electrophoresis 

respectively (80V, 15min). RNA was kept at -20°C till further use.

2.12.2 DNAse treatment

Extracted RNA was diluted to a final concentration (200 ng/pl) using 

nuclease-free water. RQ1 DNase buffer (Promega, Southampton, UK) and 

(1 U/pl) DNase (Promega) were added in a volume of 1pl each. The 

mixture was incubated (2720 Thermal Cycler, Applied Biosystems, 

Warrington, UK) at 37°C for 30mins and the reaction was inactivated with 

1pl of Stop Buffer (Promega) and a further 15min incubation at 60°C.

2.12.3. cDNA synthesis

The sample from the previous step was incubated at 65°C for 5 min in the 

presence of 1pl of 100ng/pl random examers (Abgene, Epsom, UK) and 

1pl of 10mM dNTPs mix (Bioline Ltd, London, UK). The mixture was chilled 

on ice for at least 1 min. Then, 4pl of 5X First Strand buffer (Bioline), 1pl of 

100 mM dithiothreitol (DTT) (Bioline) and 1pl of 200U/pl Superscript III 

reverse transcriptase (Promega) were added. The incubation protocol was 

as follows: 25°C for 5min, 50°C for 60 min and 70°C for 15 min. The 

synthesized cDNA was stored at -20°C in order to be used for a PCR 

template later on.
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2.12.4. qPCR reaction

The mix of the PCR reaction consisted of 10|j| KAPA-SYBR hot start 

master mix (KAPA BIOSYSTEMS, Luton, UK), 1|jl of forward primer (10pM 

diluted in 1X Tris-EDTA, TE), 1pl of reverse primer (10pM diluted in 1X TE), 

1pl of cDNA template and 7pl H2O in order to reach a total volume of 

20|j I/reaction.

The PCR mixture was incubated as follows: denaturation at 95°C for 7min, 

94°C for 5 sec, primer annealing at 62°C for 30 sec, primer extension at 

72°C for 30sec and final extension at 72°C for 7min. The number of cycles 

was 40. The thermal cycler used was the Rotor-Gene RG-3000 (Corbett 

Research).

2.12.5. Agarose gel electrophoresis

PCR products (10pl) were mixed with 2pl loading buffer (Loading buffer III, 

Maniatis) and loaded to a 2% agarose gel in 1X Tris-acetate-EDTA (TAE) 

buffer with 0.5 pg/ml ethidium bromide. Gel products were visualized using 

a transilluminator (Geneflash, SLS).
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2.13. Buffers

Phosphate buffered saline (1X)

• 8g of NaCI

• 0.2g of KCI

• 1.44g of Na2HP04

• 0.24g of KH2PO4

• Total volume 1L dHzO

• pH adjusted to 7.4 with 1M HCI

Tris-EDTA (TE) buffer. 10X

• 10mM Tris-CI, pH 7.5

• ImMEDTA

• pH adjusted to 8.0 with 1M NaOH

Tris-acetate-EDTA (TAE) buffer. 10X

• 48.4 g Tris Base (Sigma-Aldrich)

• 20 ml 0.5 M EDTA (Sigma-Aldrich)

• 11.42 ml glacial acetic acid (Sigma-Aldrich)

• pH adjusted to 8.0 with 1M NaOH
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Loading buffer, 6X

• 0.25% Bromophenol blue

• 0.25% Xylene cyanol FF

• 30% glycerol

• Dilute 1:6 in 40% glycerol

2.14. Antibodies

2.14.1. Primary antibodies

Primarv Antibodv Host Dilution Supplier

p75 rabbit 1:500 Abeam

GFAP Rabbit 1:1000 Dako

GFAP Mouse 1:500 Sigma

Sox10 Goat 1:100 Santa Cruz

Tuj1 Mouse 1:500 Abeam

S100 Rabbit 1:800 Abeam

NOS Rabbit 1:800 Abeam

Brdl) Mouse 1:25 Dako

PGP9.5 rabbit 1:1000 AbD serotec

Table 2.3. List of primary antibodies used in immunostaining.
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2.14.2. Secondary antibodies

All the secondary antibodies were supplied by Invitrogen and they were 

used in 1:1000 dilution in 2% BSA in PBS

Secondary Antibody Host Fluorophore (nm)

Anti-rabbit Donkey 488

Anti-rabbit Goat 488

Anti-rabbit Donkey 594

Anti-mouse Donkey 488

Anti-mouse Donkey 594

Anti-goat Donkey 568

Anti-goat Donkey 488

Table 2.4. List of secondary antibodies used in immunostaining.
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2.15, Primer sequences

Gene Sequence Amplicon size

(base pairs)

hes1 F: 5'-GCACAGAAAGTCATCAAAGCC-3'

R: 5'- TTGATCTGGGTCATGCAGTTG-3'

354

hes5 F: 5'- AGTCCCAAGGAGAAAAACCGA -3'

R: 5'- GCTGTGTTTCAGGTAGCTGAC-3'

183

(3-actin F: S'-CGTTGACATCCGTAAAGACC-3'

R: 5'-CAGGAGGAGCAATGATCTTGA“3,

143

Table 2.5. Sequences of the primers used in the qRT-PCR.
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CHAPTER 3

Neurosphere cell 
proliferation
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3.1. Introduction

3.1.1. Aim

The aim of this chapter is to investigate the number and the location of 

proliferating cells in embryonic mouse gut neurospheres. Understanding 

the behaviour of enteric stem cells is a prerequisite to developing a cell- 

based therapy for Hirschsprung’s disease (HSCR). In the following 

paragraphs the location of proliferating cells in the embryonic gut in vivo, 

as well as in gut-derived neurospheres in vitro is described.

3.1.2. Proliferating cells in the enteric nervous system 

Proliferation of vagal neural crest-derived cells during embryonic life is one 

of the main forces that lead to the colonization of the gut by enteric NCCs 

resulting in formation of ENS (Simpson et al., 2007). The migratory 

wavefront consists of undifferentiated ENS progenitors whereas cells 

located rostrally differentiate towards the neuronal or glial lineage (Young 

et al., 1999; Young et al., 2003). When proliferation was investigated in 

embryonic bowel in vivo, over 40% of neural crest-derived cells were 

dividing along the migratory wavefront in both E11.5 and E12.5 mice as 

well as rostrally to the leading cells (Young et al., 2005), indicating a high 

proliferation capacity of ENS progenitors.
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3.1.3. Isolation and propagation of ENS progenitors in vitro

At E11.5 mice the migratory wavefront which consists of the proliferating 

ENS progenitors is located at the caecum (Sidebotham et al., 2002; 

Druckenbrod and Epstein, 2005). In addition, in a study where E11.5 colon 

was dissected just distal to the caecum to include a few cells from the 

migratory wavefront, it was shown that just these few enteric NCCs were 

able to colonize the entire colon in vitro (Sidebotham et al., 2002) 

indicating the potential of caecal crest-derived cells at this developmental 

stage.

Cell sorting of enteric NCCs from embryonic rat bowel at E14.5, followed 

by clonal cell cultures showed that these cells contain stem cells as they 

can self-renew and give rise to glia, neurons and myofibroblasts (Bixby et 

al., 2002). Enzymatic dissociation of the caecum from E11.5 mice and 

under specific conditions in culture (described in Materials and Methods) 

allow enteric NCCs give rise to neurospheres (Almond et al., 2007). These 

aggregates contain both stem cells and their progeny as after multiple 

passaging they generate new neurospheres that contain glial and neuronal 

cells (Lindley et al., 2009). Neurospheres can also be generated from 

embryonic or neonatal human colon (Lindley et al., 2008; Metzger et al., 

2009a, b) as well as neonatal mouse small intestine (Bondurand et al.,
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2003). In addition, neurospheres can be generated from human gut 

mucosal biopsies derived from HSCR patients (Metzger et al., 2009a).

3.1.4. Cell proliferation in neurospheres

Experiments from different research groups have revealed a localization of 

dividing cells at the periphery of embryonic neurospheres derived from 

either E15.5 rat brain (Campos et al., 2004) or E11.5 mouse caeca 

(Almond et al., 2007). Due to the fact that these studies examined 

neurospheres straight after a single BrdU pulse (30min for CNS and 4h for 

enteric-derived neurospheres), it is still unknown whether these peripheral 

cells are the only dividing population or whether there are other slow 

dividing cells in different locations within the neurosphere. The slow 

dividing cells could be the stem cells which give rise to the proliferating 

cells at the periphery and to cells with mature phenotype.

On the other hand, when dividing cells in adult human gut neurospheres 

were stained using the marker BrdU continuously for 2 weeks, labeled cells 

were at the periphery and the centre of the neurosphere. However, the 

BrdU staining was not examined in neurosphere sections but in 

whoiemount and as a result conclusions whether BrdU+ cells are at the 

periphery or the centre could not be made (Metzger et al., 2009b). Thus, in 

order to resolve the ambiguities raised from previous work, a series of
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experiments were designed which aimed to investigate the proliferation 

rate of cells in the neurosphere, their location and their behaviour over time.

3.2. Results

3.2.1. Generation of embryonic mouse neurospheres

Neurospheres were developed from dissociation of mouse embryonic 

caeca (E11.5) under non adherent conditions. In Fig.1 the location of the 

caecum (Fig. 3.1A and 3.1 B) and the morphology of a typical neurosphere 

(Fig. 3.1 C) after two weeks in culture are shown. All the neurosphere cells 

were positive for the marker p75 indicating their neural crest origin (Fig. 

3.1 D).
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Figure 3.1. Generation of embryonic mouse neurospheres from dissected 

caeca.

Caeca were dissected from El 1.5 mice and dissociated enzymatically as described 

in Materials and Methods (2.2). A: El 1.5 mouse, B: higher magnification of the 

area defined by the square in A; blue ring indicates the location of caecum. C: 

Two week old primary neurosphere derived from dissociated caeca, D: 

immunostaining for the neural crest marker p75 in 8jim thick equatorial section of 

a 15 days old primary neurosphere. Nuclei stained with DAPI.
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3.2.2. Cell proliferation in embryonic mouse neurospheres

BrdU incubation 
periods (h)

■
■
■
■
■
■
■
■

■
■

96 (end)

FIXATION
time (h)

Figure 3.2. Scheme for continuous labeling with BrdU of embryonic mouse 

neurospheres.

Primary embryonic mouse neurospheres after 15 days of culture were aliquoted 

into 4 x 60mm suspension dishes (6-9 neurospheres per dish) and incubated in 

culture medium containing lOpM BrdU for 96h (0+96h with BrdU then fix), 48h 

(48h without+48h with BrdU then fix), 24h (72h+24h BrdU) and 6h (90h+6h 

BrdU) as shown in the diagram. After 96h the BrdU containing medium was 

removed from all the dishes, neurospheres were washed and processed for 

sectioning and immunostaining. The experiment was repeated twice.
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When neurospheres were labeled continuously for 6h, BrdU positive nuclei 

were detected mainly at the periphery, although some were also present 

nearer to the centre of the neurosphere (Fig. 3.3E). After 24h labeling, the 

number of BrdU positive nuclei had increased and they were now randomly 

distributed throughout the neurosphere (Fig. 3.3F). This general 

distribution remained at 48 and 96 hours but the number of positive nuclei 

had obviously increased even more (Fig. 3.3G and 3.3H). The nuclei had 

similar but varying fluorescence levels irrespective of their location (Fig. 

3.3m 1 and 3.3m2, yellow and blue arrowheads).

Higher magnification after 6h continuous labeling shows that some of the 

BrdU positive nuclei were located exactly at the periphery of the 

neurospheres, whereas some of them were 1-2 cell layers deeper in the 

neurosphere (Fig. 3.3m 1 and 3.3m2). The intensity of labeling of both 

peripheral and centrally located nuclei was variable and even after 96h 

continuous labeling there were nuclei located both centrally and 

peripherally that had not incorporated BrdU (Fig. 3.3H and 3.3I). Counts of 

BrdU labeled nuclei confirmed an increase from 16% at 6h to 82% after 

96h continuous labeling (Fig. 3.4).
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6h 24h 48h 96h

Figure 3.3. Continuous labeling with BrdU in embryonic mouse neurospheres.

Immunostaining for BrdU in 8(im thick sections taken from the central region of 

neurospheres after different periods of continuous labeling with lOpM BrdU. A-D: 

phase contrast micrographs; E-H: BrdU immunostaining; I-L: nuclei staining with 

DAPI; ml-m2: higher magnification of Fig. E and Fig. I; BrdU+ nuclei localized 

at the periphery (arrows) of the neurosphere or located more centrally (yellow
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arrowheads). In both locations nuclei with similar BrdU levels were detected, 

however a few nuclei with lower BrdU levels could also be identified (blue 

arrowheads). Scale bar for A-L is 50}im and for ml, m2 is 25fim.

continuous incubation with BrdU (h)

Figure 3.4. Graph depicting the percentage of BrdU positive nuclei in 

neurosphere sections after different BrdU incubation periods.

The number of BrdU positive and total DAPI stained nuclei was determined in 

sections cut across the centre of neurospheres (n= 6-9 neurospheres/ time point). 

The number of BrdU+ nuclei increased throughout the 96h continuous labeling 

with lOpM BrdU. Error bars represent range of the average of BrdU+ nuclei 

counted in central neurosphere sections as calculated from 2 experiments.
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In summary continuous labeling with BrdU indicates that there are 

differences in the behaviour of central and peripheral neurosphere cells 

which could be explained by differing rates of proliferation and/or migration 

of cells from the periphery to the centre of the neurosphere, or even rate of 

penetration of BrdU into the neurosphere (see Discussion, 3.3). In order to 

determine the reason for the differential labeling of central and peripheral 

cells it was therefore necessary to check which cells initially incorporated 

BrdU using a shorter labeling period, and to design a pulse-chase 

experiment to track the fate of proliferating cells.
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3.2.3. Tracking of proliferating cells in embryonic mouse

neurospheres

►

¥
¥

H-
t

BrdUfor Ih 
and then remove

24 48

time of chase (h)

96

Figure 3.5. Scheme for pulse/chase experiment with BrdU in embryonic mouse 

neurospheres.

Primary embryonic mouse neurospheres after 15 days of culture were incubated 

with lOpM BrdU for Ih (pulse). At the end of incubation medium containing 

BrdU was removed, neurospheres (n= 5-13) were washed and fresh culture 

medium was added. Neurospheres were removed from culture at different time 

points (chase) as shown in the scheme and processed for sectioning and 

immunostaining in order to detect nuclei with incorporated BrdU. Each xperiment 

was repeated twice.
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After 1h pulse with BrdU, labeled nuclei were restricted close to the 

periphery of the neurosphere (Fig. 3.6F). When BrdU was removed from 

the culture medium and neurosphere cells were chased for 6h, the majority 

of BrdU+ nuclei were still located close to the periphery (Fig. 3.6G) but 

there was now a small increase in the number of labeled nuclei located 

more centrally.

After 24 (Fig. 3.6H), 48 (Fig. 3.6I) and 96h (Fig. 3.6J) of chase, BrdU+ 

nuclei were randomly distributed in the neurosphere. Flowever, after 48h 

and more evidently after 96h the strongly labeled cells were mainly located 

close to the centre of the neurosphere (Fig. 3.6p1, 3.6p2, white arrow), 

whereas weakly labeled BrdU+ nuclei were observed mainly close to the 

periphery (Fig. 3.6p1, 3.6p2 yellow arrow). The percentage of cells with 

incorporated BrdU was increased after 6h (Fig. 3.7).
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Figure 3.6. Pulse/chase of BrdU labeled cells in embryonic mouse 

neurospheres.

Primary embryonic mouse 15d neurospheres were pulsed with lOpM BrdU for Ih 

(A, F, K). Upon BrdU removal and washing, neurospheres were cultured for 

increasing times of chase (B-E, G-J, and I-O). Immunostaining for BrdU in 8jim 

thick sections taken from the central region of neurospheres. A-E: phase contrast
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pictures; F-J: BrdU immunostaining; K-O: DAPI staining for nuclei; pi and p2: 

higher magnification of Fig. J and Fig. O. After 4 days of chase nuclei with high 

(white arrows) and low BrdU levels (yellow arrows) could be easily distinguished. 

Scale bar for A-0 is 50pm and for p is 25pm.
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Figure 3.7. Graph showing the percentage of BrdU+ nuclei per neurosphere 

for each chase period.

The number of BrdU positive nuclei was counted in 8pm sections cut across the 

central area of the neurospheres. The total number of nuclei in each section was 

counted after staining nuclei with DAPI. After pulse the number of BrdU positive 

nuclei initially increased. Each experiment was repeated twice. Error bars
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represent range between 2 independent experiments. Number of neurospheres per 

time point: n= 7-13 for experiment 1 and n= 5-6 for experiment 2.

Cells which are proliferating rapidly will completely lose the incorporated 

BrdU over time. On the other hand cells which proliferated once during the 

pulse and stopped or proliferated at a slower rate will maintain BrdU 

labeling throughout the 96h chase. Therefore, the strongly labeled nuclei at 

the end of the chase (Fig. 3.6p1 and 3.6p2, white arrow), represent slow 

proliferating cells or cells which divide only during the 1h pulse and the 

weakly labeled ones (Fig. 3.6p1 and 3.6p2, yellow arrow), are cells which 

were dividing multiple times during the chase.

In order to quantify the presence of BrdU+ cells closer to the centre of the 

neurosphere we divided the neurosphere section in concentric circles 

resulting in an inner and outer area of the neurosphere (Fig. 3.8). The 

counting showed that the ratio inner/outer of BrdU+ nuclei was increasing 

over the time of chase indicating a movement of cells from the periphery 

towards the centre of the neurosphere (Fig. 3.9).
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Figure 3.8. Scheme showing subdivision of neurospheres for determination of 

the location of BrdU positive nuclei.

Labeled nuclei were counted in two domains of the neurospheres: an inner area 

which represented a circle with half the radius of the whole neurosphere (7rr2/4) 

and an outer area which represented the space between the peripheral boundaries 

of the neurosphere and the inner area (37tr2/4), as shown in the figure. The pictures 

shown are from an 8pm thick section of the central region of a neurosphere 

immunostained for BrdU 24h after the pulse.
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Figure 3.9. Graph depicting the ratio of inner/outer BrdU nuclei per 

neurosphere after increasing chase periods.

The number of cells inside the inner area has been multiplied by 3 in order to 

normalize the areas measured. The number of BrdU+ nuclei was counted in 

equatorial sections of neurospheres. The ratio inner to outer of BrdU labeled nuclei 

increased over time of chase. Error bars represent the range between 2 independent 

experiments (number of neurospheres = 7-13 for experiment 1 and n= 5-6 for 

experiment 2).
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The pulse-chase experiment is consistent with the hypothesis that there is 

a movement of cells from the periphery towards the inside of the 

neurosphere. This movement could be passive due to the pushing from the 

peripheral cells due their higher proliferation rate, or it could be an active 

migration where cells develop processes and migrate in the inside of the 

neurosphere. In order to confirm that there is a movement either passive or 

active we designed an experiment with chimaeric neurospheres consisting 

of an already formed neurosphere in combination with EGFP expressing 

neurosphere-derived cells. The aim was to see whether the EGFP+ cells 

would be able to mix with the unlabeled neurosphere cells.

Generation of EGFP+neurospheres is described in Materials and Methods 

(2.6.3.). When unlabeled peripheral neurospheres cells were covered with 

a cell suspension of neurosphere-derived EGFP+ cells, their location in the 

chimaera switched from peripheral to central. After the first day of the 

chimaera formation its shape was irregular where the labeled cells had 

been added (Fig. 3.1 OA). After 4 days in culture the whole chimaera had a 

more spherical shape with EGFP+ cells occupying one hemisphere and the 

unlabeled neurosphere the other one (Fig. 3.1 OB). Sections cut across the 

centre of the chimaera showed that a low number of single EGFP+ cells 

had migrated into the unlabeied area of the chimaera and some of them 

had distinct processes (Fig. 3.1 OC, arrow). When chimaeras were labeled

85



for 1h with BrdU after 4 days in culture, immunostained sections showed 

that BrdU* nuclei were in both EGFP labeled and unlabeled cells located at 

the periphery of the chimaera. BrdU* nuclei were not present at the 

remaining interface of labeled and unlabeled cells of the chimaera (Fig. 

3.10D).
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Figure 3.10. Formation ofchimaeras containing EGFP labeled neurosphere- 

derived cells and unlabeled neurospheres.

Single EGFP+ positive cells derived from 2-3 week old EGFP+ neurospheres were 

combined by centrifugation with 2-3 week old unlabeled neurospheres in order to
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form chimaeras and cover with two distinct segments. Whole mount pictures after 

1 day in culture (A) show that EGFP+ cells were situated at the side of the 

unlabeled neurosphere. After 4 days in culture, the shape of the chimaera was 

spherical (B). Sections 8pm thick at 4 days (C- F) showed that some EGFP+ cells 

had migrated into the region occupied by the unlabeled cells and some had 

developed long processes (C, arrow). After short incubation for Ih with BrdU (D), 

BrdU+ nuclei were identified at the periphery of the chimaera but no BrdE^ cells 

were present at the interface between labeled and unlabeled cells. Each experiment 

was repeated twice. Scale bar 100pm for A-B and 25pm for C-F.

The fact that there were no EGFP+ cells labeled with BrdU after 1h 

incubation in the centre of the chimaera implies a reduction and/or 

inhibition of the proliferation in these cells, as they were derived from 

dissociated EGFP+ neurospheres containing both peripheral and central 

cells. Moreover, the side of the unlabeled neurosphere which wasn’t 

covered by EGFP+ cells had BrdU+ nuclei at the periphery whereas the 

side which was covered didn’t have any BrdU* nuclei.
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These data support the hypothesis that peripheral cells can stop or slow 

down their proliferation rate when they are located closer to the centre of 

the neurosphere. Furthermore, the integration of EGFP+ cells in the 

unlabeled neurosphere indicates that neurospheres are complex and 

dynamic systems where cells have the ability to migrate inside them.

The above experiments raise the question whether there is a phenotypic 

difference between the BrdU+ cells at the beginning of the chase with the 

ones at the end of it, as there were differences in their location and BrdU 

incorporation.
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3.3. Discussion

In this chapter we tried to answer questions regarding the location of the 

proliferating cells in an embryonic mouse gut neurosphere and what is their 

fate over time. We concluded that fast dividing cells are located at or close 

to the periphery of the neurosphere and over time some of them 

move/migrate towards the centre which could result in inhibition or 

reduction of their proliferation rate.

3.3.1, Cells closer to the periphery of the neurosphere divide faster. 

Our data suggest that the neurosphere cells which are located at the 

periphery, or a few cell layers beneath the surface, are proliferating faster 

than the ones closer to the centre. The possibility that this result could be 

an artifact due to inadequate penetration of BrdU seems unlikely. This is 

because a gradient in the signaling of BrU+ cells after a short pulse was not 

observed. Also, some cells which were a few layers deeper from the 

periphery sometimes had more incorporated BrdU compared to others at 

the periphery. In addition, neurospheres at the end of the chase had 

strongly BrdU labeled cells close to the centre whereas cells at the 

periphery were weakly labeled, consistent with a faster proliferation rate at 

the periphery (Fig. 3.6). It could be argued that cells with low BrdU levels 

after the chase could be cells which were entering the S-phase at the end 

of the pulse and then stopped proliferation, therefore the BrdU
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incorporation is low after 4 days. However, most of the cells with low BrdU 

at the end of the chase, had actually lower levels that what observed after 

the pulse implying that they proliferated over the period of chase.

Previous groups have also identified proliferating cells at the periphery of 

neurospheres derived from E11.5 embryonic mouse bowel (Almond et a!., 

2007) and E14 embryonic mouse forebrain cells (Santos et al., 2011). In 

addition, in neurospheres derived from neonatal rat brain, cells positive for 

the proliferation marker Ki-67 (Gerdes et al., 1983), which is expressed in 

the nucleus of cells which are in G1, S, G2 and M phase but not GO, had 

peripheral localization (Andersen et al., 2011) supporting the data obtained 

from our BrdU experiments. The fact that fast dividing cells are located 

closer to the periphery could be explained by inadequate penetration of 

nutrients in the inner layers of the neurosphere.

Also a closer look to a neurosphere section after pulse shows a variation of 

BrdU labeling (Fig. 3.3m1). That could be explained due to the fact the 

BrdU is incorporated only in the nuclei of cells which are through the S- 

phase of their cycle (Kee et al., 2002) thus, if during the pulse a cell is just 

entering the S-phase its nucleus will incorporate more BrdU than a cell 

which is exiting the S-phase. Also, it has been suggested that BrdU could 

be incorporated in nuclei which undergo DMA repair which requires DMA
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synthesis (Rakic, 2002). However, labeling for BrdU together with other 

proliferating markers such as Ki-67 showed that BrdlT cells also express 

Ki-67 soon after labeling, whereas BrdU+ki-67' nuclei were not present, 

failing to make a correlation between BrdU incorporation and DMA repair 

(Cooper-Kuhn et al., 2002).

3.3.2. A subpopulation of BrdU labeled cells stops proliferating over 

time

The number of BrdU+ nuclei increased over time and their distribution 

became even throughout the neurosphere (Figs. 3.3 and 3.4). After 96h of 

labeling, almost all the cells in the neurosphere were BrdU+. Also, the 

increase in the percentage of BrdU+ cells with time is linear (Fig. 3.4, not 

analyzed statistically) indicating that the BrdU+ cells were derivatives of 

one cell population which was proliferating just at the beginning of the 

experiment. However, to support this hypothesis it has to be assumed that 

all the cells are proliferating with the same rate and continuously until the 

end of the experiment. If that continuously dividing population was mixed 

with other cells which started proliferating the pulse, the line of the graph 

would have a sigmoid shape. However, it has been shown previously that 

ENS neurospheres contain terminally differentiated cells (Almond et al., 

2007) implying that the population of proliferating progenitors contains a
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subpopulation which differentiates towards a mature neuronal phenotype 

and stops proliferating (Ishizaki, 2006).

Thus, the most likely explanation which can account for the linear increase 

in the percentage of BrdlT cells (Fig. 3.4) is that over the duration of the 

experiment some of the cells with incorporated BrdU either slow down or 

stopped their proliferation and differentiate (see results and discussion in 

chapter 4) whereas other cells keep proliferating. This is consistent with 

what was shown at the end of chase where there were weakly and strongly 

BrdU labeled cells (Fig.3. 6).

3.3.3. Movement of peripheral cells towards the centre of the 

neurosphere

Results from the pulse/chase experiment suggested that peripheral cells, 

upon proliferation, end up towards the centre of the neurosphere. As 

shown in Fig. 3.9 the inner/outer ratio of BrdU+ cells is increasing over time 

further supporting the above conclusion. If cells were not moving towards 

the centre the result at the end of the chase would be a BrdU" neurosphere 

core surrounded by BrdU* cells organized in multiple layers resembling a 

stratified epithelium like the oesophagus (Alyassin and Toner, 1977), 

something that we did not observe.
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This cell behaviour is comparable to what is happening in vivo in the 

subependymal zone (SEZ) of the lateral ventricles in adult mouse brain 

where progenitors proliferate in the SEZ and then migrate away from the 

ventricle (Kazanis et al., 2010). Results from the chimaeric neurosphere 

experiment (Fig. 3.10) also suggested a migration of peripheral EGFP+ 

cells towards the inside of the neurosphere implying that the neurosphere 

periphery could resemble the subependymal zone.

3.3.4. Cell location in neurosphere affects proliferation rate 

Cells which are closer to the periphery of the neurosphere divide faster as 

demonstrated by the long BrdU+ incubation and pulse/chase experiments. 

Also at the end of the chase we observed cells with high levels of 

incorporated BrdU located closer to the centre implying that these cells 

which migrated away from the periphery either stopped proliferation or 

slowed it down. However, a closer look at neurosphere sections at the end 

of chase (Figs. 3.6p1 and 3.6p2) shows the presence of some BrdU 

strongly labeled cells very close to the periphery and some weakly labeled 

ones in the centre of the neurosphere making it difficult to make a definite 

correlation between location in the neurosphere and proliferation rate. That 

could be because, there is always the possibility that cells with 

incorporated BrdU straight after the pulse either stop proliferating or divide 

multiple times before they move towards the centre of the neurosphere or
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stay at the periphery. It has also been shown in embryonic mouse gut 

explants at E10.5 and E11.5 (Hao et al. 2008), that immature neurons can 

still migrate but at lower speeds than undifferentiated migratory enteric- 

crest derived cells (Druckenbrod and Epstein, 2005).

The experiment where we used chimaeric neurospheres with EGFP+ cells 

(Fig. 310) cleared any ambiguities regarding the effect of neurosphere 

location and ceil proliferation rate. Data suggest that when cells are losing 

their peripheral location and they get close to the centre of the 

neurosphere their proliferation rate is decreasing or it stops and exactly the 

opposite effect happens to cells which are exposed to the periphery (Fig. 

3.11)
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Migration and proliferation model

Pulse

Proliferating cells 
incorporate BrdU 
after a short pulse

Short chase

BrdU decreases in 
dividing cells

BrdU levels

Long chase
Cells in the 
periphery continue 
to divide, non 
dividing cells 
move to the centre

high low

Figure 3.11. Scheme describing the fate of peripheral dividing cells in the 

neurosphere.
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3.3.5. Conclusions

Neurospheres constitute a dynamic environment consisting of cells with 

different proliferation rates and migratory capacities. Peripheral cells 

divide faster than the ones closer to the centre and they can migrate in 

central neurosphere locations which have an effect on their proliferation 

rate. The neurosphere location might represent differences in the 

concentration of nutrients as large molecules might not reach the centre 

of the neurosphere. Moreover, activation or inactivation of signaling 

pathways such as Notch which are controlled by cell-cell contact can 

play a very important role in the proliferation and differentiation of 

neurosphere cells and especially those cells located at the periphery as 

they may have few cell-cell contacts.
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CHAPTER 4

Neurosphere cell 
differentiation
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4.1. Introduction

4.1.1. Aim

The experiments described in the previous chapter showed that 

neurosphere cells differed in their proliferation rate according to their 

location and also their position could change within the neurosphere over 

time. Briefly, neurosphere cells located at the periphery or close to it were 

proliferating faster compared to the cells which were residing at the centre. 

Moreover, cells which were dividing at the periphery could migrate towards 

the neurosphere centre while their proliferation rate decreased or stopped, 

whereas cells remaining at the periphery kept proliferating in faster rates. 

Having analyzed cell proliferation in neurospheres the next step was to 

investigate the locations of cells expressing markers for progenitors and 

more mature neural cell phenotypes in the neurospheres, in order to 

identify any correlations between proliferation and differentiation. In the 

following text background information is given about the markers used and 

also their localization in the neurospheres.
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4.1.2. Phenotypic markers of neural crest-derived cells in the gut

p75

The low affinity neurotrophin receptor p75 is a transmembrane protein 

which has been used to identify cells of neural crest origin in the bowel 

(Chalazonitis et al., 1998) as well as in gut-derived neurospheres (Almond 

et al., 2007; Metzger et al., 2009a and b). During development p75 is 

expressed in pre-enteric vagal neural crest cells and it is present in all the 

migratory ENS progenitors during bowel colonization (Young et al., 1999). 

It is also present in cells expressing the glial marker B-FABP and the 

marker S100B (Young et al., 2003).

Sox10

The transcription factor Sox10, which has been described in a previous 

chapter in detail (1.8.1.), is expressed in uncommitted ENS progenitors 

and enteric glial cells (Kim et al., 2003). During ENS formation, Sox10 is 

expressed in ali the enteric NCCs at the migratory wavefront. It is not 

present is enteric neurons (Young et al., 2003). In addition, Sox10 is 

expressed in Schwann cells, melanoblasts as well as in oligodendrocyte 

progenitors where it is essential for their maturation (Wegner et al., 2005).
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TuM and NOS

The class III p-tubulin, Tuj1, is one of the earliest neuron- associated 

proteins expressed during mammalian development (Katsetos et al., 2003). 

In both chick and mouse, Tuj1 is expressed immediately before or after the 

final mitosis in almost all developing neurons (Dennis et al., 2002). It has 

been shown to be present early in the ENS as it is detected in transiently 

expressing tyrosine hydroxylase migratory cells at E11.5 (Hao et al., 2008) 

whereas nitric oxide synthase (NOS) is detected at E12.5. NOS catalyzes 

the production of nitric oxide from L-arginine. Nitric oxide is secreted by 

inhibitory motor neurons of the gut upon stimulation resulting in the 

relaxation of the smooth muscle, a Ca2+-dependent process, and thus 

regulating the peristalsis of the bowel (Brookes, 1993). Due to the fact that 

Tuj1 and NOS are early neuronal markers and not transiently expressed 

they were selected for investigation of the neurospheres in this study.

GFAP and S100

The intermediate filament protein GFAP and the calcium binding protein 

S100B have been used by previous research groups to stain enteric glia 

(Bondurand et al., 2003; Young et al., 2003). However, in the CNS the role 

and expression of these proteins has been studied in more detail than in 

ENS. In adult CNS, dividing GFAP* cells are the precursors of neurons in 

the subependymal zone (SEZ) of the lateral ventricle and the subgranular
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zone (SGZ) of the hippocampal dentate gyrus (Garcia et al., 2004). The 

protein S100 consists of dimers of alpha and beta subunits (Kligman et al., 

1986). Heterodimers a|3 form the protein S100A1 which is present in 

cardiomyocytes, skeletal muscle cells, renal cells and salivary epithelial 

cells (Rosario et al., 1999). On the other hand, homodimers (3|3 form the 

protein S100B which is abundant in glial cells of both central and 

peripheral nervous system, Schwann cells (Turker et al., 2011), adipocytes, 

melanocytes and chondrocytes (Rosario et al., 1999). Moreover, it was 

present in motor neurons of newborn rat brains (Iwasaki et al., 1997) and it 

was also expressed by a sub-population of cholinergic neurons in adult rat 

brain (Yang et al., 1996; Rickmann et al., 1995). In the CNS, S100B is also 

expressed in mature astrocytes (Platel et al., 2009), and in oligodendrocyte 

precursor cells (Deloulme et al., 2004). During embryonic brain 

development radial glial cells, progenitors of both neurons and glia, also 

co-express S100B and GFAR (Namba et al., 2005).
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4.1.3. Localization of phenotypic markers in neurospheres 

Depending on the methodology used to propagate neurospheres in vitro as 

well as the origin of the tissue which it is dissected from, the abundance 

and location of different phenotypic markers vary (Prajerova et al., 2009; 

Andersen et al., 2011). Immunoreactivity for p75 in sections of embryonic 

mouse and human neonatal colon derived neurospheres as shown by 

Almond et al. (2007) was found in all the neurosphere cells indicating the 

purity of the neurosphere in terms of its neural crest origin. In another 

study where cells were isolated from small and large intestine of adult 

humans, expression of p75 was only observed in a small number of 

neurosphere cells without a particular localization pattern (Metzger et al., 

2009b). Also the culture conditions that the second group used involved 

coated substrates with fibronectin, laminin and poly-L-ornithine whereas 

Almond et al. used non-adherent conditions. This indicates the importance 

of the culture conditions and origin of tissue and how that can affect the 

interpretation of the results. When not all cells are p75+, potentially there 

are cells of mesodermal origin in the neurosphere, because in the bowel, 

p75 is only expressed in cells of neural crest origin (Young et al., 1999).

In neurospheres derived from neonatal P0 rat forebrain GFAP+ and Tuj1 + 

cells were localized mostly in the centre (Campos et al., 2004). Central 

location of GFAP was also observed in rat subventricular-zone derived
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neurospheres although Tuj1 immunoreactivity occured close to the 

periphery in that case (Andersen et al., 2011). In neurospheres derived 

from E12.0-E12.5 mouse telencephalon, Tuj1 immunoreactivity was 

detected only at the periphery (Prajerova et al., 2009). The topological 

differences of Tu]1 among the results demonstrated by different groups, 

imply once more the great influence of the origin of tissue and/or the 

propagation technique on the results.

For the markers S100, Sox10 and NOS there is not much literature 

demonstrating their presence in neurospheres. However where 

investigated S100 was present in few cells randomly distributed in the 

E11.5 mouse colon-derived neurosphere or cells were mainly located in 

the centre of neonatal human colon-derived neurospheres (Almond et al., 

2007). Immunoreactivity for Sox10 in human postnatal gut neurospheres 

was present in a small number of cells located at the periphery and the 

centre of the neurosphere (Metzger et al., 2009b) whereas NOS 

immunoreactivity seemed to be stronger closer to the periphery (Almond et 

al., 2007), suggesting that cells expressing neuronal markers are closer to 

the periphery of the neurosphere.

The difference in the age and origin of the tissue that is used to generate 

neurospheres as well as the different culture conditions can influence the
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expression and location of phenotypic markers, thus making it difficult to 

compare results between different research groups. Therefore, we decided 

to adapt the protocol that had been used before in our lab by Almond et al. 

(2007) where it has been shown that all the neurosphere cells are of neural 

crest origin. Also we tried to quantify neurosphere cells expressing different 

markers by dissociating neurospheres and seeding single cells on tissue 

culture substrate for a short period, just long enough to attach and then fix 

and stain them for various markers. The identification and quantification of 

the phenotypic markers will give us insight of a light of the cell types in a 

neurosphere and how are they compared with cells in vivo in order to get a 

better understanding of their behaviour.
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4.2. Results

In this chapter we were interested in identifying the phenotypic profile of 

embryonic mouse-derived neurospheres, as well as to quantify and 

examine marker co-expression in single cells. In addition, as shown in 

Chapter 3, the fast dividing cells were located at the periphery of the 

neurosphere and over time their behaviour in terms of proliferation rate and 

location in the neurosphere changed. Therefore, we wanted to see what is 

the phenotype of these fast dividing cells and what is their fate over time.

4.2.1. Differentiation of cells in embryonic mouse neurosphere

Immunostaining was done in sections cut through the equator of 

neurospheres in order to be able to see cells both at the periphery and in 

the centre of the neurosphere on the same sections. In order to locate the 

equator, neurospheres were cut in serial sections and the ones where the 

neurospheres had the greatest diameter were considered as equatorial 

sections.
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Figure 4.1. Confocal images of phenotypic markers in embryonic mouse 

neurospheres.

Primary embryonic mouse neurospheres after 15-19 day culture in 60mm non 

adherent dishes, were frozen and sliced in 8jim sections. Equatorial sections of 

neurospheres were selected, fixed and immunostained for the markers p75 (A),
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GFAP (B, C), SoxlO (D), Tujl (E, F), NOS (G, H) and S100 (I). Figures C, F and 

H are higher magnifications of B, E and G respectively. Arrow in C indicates a 

strongly labeled cell process for GFAP. In F arrow and arrowhead indicate Tujl+ 

fibers either in vertical or horizontal plane respectively. Nuclei were stained with 

DAPI (blue). Scale bar is lOpm for C, F, H; 100pm for I and 25pm for the rest.

All the neurosphere cells are of neural crest origin as the marker p75 was 

expressed by all the ceils (Fig. 4.1A). The glial marker GFAP was 

expressed in a high number of cells (Fig. 4.1 B). Positive cells with fiber-like 

shape were observed throughout the neurosphere. It was difficult to 

quantify the number of GFAP positive cells, as the GFAP+ cell processes 

were surrounding other cells and the intensity of labeling varied between 

cells (Fig. 4.1 C arrow). However a similar distribution pattern in terms of 

cell location was observed for the progenitor and glial marker SoxlO (Fig. 

4.1 D) and because the SoxlO labeling was more clear-cut and restricted to 

nuclei, it was apparent that not all cells were immunopositive for SoxlO. 

Nevertheless it could also be observed that some nuclei had a weaker 

SoxlO signal than others, implying that some of them could be 

differentiating towards the neuronal lineage (Young et al., 2003). The 

marker for immature neurons Tuj1 was mainly observed closer to the
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periphery where strongly labeled fibers were present among the cells (Fig. 

4.1 E, F). Fibers with lower fluorescent signal were observed towards the 

centre of the neurosphere. Again, it was difficult to quantify Tuj1+ cells as 

cell processes with Tuj1 immunoreactivity were surrounding neighbouring 

cells. Higher magnification of a confocal microscope images showed more 

clearly the presence and orientation of the Tuj1+ fibers in a neurosphere 

section (Fig. 4.1F, arrow for vertical and arrowhead for horizontal 

orientation). The mature neuronal marker NOS was present in very few 

cells which were located at the periphery (Fig. 4.1 G, H). Cells positive for 

the glial marker S100 were randomly distributed throughout the 

neurosphere and different levels of immunoreactivity were observed 

between those cells that were positive for this marker but their number was 

lower than the GFAP+ cells (Fig. 4.11). The antibody used in this study 

could detect both S100A1 and S100B isoforms, but because S100B is 

abundant in the peripheral nervous system (PNS) and S100A1 is not 

(Rosario et al., 1999), therefore S100 staining reflects S100B expression.

By examining the neurosphere sections it was difficult to count and decide 

if cells were positive or negative for markers such as Tuj1. A four day 

culture of neurosphere-derived cells in adherent conditions (see Fig. 4.2) 

showed that Tuj1 is present in fiber-like structures which run through the 

cell processes and the cell body and also in a few cells it was diffuse in the
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cytoplasm. Negative cells had larger nuclei and more spread out 

morphology (Fig. 2A, arrowhead).

Figure 4.2. Immunostaining for Tujl in dissociated neurosphere-derived cells 

after 4 days of culture in adherent conditions.

Primary embryonic mouse neurospheres were dissociated after 21 days in 

suspension culture and 8xl03 single cells were cultured on 35mm tissue culture 

dishes for a further 4 days. Tuj 1 (green) is located mainly in the cell processes (A, 

arrows). Nuclei were stained with DAP1 (blue). Phase contrast picture (B). 

Arrowhead indicates a Tuj 1 negative cell. Scale bar is 50 pm.
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In order to quantify the number of cells expressing specific phenotypic 

markers and examine their co-expression, neurospheres were dissociated 

into single cells and seeded at low density in tissue culture dishes for 3h 

allowing a minimum time for the single cells to attach and begin to spread. 

This technique allowed a clear distinction to be made between cells that 

were positive and negative for all markers and therefore facilitated 

estimation of cell numbers. The 3h waiting period as well as the interaction 

of the cell with the tissue culture plastic raises the possibility that the 

neurosphere-derived cells might change phenotype and start expressing or 

losing markers that they did not have in the neurosphere environment. 

However as shown in the counting data in Fig. 4.3 the ratios of the 

phenotypic markers expressed in single cells in culture resembles the 

ratios observed in neurosphere sections, with GFAP being the most 

abundant marker and NOS being expressed only by very few cells (Fig. 

4.1).

Quantitation of marker expression (Fig. 4.3) indicated that most of the 

neurosphere cells expressed the marker GFAP (60%), followed by Sox10 

(44%), S100 (24%), Tuj1 (22%) and NOS (4%). Clearly these numbers add 

up to more than 100%, indicating that there must be overlap of marker 

expression. Dual immunostaining of neurosphere-derived cells for more
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than one marker showed that there is indeed considerable and variable

overlap (Figs. 4.4 and 4.5).

Figure 4.3. The percentage of neurosphere cells expressing different markers.

Primary embryonic mouse neurospheres after 15 day culture in 60mm non 

adherent dishes were dissociated into a single cell suspension before seeding in 

adherent chamber slides (5xl03 cells/chamber/ 0.8cm2). Neurosphere-derived cells 

were allowed to attach and spread for 3h then they were fixed and stained for the 

markers Tujl, NOS, GFAP, Sox 10, and SI00. Immunopositive cells were counted 

in random optical fields (n= 10) of each chamber with a 40X oil objective. The 

total number of cells per optical field was quantified by counting the number of 

nuclei stained with DAPI. Columns and bars show means and range from 2 

independent experiments.
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4.2.2. Co-expression of phenotypic markers

Figure 4.4. Co-localisation of phenotypic markers in adherent cells dissociated 

from neurospheres [1].
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Primary embryonic mouse neurospheres after 15 day culture in 60mm non 

adherent dishes were dissociated into a single cell suspension before seeding in 

adherent chamber slides (5xl03 cells/chamber/0.8cm2). Neurosphere-derived cells 

were allowed to attach and spread for 3h when they were fixed and stained for the 

marker GFAP (A, E, I, M). They were also co-stained for the markers, Sox 10 (B), 

S100 (F), Tujl (J) and NOS (N). Nuclei were stained with DAPI (blue); D, H, L, 

P : overlay of green and red channel. White arrows indicate co-localisation of 

GFAP with other markers. Yellow arrows represent cells that express only one 

marker after the co-staining in each row. Scale bar is 25pm.
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Figure 4.5. Co-localisation of phenotypic markers in adherent cells dissociated 

from neurospheres [2].

Primary embryonic mouse neurospheres after 15 day culture in 60mm non 

adherent dish were dissociated into a single cell suspension before seeding in 

adherent chamber slides (5x10’ cells/chamber/0.8cm2). Neurosphere-derived cells 

were allowed to attach and spread for 3h when they were fixed and stained for the
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markers Tujl (A, E, I), NOS (B), SoxlO (F, M) and SI00 (J, N). Nuclei were 

stained with DAPI (blue); D, H, L, P: overlay of green and red channel. White 

arrows indicate co-localisation of both markers in each row. Yellow arrows 

represent cells that express only one marker in each row. Scale bar is 25pm.
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Figure 4.6. Graphs showing the co-expression percentage of different 

markers.

Conditions as described in legend of Fig. 4.5. Immunopositive cells were counted 

in random optical fields (n= 10) of each chamber using a 40X oil objective. The 

total number of cells per optical field was quantified by counting the total number 

of nuclei stained with DAPI. Columns and bars show means and range from 2 

independent experiments.
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A number of GFAP+ cells also co-expressed all the other markers including 

Sox10, S100 and Tuj1 (Fig. 4.4 white arrows) but GFAP was not co­

localized with NOS (Fig. 4.4P, yellow arrow), indicating that GFAP 

expression was absent in these mature neurons. Furthermore, a number of 

Tuj1+ cells co-expressed either GFAP or NOS (Fig. 4.4L and 4.5D, white 

arrows), consistent with the idea that Tuj1+ ceils represent a transient 

population of cells from a progenitor state (GFAP+) which differentiates 

towards a mature NOS+ neuronal phenotype.

Also, there were Tuj1+ cells which co-expressed Sox10 and S100 (Fig. 

4.5H and L, white arrows). When cells were co-stained for Sox10 and 

S100, co-expression in most of the S100+ cells was observed (Fig. 4.5P, 

white arrows). The vast majority of GFAP+ cells co-expressed Sox10 (68%) 

followed by S100 (24%) and only a small number of them co-expressed 

Tuj1 (6%) (Fig. 4.6). In the Tuj1+ cell population most of them also co­

expressed Sox10 (34%) whereas for the markers GFAP, NOS and S100 

the co-expression levels were very similar and in the range of 13%-15%. 

When the S100+ cell population was examined a large number of them co- 

expressed Sox10 (86%), GFAP (58%) and Tuj1 (20%).
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Finally, in the case of the Sox10+ cell population, the great majority were 

GFAP+ (88%), half of them co-expressed S100 (51%) and fewer Tuj (14%). 

Interestingly, Sox10 was co-expressed in many GFAP\ S100+ and Tuj1 + 

cells (Fig. 4.6), implying that this transcription factor could be a general 

progenitor marker in vitro that remains detectable in the transition towards 

both the neuronal and the glial lineages.

4.2.3. Relationship between cell proliferation and differentiation 

It was necessary to modify the previous BrdU proliferation assay as this 

staining technique required hydrochloric acid treatment in order to make 

the nucleus permeable to the anti-BrdU antibody, and this treatment 

caused loss in the antigenicities of many of the phenotypic markers 

displayed by the neurosphere cells (data not shown). This technical issue 

was solved by replacing BrdU with 5-ethynyl-2’-deoxyuridine (EdU), a 

thymidine analogue like BrdU but which does not require hydrochloric acid 

treatment; the EdU staining is based on the reaction between an alkyne 

(contained in EdU) and an azide (conjugated with a fluorophore) in the 

presence of copper which results in a stable triazole ring (Buck et al., 

2008). The immunostaining and counting followed as described in the 

Materials and Methods Section (2.4.6.). Although BrdU and EdU act 

competitively when they are both together in the medium, in this 

experiment they were both present in the dividing cells. However, a
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difference in the intensity of the labeling was observed between the EdU 

and the BrdU labeled cells implying their competition to incorporate in the 

cell DNA when they are together in the cell culture medium (Fig. 4.7). 

Therefore, EdU was used as equivalent of BrdU in the following 

experiments as they stain the same cells.
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Figure 4.7. Double staining for BrdU and EdU in neurosphere-derived cells.

Primary embryonic mouse neurospheres after 15 day culture in 60mm non 

adherent dishes were incubated for a further Ih in medium containing both IOjiM 

BrdU and lOpM EdU. Following dissociation 1 Ox 103 single cells were seeded in 

35mm tissue culture dishes and cultured for 3h, in the absence of BrdU and EdU. 

Fixation and staining for BrdU (A) and EdU (B) followed. Nuclei were stained 

with DAP1 (Fig. C). Phase contrast picture (Fig. D). All nuclei which were 

positive for BrdU were positive for EdU and vice versa (arrows). Scale bar is 

25}im.
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Primary embryonic mouse neurospheres cultured for 15 days under non­

adherent conditions were incubated with 10pM EdU for 1 h with and without 

chase for 4 further days upon EdU removal, in order to examine the 

relationship between the different phenotypes and cell proliferation. Again, 

in order to quantitate numbers of cells of specific phenotype it was 

necessary to dissociate the neurospheres after these times and allow the 

cells to adhere briefly to chamber slides as described above.

Immunostaining and quantification of cells positive for each marker 

revealed that the phenotypic expression between neurosphere cells at the 

beginning of the chase (15d old) and neurosphere cells at the end of the 

chase (19d old) was very similar (Fig. 4.8) indicating there is a ‘steady 

state’ balance of the cell phenotypes in the neurosphere over these 4 days, 

although proliferation was occurring during the chase (see bars showing 

percentages of cells having incorporated EdU, Fig. 4.8). Specifically, a 

majority of the neurosphere cells expressed GFAP (56% before chase / 

57% after chase), followed by the transcription factor Sox10 (43% / 33%), 

S100 (19% / 23%), Tuj1 (18% / 21%) and finally NOS (4% / 5%). None of 

these before/ after values were statistically different (p> 0.05). In contrast 

the number of EdU+ nuclei increased significantly after the chase (16% 

before chase / 32% after chase, Fig. 4.8). This was expected as the cells
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which incorporated EdU during the pulse continued to proliferate over the 4

days of chase.

Figure 4.8. The percentage of neurosphere cells expressing different markers 

or labeled with EdU with and without 4 day chase after EdU labeling.

Neurospheres immediately after the EdU pulse and the 4 day chase following 

removal of EdU were dissociated into single cells which were allowed to attach 

and spread in adherent chamber slides for 3h (5xl03 cells/chamber/0.8cm2). Cells 

were then fixed and stained for different markers. Immunopositive cells were 

counted in random optical fields (n= 5-10) of each chamber using the 40X oil 

objective. The total number of cells per optical field was quantified by counting 

the total number of nuclei stained with DAPI. Error bars represent the SEM from 

independent experiments (n > 3). There was no significant difference between 

percentages of any of the phenotypic markers before and after the chase. A
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significant increase was observed in the number of EdU+ cells after the 4 day 

chase. ***= p value< 0.001
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Figure 4.9. Co-localisation of neurosphere-derived cell markers immediately 

after EdU incorporation.
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Primary embryonic mouse neurospheres after 15 day culture in 60mm non 

adherent dishes were incubated with lOpM EdU for a further Ih. EdU was 

removed, neurospheres were washed and dissociated into a single cell suspension 

before seeding in adherent chamber slides (5x103 cells/chamber/0.8cm2). 

Neurosphere-derived cells were allowed to attach and spread for 3h when they 

were fixed and stained for Tujl (A), NOS (E), GFAP (I), SoxlO (M), SI00 (Q) 

and EdU (B, F, J, N, R). Nuclei were stained with DAPI (blue); D, H, L, P, T: 

overlay of red and green channel. White arrows indicate co-localisation of EdU for 

each marker. Yellow arrows represent cells that are EdU+ but negative for the 

relevant marker. Scale bar is 25pm.
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Figure 4.10. Co-localisation of neurosphere-derived cell markers with EdU 

incorporation 4 days after EdU chase.
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Primary embryonic mouse neurospheres after 15 day culture in 60mm non 

adherent dishes were incubated with lOpM EdU for a further Ih and then cultured 

in absence of EdU for 4 days (chase). At the end of the chase neurospheres were 

dissociated and single cells were left to attach and spread for 3h in adherent 

chamber slides (5x103 cells/chamber/0.8cm2). They were then fixed and stained 

for TuJl (A), NOS (E), GFAP (I), SoxlO (M), S100 (Q) and EdU (B, F, J, N, R). 

Nuclei were stained with DAPI (blue); D, H, L, P, T : overlay of green and red 

channel. White arrows indicate co-localisation of EdU for each different 

marker.Yellow arrows represent cells that are EdU+ but negative for the relevant 

marker. White arrow head indicates a highly-labeled EdU nucleus and the green 

arrow head a low-labeled EdU nucleus (B, F). Scale bar is 25pm.
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Moreover, the level of the EdU fluorescence signal was more variable after 

the 4 day chase compared to what was observed straight after the pulse 

(compare Fig. 4.1 OB, F, J, N and R). As shown in Fig. 4.10 F, at the end of 

the 4 day chase there were nuclei highly and weakly labeled with EdU 

(white and green arrowhead respectively), a picture similar to the one 

where proliferation at the same time point was examined in neurospheres 

using BrdU (Chapter 3, Fig. 3.6p1), indicating a variation in the rate of 

proliferation among neurosphere-cells. On the other hand, as with BrdU 

staining (Chapter 3, Fig. 3.3m1), the level of EdU fluorescence signal 

immediately after the pulse is very similar among the different positive 

nuclei (compare Fig. 4.9B, F, J, N and R), implying that for the short term 

of 1h there were not enough divisions to further dilute the incorporated 

EdU (See Discussion). At the end of the chase the EdU+ nuclei could be 

categorised under the microscope into low and high EdU labeled (Fig. 4.9F 

and Fig. 4.11). The number of cells with low EdU levels in their nucleus 

was higher.
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Figure 4.11. The percentage of low and high signal EdU+ cells in the EdU 

population after 4 days of chase.

Neurospheres at the end of the chase were dissociated into single cells which were 

left to attach in adherent chamber slides for 3h (5x103 cells/ chamber). Cells were 

then fixed and stained for EdU. Positive nuclei were counted in random optical 

fields (n= 5) of each chamber and the objective 40x was used for it. (See Fig. 10F 

arrowheads for low and high EdU labeled nuclei). Error bars represent the SEM 

between 3 experiments (n= 3). *= p value < 0.05.
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The phenotypic expression of cells which incorporated EdU after a 1h 

pulse, showed that variable proportions of cells with EdLT nuclei also 

express the markers Tuj1, GEAR, Sox10 and S100 (Fig. 4.12). A very low 

number of EdU+ cells (0.3 %) were also positive for NOS. The vast majority 

of EdU+ cells were GFAP+ (82%). Then the markers Sox10 and S100 

followed representing the 64% and 23% of EdlT cells respectively. The 

marker for immature neurons Tuj1 represented only the 5% of the EdlT 

population.

When cells were stained and counted at the end of the 4 day chase the 

majority of the EdlT population was still positive for GFAP (Fig. 4.10) but 

the percentage was reduced from 82% to 63% (Fig. 4.12). At the same 

time there was a decline of the Sox10+EdU+ population from 65% to 44%. 

On the other hand an increase of the S100+EdU+ cells was observed, from 

23% to 40%, and even more strikingly a significant increase occurred in 

the Tuj1+EdU+ population, going from 5% to 20%.
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after 1h pulse 
after 4d chase

Figure 4.12. Co-expression of different markers in EdU+ cells with and 

without chase after EdlJ labeling.

Neurospheres immediately after the EdU pulse and the 4 day chase following 

removal of EdU were dissociated into single cells which were allowed to attach in 

adherent chamber slides for 3h (5xl03 cells/chamber/0.8cm2). Cells were then 

fixed and stained for different markers and EdU. Immunopositive cells were 

counted in random optical fields (n= 5-10) of each chamber using the 40X oil 

objective. The total number of cells per optical field was quantified by counting 

the total number of nuclei stained with DAPI. Error bars represent the SEM from 

different experiments (n > 3). A two tailed unpaired t-test was performed for all 

the phenotypic markers: Tujl (p= 0.047), GFAP (p= 0.018), Sox 10 (p= 0.27) and 

S100 (p= 0.08). * = p value< 0.05.
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In summary, after 1h pulse with EdU most EdU+ cells were positive for the 

marker GEAR whereas there was a low or almost no co-expression of the 

markers Tuj1 or NOS respectively. After 4 days of chase a significant 

increase in Tuj1 and an increasing trend of S100 expression were 

observed while the GEAR and Sox10 levels were reduced.

In order to identify any differences in terms of the differentiation status 

between low and high labeled EdlT nuclei at the end of the chase, 

counting was performed in EdU+ ceils which were also expressing the 

marker of immature neurons Tuj1, the marker with a significant increase at 

the end of the chase (Fig. 4.12). interestingly, we were not able to identify 

differences between the expression of Tuj1 in low and high labeled EdU+ 

nuclei (Fig. 4.13). These findings suggest that for the time period studied 

the cells which had not divided again during the chase had therefore higher 

levels of incorporated EdU had the same neurogenic potential as the cells 

which proliferated faster during the 4 days of chase.
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Figure 4.13. Graph showing the percentage of EdU+Tujl+ cells in the low or 

high labeled EdU population.

Neurospheres at the end of the chase were dissociated into single cells which were 

let to attach in adherent chamber slides for 3h (5xl()3 cells/ chamber). Cells were 

then fixed and stained for Tujl and EdU. Positive nuclei were counted in random 

optical fields (n= 5) and the 40X oil objective was used for it. Error bars represent 

SEM between 3 independent experiments.
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4.3. Discussion

In Chapter 3, we investigated the locations and proliferation rates of cells in 

embryonic mouse neurospheres. We demonstrated that cells closer to the 

periphery tended to divide faster than those closer to the centre of the 

neurosphere. Then in order to understand neurosphere cell behaviour we 

investigated the expression of phenotypic markers in neurosphere cells 

and we tried to see if there is any correlation between differentiation and 

proliferation rate.

4.3.1 Neurosphere cells express markers for ENS progenitors, 

neurons and glia

All the neurosphere cells were expressing in their cytoplasm the neural 

crest cell marker p75 (Fig. 4.1A) indicating their neural crest origin (Young 

et al., 1999). The marker glial fibrillary acidic protein GFAP was also 

present in the vast majority of the neurosphere cells whereas S100+ cells 

were fewer and randomly distributed (Fig. 4.1 B and 4.11 respectively). In 

the ENS, GFAP and the protein S100B have been used to identify glial 

cells (Bondurand et al., 2003; Young et al., 2003).

In the adult CNS, both markers have been used to label glial cells, 

particularly astrocytes, although S100B expression begins when astrocytes
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mature, indicating that S100B is expressed later on in glial differentiation 

compared to GFAP (Platel et al 2009). In neonatal P2 and P8 mouse 

forebrain when astrocytes were still proliferating the vast majority of GFAP+ 

cells were S100B'. Increase in the number of GFAP+/S100B+ cells 

occurred at P15 in the parenchyma of the brain when astrocytes were 

mature (Deloulme et al., 2004). in the same study expression of S100B 

was present in slow dividing glial cells suggesting that S100B is expressed 

in more mature glial cells.

We showed that 24% of the GFAP+ cells in embryonic mouse neurosphere 

cells are S100+. We also observed that around 40% of the S100+ 

population did not express GFAP. After a short pulse the vast majority of 

the fast proliferating cells expressed GFAP (82%) but only 23% expressed 

S100. We can conclude that some of S100+ cells are a subpopulation of 

GFAP+ and S100+ cells do not represent the majority of the fast dividing 

cells, implying that S100 could represent a more mature glial phenotype. 

However, after the 4 day chase a smaller proportion of the EdU labeled 

cells expressed GFAP (63%) and a higher proportion S100 (40%), implying 

a maturation and commitment of the GFAP+ cells towards the glial lineage 

over these 4 days which leads to the reduction of their proliferation rate.
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In a study recently published by Laranjeira et al. (2011), glia! cells isolated 

from small intestine of adult transgenic mice, where cells were expressing 

YFP under the control of the Sox10 promoter, which as described before is 

active in ENS progenitors and glia were able to give rise to adult enteric 

neurons in vivo, but neurogenesis with YFP co-localization could not be 

observed after the age of P84, indicating that these cells differentiated 

towards the glial lineage. However, upon dissociation of P84 mouse guts, 

YFP+/GFAP+ cells were able to give rise to different neuronal types in 

culture including NOS, VIP and neuropeptide Y, indicating that under 

specific conditions, cells expressing glial markers can give rise to neurons.

Consistent with these results, our data showed that neurospheres 

contained cells which were Sox10+/Tuj1+ as well as GFAP+/Tuj1+possibly 

representing transient populations which differentiate towards the neuronal 

lineage, suggesting that the neurosphere environment provides the 

appropriate differentiation conditions similar to what was observed in 

monolayer culture by Laranjeira et al. by adding differentiation culture 

medium. Neurosphere generation may also resemble an injury model as 

embryonic tissue is dissociated and cells go from being attached to each 

other to become single cells until they start multiplying and forming new 

neurospheres.
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In addition, ENS injury using topical application of benzalkonium chloride to 

myenteric ganglia generated cells positive for the pan-neuronal marker 

HuC/D, something that they could not observe in a steady-state bowel 

(Laranjeira et al., 2011). On the other hand, Joseph et al. (2011) failed to 

identify neurogenesis in almost all mice and rats tested (84 out of 85 

animals) when BrdU was administered by injection and in the drinking 

water after local treatment of their distal ileum with benzalkonium chloride. 

Even after 11 months of chase without BrdU, they could not identify 

BrdU+/HuD+ cells at the site of benzalkonium chloride injury or in regions 

nearby. Moreover, even when they used adult transgenic mice, where cells 

were expressing EVER under the control of the GEAR promoter, a very 

small number of HuD+ derived from GFAP+/EYFP+ cells was observed (no 

more than 0.11%).

Joseph et al. (2011) suggested that there could be a mechanism which can 

promote neuronal differentiation from adult glial cells without prior 

proliferation as that would explain the absence of proliferating neuronal 

progenitors. In addition, there might be a SoxIOV GEAR' population in vivo 

which is responsible for the generation of neurons after injury of the adult 

ENS and thus the possible explanation of the neurogenesis observed by 

Sox10+ cells in the mouse model by Laranjeira et al. (2011).
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However, Joseph et al. (2011) managed to show that cells sorted using 

flow cytometry (a2-integrin+/ CD457 TER1197 CD3r) from adult mouse gut 

were co-expressing GFAR and S100B as well as p75 and the neural stem 

cell marker nestin (GFAP+/ S100B+/ p75+/ nesting Hu') similar to what is 

co-expressed in the adult gut. When these cells were cultured in vitro, 

could generate peripherin positive neurons and smooth muscle actin 

positive cells, indicating that GFAR and S100B can be expressed in cells 

which give rise to different cell types in vitro. Thus, GFAP+ or S100B+ cells 

in the neurosphere could represent mature glial cells as well as ENS 

progenitors which can give rise to both neurons and glia with or without 

division as suggested above.

4.3.2. Neurosphere ceils require time to differentiate upon 

proliferation

The observation of more immature neurons (Tuj1+ cells) at the end of 

chase (5% after the pulse and 20% at the end of the chase) indicates a 

commitment of progenitor cells towards the neuronal lineage over the 

chase period. Regarding the marker Sox10 which, as described in the 

introduction, is expressed in both ENS uncommitted progenitors and 

enteric glial cells (Kim et al., 2003). Therefore the reduction in the levels of 

Sox10 can be explained due to differentiation of Sox10+ uncommitted cells 

to Sox10" neuronal precursors or glial cells to neurons. Together with the
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results from GFAP and S100 at the end of the chase, we can conclude that 

dividing neurosphere cells over time differentiate towards a more mature 

phenotype which could be either glia or neurons.

In order to investigate whether the fast diving cells (low EdU levels) at the 

end of the chase will be more differentiated than the low- or non­

proliferating cells (high EdU levels), we counted the presence of the 

marker Tuj1 in each group, as it was the marker with the highest increase. 

As shown in Fig. 4.13 there was not any difference in the expression of 

Tuj1 between slow and fast dividing cells, therefore a correlation between 

proliferation rate and differentiation could not be made. Also we did not 

observe any NOS+ cells with incorporated EdU at the end of the chase, 

indicating that maybe a period longer than 4 days is required for the 

dividing cells to acquire a terminally differentiated phenotype. However, 

other markers of mature neurons could be present but they were not 

investigated in this study.
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4.3.3 Cells expressing neuronal markers are close to the periphery 

Staining for the marker of immature neurons Tuj1, showed 

immunoreactivity close to the periphery of the neurosphere (Fig. 4.1E). 

Also, cells expressing the mature neuronal marker NOS were only present 

at the periphery of the neurosphere, organized in a group. There were no 

NOS+ cells in the centre of the neurosphere. On the other hand the 

distribution of GFAP+, Sox10+ and S10CM* cells in the neurosphere was 

random. These data suggest that cells expressing markers of the neuronal 

lineage are located at the periphery where the fast dividing cells have been 

shown to be (Chapter 3). As discussed in the introduction, peripheral Tuj1 

immunoreactivity was also observed in rat subventricular-zone derived 

neurospheres (Andersen et al., 2011). However, the cell body of these 

cells could be located somewhere closer to the centre resembling 

interkinetic nuclear migration of neuroepithelial cells over their cycling 

period (Del Bene, 2011) but that is unlikely to be the case for all the Tuj1 + 

cells because we observed less nuclei with adjacent Tuj1 immunoreactivity 

closer to the centre of the neurosphere.
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4.3.4. Conclusions

Neurospheres are a mixture of cells expressing markers for ENS 

uncommitted progenitors, enteric glia and neurons. Also, they contain 

transient cell populations which co-express undifferentiated and more 

mature markers implying that differentiation is an on-going process in the 

neurosphere environment. In addition, we demonstrated that the majority 

of fast dividing cells were not expressing markers indicating differentiation, 

but that takes time to start expressing such markers. The next question 

would be what signaling pathways, if any, are involved in the regulation of 

the neurosphere cell behaviour that was described in this chapter.

142



CHAPTER 5

Notch signaling 
inhibition
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5.1. Introduction

5.1.1. Aim

Previously, we showed that neurospheres contain cells which express 

markers for immature and mature neurons (Tuj1 and NOS) as well as for 

glia and ENS progenitors (GFAP, S100, Sox10). Proliferation and 

differentiation are two processes that occur continuously in the 

neurosphere environment but the ratios of different phenotypic markers 

remain stable, indicating the presence of a balance between progenitors 

and differentiated cells. In this chapter the aim was to test the hypothesis 

that the Notch signaling pathway regulates the proliferation and 

differentiation of neurosphere cells. Notch signaling has been shown to 

play a critical role in the cell fate of progenitor cells and in the following 

paragraphs, we discuss the presence and role of the Notch signaling 

pathway in the gut and especially in the ENS as well as previous evidence 

of Notch signaling in neurospheres.
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5.1.2. The notch signaling pathway regulates proliferation and 

differentiation of neural stem celis

The Notch signaling pathway plays a key role in the maintenance of neural 

stem cells and their differentiation (Artavanis-Tsakonas et al., 1999; Hitoshi 

et al., 2002). Notch signaling is controlled by cell-cell contact. Typically a 

cell which has undergone differentiation will be the ligand-presenting cell 

which will activate the Notch receptor in neighbouring cells and thereby 

inhibit their differentiation, a process called lateral inhibition (Cornell et al., 

2005). In mammals there are 4 Notch receptors (Notch 1-4) and the 

ligands are the Delta-like (DIM, 3, 4) and Jagged (Jag1, 2) proteins 

(Artavanis-Tsakonas et al., 1999). The extracellular domain of Notch 

receptors consists of 36 tandem epidermal growth factor (EGF) repeats 

whereas the intracellular domain consists of a sequence rich in the amino 

acids proline, glutamic acid, serine and threonine (PEST) (Artavanis- 

Tsakonas et al., 1999). Upon activation of Notch receptor with the binding 

of the ligand a series of cleavages begin. The extracellular domain of 

Notch receptor is cleaved by the ADAM protease and the y-secretase 

protein complex cleaves and releases in the cytoplasm the Notch 

intracellular domain (NICD) (Brou 2009) (Fig. 5.1). This will then 

translocate to the nucleus where it binds with the proteins Rbp-Jx (also 

known as CBF1) and Mastermind-like protein to de-inhibit expression of 

target genes such as Hes1, Hes5 and Hey genes (Pierfelice et al., 2011).
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These genes encode factors which block neuronal differentiation and thus 

maintain the undifferentiated and proliferating status of the cell (Iso et al., 

2003).

Target neprtsuon T«rg*t activction

Figure 5.1. Canonical Notch signaling pathway. (Figure was adapted and 

modified from Abies et al., 2011).
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In addition to the canonical Notch signaling pathway which was just 

described, studies have indicated the Rbp-JK independent Notch signaling 

activation. This Rbp-JK independent pathway can involve Notch receptor 

cleavage but it activates other signaling pathways like Wnt, Hedgehog and 

TGF-(3 in order to activate the transcription of downstream genes. But it 

can also be independent of y-secretase cleavage of the Notch-receptor for 

its activation (Sanalkumar at al., 2010) demonstrating the great complexity 

and interactions of Notch signaling pathway.

5.1.3. Role of Notch signaling pathway in the gut

The presence of Notch signaling has been implicated in many regulatory 

roles of the gut. One of them is the maintenance of the intestinal epithelial 

stem cells of the crypts. Conditional inactivation of the Rbp-Jk transcription 

factor, a key part of the Notch cascade, resulted in the loss of proliferating 

crypt stem cells and their subsequent differentiation to post-mitotic goblet 

cells in adult mouse small intestine (van Es et al., 2005). In addition, 

constitutive expression of Notchl in cells of the intestinal epithelium and 

the crypt stem cells, showed that goblet and endocrine cell differentiation 

was impaired. On the other hand the number of proliferating cells in the 

crypts was increased (Fre et al. 2005), confirming the regulatory role of 

Notch signaling pathway in the cell fate decision.
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Although the Notch signaling pathway has been studied in more detail in 

the intestinal epithelium and regarding its involvement in bowel cancers 

(Radtke et al., 2005), there is little evidence in the literature regarding its 

role in the ENS. Sander et al. (2003) demonstrated that in the submucosal 

and myenteric plexi in adult rat gut the receptor Notchl and the ligand 

Jagged2 are present, whereas the receptor Notch2 and the ligand Jagged 1 

could not be detected. Receptor Notch-1 was present in a subset of 

cholinergic neurons but was not co-locaiized with NOS+ or calretin+ 

neurons. On the other hand, the ligand Jagged2 was expressed in all the 

above subclasses of neurons (Sander et al., 2003). The presence of 

Notch-1 in post-mitotic neurons has also been described in non­

proliferative neurons in the CNS regarding its role in inhibiting neurite 

outgrowth (Berezovska et al., 1999) and enhancing dendrite branching and 

blocking dendritic growth (Redmond et al., 2000), implying a possible 

common role for Notch signaling in both ENS and CNS.

Although Sander et al. (2003) suggested rather than showed a role for 

Notch signaling pathway in the ENS, Okamura et al. (2008) demonstrated 

that Notch signaling is essential for ENS development and maintenance of 

the proliferating migratory enteric NCCs by deleting the gene encoding the 

O-fucosyl-transferase 1 (Pofutl), in cells expressing the neural crest
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promoter Wnt1. Pofutl is responsible for the transfer of O-fucose to the 

extracellular EGF repeats of the Notch receptor therefore critical for the 

activation of the receptor by the ligand (Okamura et al., 2008). In this study, 

it was demonstrated after Notch signaling inhibition that ENS progenitors 

differentiated prematurely towards the neuronal lineage as that was shown 

by Tuj1 immunostaining. In addition, Notch signaling inhibition promoted a 

reduction in the proliferation of ENS progenitors, indicating a role of Notch 

signaling in the differentiation and proliferation of ENS progenitors during 

development.
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5.1.4. Notch signaling pathway in neurospheres 

As Notch signaling maintains the undifferentiated state of neural progenitor 

ceils it is quite likely that the Notch pathway will have a pivotal role in the 

behaviour of neurosphere cells. In fact, expression of the receptor Notch-1 

has been shown previously in sections of neurospheres derived from 

embryonic or postnatal forebrain (Campos et al., 2006). Also, inhibition of 

Notch signaling with the y-secretase inhibitor L-685, 458 resulted in a 

decrease in the cell number of neurospheres derived from human fetal 

brains (Mori et al., 2006). Moreover, there was lower rate of increase in the 

cell number of human glioblastoma-derived neurospheres upon 

administration with the y-secretase inhibitor GSI-18 and they also failed to 

generate secondary neurospheres upon dissociation (Fan et al., 2010) 

implying a role for Notch signaling in neurosphere cell proliferation.

Although Notch signaling has been shown to have an effect on 

neurosphere cell behaviour as described above, direct evidence for Notch 

signaling involvement in proliferation correlated to differentiation has not 

been demonstrated in either CNS or ENS neurospheres. In the previous 

chapter we showed that neurosphere cells which have just proliferated 

changed phenotype during the following 4 days. Briefly, when 15 day old 

primary neurospheres were labeled for 1h with EdU and then chased for 4 

days, significantly higher expression of the markers Tuj1 was observed at
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the end of the chase in EdU+ cells, indicating a relationship between 

proliferation and differentiation. We were then interested to examine if this 

relationship can be regulated by blocking a signaling pathway. Because 

the Notch pathway has been shown to play a key role in the cell fate of 

neural progenitors and also because there is evidence as described above 

concerning its involvement in ENS development, we decided to study the 

effect of Notch inhibition on neurosphere cell behaviour.
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5.2. Results

We were interested in investigating the role of the Notch signaling pathway 

in the proliferation and differentiation of neurosphere cells. Due to the fact 

that in the previous chapter we found a correlation between proliferation 

rate and differentiation, we wanted to examine further if this pattern is 

regulated by Notch signaling and thus being one step closer to learning 

how to control the behaviour of the neurosphere cells, a prerequisite for 

future clinical applications.

5.2.1. Inhibition of Notch signaling promotes neuronal differentiation 

and decreases proliferation in neurosphere cells 

Notch signaling was inhibited using 10pM (Hansen et al., 2010) of the y- 

secretase inhibitor DAPT, an inhibitor which is widely used to block Notch 

signaling (Dovey et al., 2001; Crawford et al., 2007). Initial experiments 

were designed to see if the Notch inhibitor had any effect on the 

proliferation and differentiation of neurosphere cells.
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A
2 days DART 4 days DART

Figure 5.2. The percentage of neurosphere cells positive for Tujl and EdU 

after treatment with DAPT.

Embryonic mouse primary neurospheres (n=60-80) after 15 day culture in 60mm 

non adherent dishes were split in same type of dishes and incubated for 2 (A) or 4 

(B) days with medium containing either DAPT (lOpM final concentration) 

dissolved in DMSO or with the DMSO vehicle alone (0.1% (v/v) final dilution, 

control). At the end of treatment neurospheres were incubated with lOpM EdU for 

Ih, washed and dissociated into a single cell suspension before seeding in adherent 

Permanox chamber slides (5x10J cells/ chamber/ 0.8 cm2). Neurosphere-derived 

cells were allowed to attach and spread for 3h with or without DAPT after which 

they were fixed and stained for the markers Tujl and EdU. Immunopositive cells 

were counted in random optical fields (n= 5) of each chamber with a 40X oil
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objective. The total number of cells per optical field was quantified by counting 

the number of nuclei stained with DAPI. Error bars represent the SEM between 

different optical fields. A two tailed unpaired t-test was performed for the markers 

Tujl [p= 0.02 (A) and p< 0.001 (B)] and EdU [p= 0.003 (A) and p= 0.002 (B)]. * 

= p value < 0.05, ** = p value < 0.01, *** = p value < 0.001.

After 2 days in the presence of DART there was an increase of the 

proportion of Tuj1+ population from 25% to 35% and a decrease of EdU+ 

nuclei from 15% to 8% relative to controls (Fig. 5.1). These differences 

became greater after 4 days of inhibition: the percentage of Tuj1+ cells was 

double that of controls (from 22% to 52%) whereas that of EdU labeled 

cells decreased to about half that of controls (from 23% to 13%) (Fig. 5.1; 

see also Fig. 5.2). These data indicate that there is a greater effect in the 

expression of Tuj1 in neurosphere cells when the inhibitor is used for 4 

days instead of 2. Consequently, the DART exposure period of 4 days was 

selected for subsequent experiments.
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Figure 5.3. Expression of Tujl and staining for EdU after 2 and 4 days DAPT 

treatment.

Embryonic mouse primary neurospheres after 15 day culture in 60mm non 

adherent dishes were incubated for 2 (A) or 4 (B) days with medium containing 

10fiM DAPT. At the end of treatment neurospheres were then treated with 10fiM
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EdU for Ih, washed and dissociated into a single cell suspension before seeding in 

Permanox chamber slides. The cells were allowed to attach and spread for 3h in 

the presence or absence of DAPT before they were fixed and stained for Tujl(A5 

D, G, J) and EdU (B, E, H, K). Nuclei were stained with DAPI (C, F, I, L). Scale 

bar is 25 pm.

5.2.2. Inhibition of Notch signaling promotes neuronal differentiation.

Having decided the optimum conditions to inhibit Notch signaling, 

neurospheres were treated for 4 days with DAPT in order to examine the 

effect of the Notch inhibitor on GFAP, Sox10 and S100 expression. Data 

(Fig. 5.4) showed an expected increase in the total number of Tuj1+ cells 

from 23% to 48%, in addition to a reduction in the EdU+ cells from 19% to 

10%. While the number of cells expressing NOS and S100 did not change 

after DAPT treatment, the numbers of Sox10+ and GFAP+ cells decreased 

from 45% to 34% and from 52% to 44% respectively, but the reduction was 

not statistically significant (also see Fig. 5.5a, 5.5b and 5.5c). The results 

of the phenotypic expression of the markers examined in the sample used
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as control was in agreement with what was shown in Chapter 4, Fig. 4.8 

where the phenotypes of 15 days (after 1h pulse) and 19 days old (after 4 

days chase) neurospheres were compared, indicating that the DMSO 

treatment itself didn’t have any effect on expression of these markers.
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Figure 5.4. Effect of 4 days DAPT treatment on the percentage of cells positive 

for each phenotype or incorporating EdU at the end of the treatment.

Embryonic mouse primary neurospheres after 15 day culture in 60mm non 

adherent dishes were incubated for 4 days with medium containing lOpM DAPT. 

At the end of treatment neurospheres were then treated with lOpM EdU for Ih, 

washed and dissociated into a single cell suspension before seeding into chamber 

slides. The cells were allowed to attach and spread for 3h in the presence or
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absence of DAPT and they were fixed and stained for the markers Tujl, NOS, 

GFAP, SoxlO, SI00 and EdU. Immunopositive cells were counted in random 

optical fields (n= 5-10) of each chamber with a 40X oil objective. The total 

number of cells per optical field was quantified by counting the number of nuclei 

stained with DAPL Error bars represent the SEM from different experiments (n= 

3-5). A two tailed unpaired t-test was performed for the markers Tujl (p= 0.007), 

SoxlO (p= 0.16) and EdU (p= 0.07). ** =p value <0.01.
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Figure 5.5a. Phenotypic expression of neurosphere-derived cells after 4 days of 

treatment with DAPT.
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Neurosphere cells were treated as described in Fig. 5.4. They were stained for the 

markers TuJ 1 (A, D), NOS (G, J), and EdU (B, E, H, K). Nuclei were stained with 

□API (blue). Scale bar is 25|im.

Figure 5.5b. Phenotypic expression of neurosphere-derived cells after 4 days of 

treatment with DAPT.
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Neurosphere cells were treated as described in Fig. 5.4. They were stained for the 

markers GFAP (A, D), Sox 10 (G, J) and EdU (B, E, H, K). Nuclei were stained 

with DAPI (blue). Scale bar is 25pm.

Figure 5.5c. Phenotypic expression of neurosphere-derived cells after 4 days of 

treatment with DAPT.

Neurosphere cells were treated as described in Fig. 5.4. They were stained for the 

markers SI00 (A, D) and EdU (C, F). Nuclei were stained with DAPI (blue). Scale 

bar is 25pm.
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5.2.3. Effect of Notch signaling inhibition in a puise/chase experiment 

The question was whether differentiation of the fast dividing cells found at 

the periphery of neurospheres (Chapter 4) is regulated by the Notch 

signaling pathway. After the pulsing with EdU for 1h followed by 4 days 

chase in the presence of Notch inhibitor DART, the percentage of total 

Tuj1+ ceils increased over 2-fold compared to that immediately after the 1h 

pulse or after the chase in the absence of DART (Fig. 5.6). The proportions 

of GFAP+ and Sox10+ cells in the DART treated neurospheres were also 

decreased but for the GFAP+ population that reduction was significant 

when compared to the 1h values. The percentages of NOS+ and S100+ 

were not affected by the presence of DART for 4 days (See also Fig. 5.9a, 

5.9b and 5.9c).
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Figure 5.6. Effect of DAPT on the percentage of neurosphere cells expressing 

different markers after Ih EdU pulse with and without a 4 day chase.

Embryonic mouse primary neurospheres after 15 day culture in 60mm non 

adherent dishes were pulsed for Ih with lOpM EdU. Immediately after the EdU 

pulse and the 4 day chase with or without DAPT, neurospheres were dissociated 

into single cells which were allowed to attach and spread in Permanox chamber 

slides for 3h. Cells were then fixed and stained for different markers. 

Immunopositive cells were counted in random optical fields (n= 10) of each
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chamber using the 40X oil objective. The total number of cells per optical field 

was quantified by counting the total number of nuclei stained with DAPI. Error 

bars represent the range from two individual experiments (n= 2). A two tailed 

unpaired t-test was performed for the markers Tujl (p= 0.02) and GFAP (p= 

0.047). * = p value < 0.05.

Interestingly, with DART treatment, the percentage of EdU+ cells 

decreased significantly when compared with both the number of EdU+ cells 

straight after the pulse and in controls after the chase (Fig. 5.7 and 5.8). As 

shown in neurosphere sections (Fig. 5.8), levels of EdlT cells in DART 

treated neurospheres did not have a great variation as observed in controls. 

Their EdU fluorescence signal was more similar to the high level Edlf 

cells of the control.
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Figure 5.7. Effect of DAPT on the percentage of EdU+ nuclei after Ih EdU 

pulse with and without a 4 day chase.

Neurosphere cells were cultured and stained as described in Fig. 5.6. Error bars 

represent range from two experiments (n= 2). A two tailed unpaired t-test was 

performed. * = p value < 0.05.
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Figure 5.8. Effect of DAPT treatment on EdU+ nuclei in neurosphere sections

at the end of a 4 day chase.

Embryonic mouse primary neurospheres after 15 day culture in 60mm non 

adherent dishes were pulsed for Ih with lOpM EdU. At the end of the 4 day chase 

with (C, D) or without DAPT (A, B), neurospheres were sectioned in 8pm thick 

slices and stained for EdU (red). Nuclei were stained with DAPI. Arrows indicate 

EdU+ nuclei and arrowheads nuclei with low levels of incorporated EdU. Scale bar 

is 50pm.
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Figure 5.9a. Co-localisation of neurosphere-derived cell markers with EdU 

incorporation 4 days after EdU chase in DAPT treated neurospheres.

Embryonic mouse primary neurospheres after 15 day culture in 60mm non 

adherent dishes were incubated with lOpM EdU for a further Ih and then cultured
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in absence of EdU for 4 days (chase). During the chase neurospheres were cultured 

with lOpM DAPT or without (control). At the end of the chase neurospheres were 

dissociated and single cells were left to attach and spread for 3h in adherent 

Permanox chamber slides in the presence of DAPT. They were then fixed and 

stained for TuJl (A, D), NOS (G, J) and EdU (B, E, H, K). Nuclei were stained 

with DAPI (blue). Arrows represent cells with dual labeling. Scale bar is 25pm.
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Figure 5.9b. Co-localisation of neurosphere-derived cell markers with EdU 

incorporation after 4 days chase in DAPT treated neurospheres.

Neurospheres were treated and dissociated as described in Fig. 5.9a. After fixation 

cells were stained for GFAP (A, D), Sox 10 (G, J) and EdU (B, E, H, K). Nuclei
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were stained with DAPI (blue). Arrows represent cells with dual labeling. Scale 

bar is 25pm.

Figure 5.9c. Co-localisation of neurosphere-derived cell markers with EdU 

incorporation after 4 days chase in DAPT treated neurospheres.

Neurospheres were treated as described in Fig. 5.9a. After fixation cells were 

stained for SI00 (A, D) and EdU (B, E). Nuclei were stained with DAPI (blue). 

Arrows represent cells with dual labeling. Scale bar is 25pm.
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As shown in Fig. 5.10 the phenotype of EdlT cells changed over the 4h 

chase, consistent with that shown before (Chapter 4, Fig. 4.12). However, 

in the case of DART treatment the effect is greater than the control. 

Specifically, the number of Tuj1+EdU+ cells after the pulse was around 6% 

but after 4 days of chase and DART treatment it reached 42%. Also, the 

reduction of GFAP+EdU+ and Sox10+EdU+ cell populations was more 

pronounced when compared to the control. There was an increasing trend 

in the S100+EdlT population control after 4d of chase (from 25% after 

pulse to 40% at the end of chase) but in the presence of DART during the 

chase, the percentage only increased to 30% which was not significant 

(Fig. 5.10). This result implies that the Notch inhibitor possibly blocked the 

differentiation of EdU+ cells towards the S100+ phenotype.
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Figure 5.10. Co-expression of phenotypic markers in EdU+ cells after Ih EdU 

pulse with and without 4 day chase.

Neurosphere cells were cultured and stained as described in Fig. 5.6. Error bars 

represent the range from two experiments (n= 2). A two tailed unpaired t-test was 

performed for all the markers. SoxlO: Ih vs 4d control, p value= 0.32; Ih vs 4d 

DAPT, p value= 0.07; 4d control vs 4d DAPT, p value= 0.08. [S100: p value > 0.1 

for all the combinations]. * = p value < 0.05, ** = p value <0.01.
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5.2.4. Down regulation of Notch targeted genes upon DART treatment. 

In order to confirm that DART inhibits canonical Notch signaling pathway in 

neurosphere cells, mRNA was extracted and the levels of Hes1 and Hes5 

were quantified using real time RT-PCR. As shown in Fig. 5.11 the levels 

of Hes1 with DART treatment were reduced by approximately 50% 

whereas the reduction in Hes5 was even greater. Agarose gel 

electrophoresis of the qRT-PCR products was also consistent with these 

changes in mRNA levels (Fig. 5.12). However, in the case of Hes5, 2 

products can be seen, 183 and 269bp (Fig. 5.12). The cDNA and genomic 

sequences for Hes5 obtained from Ensembl (Fig. 5.13) and those of the 

sequenced PCR products (Fig. 5.14), revealed that the smaller size band 

(183bp) is derived from the 1st and the 2nd exons of the Hes5 gene, 

whereas the bigger band included the intron sequence (86bp) between the 

1st and 2nd exon (unspliced product).
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Figure 5.11. Levels of Hesl and Hes5 mRNA in neurospheres treated with 

DAPT.

Following 4 days of treatment with DAPT as described in the previous figures, 

mRNA was extracted from neurospheres using Trizol. cDNA was synthetized and 

real-time PCR was performed to quantify the levels of Hesl and Hes5 in control 

and DAPT treated neurospheres. Error bars represent SEM from 3 experiments 

(n=3). Levels of Hesl and Hes5 in DAPT treated neurospheres were significantly 

reduced. ** = p value < 0.01, *** = p value < 0.001.
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Figure 5.12. Agarose gel electrophoresis showing the expression of Hesl, Hes5 

and p-actin in DAPT treated neurospheres.

The PCR product obtained from the experiment in Fig. 5.11 was loaded in a 2% 

agarose gel and an electrophoresis was performed (MOV, 1000mA, 20min). Each 

PCR reaction was done in triplicate as shown in figure. The band sizes were: Hes 

l=354bp, Hes 5= 183bp and 269bp and P-actin= 143bp.
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Mus musculus, hes5, Chromosome 4 location: 154334879-154336480bp

154335138 154335406

154335245 154335410 154335501

exonl exon 2 exon 3

Unspliced product: 154335138...... 154335406 = 269bp

Spliced product = 269bp - 86bp = 183bp

Figure 5.13. Genomic map of Hes5. Source Ensembl.

Figure shows that Hes 5 gene consists of 3 exons. The forward primer (F) is 

located at the 3’ end of the first exon and the reverse primer is located to the 3’ end 

of exon 2. If the mRNA is not spliced a band size of 269bp will be present at the 

end of the PCR reaction.
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Figure 5.14. Sequencing alignment of the theoretical sequences for the Hes5 

PCR products as predicted by Ensembl with the sequences of DNA from the 

gel-extracted bands.
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Alignments generated using the software Geneious Basic 5.4.3 (Biomatters Ltd) 

showed a high similarity between the theoretical sequences for 183bp (77%) and 

269bp (86%) obtained from Ensembl (see also Fig. 12) and the sequences 

determined of the two PCR products of Hes5 cDNA.

5.2.5. Notch signaling and cell migration

As discussed previously, the notch signaling inhibitor DART blocked 

proliferation and promoted neuronal differentiation of neurosphere cells. It 

was therefore interesting to see whether Notch signaling inhibition had an 

effect on the migratory properties of neurosphere cells.

After 1 day of culture in adherent conditions (pre-coated chamber slides 

with poly-D-lysine and laminin), neurospheres which had been pre-treated 

4 days with DART (Fig. 5.15B, D, and F) had much longer neurites, ~80pm 

(Fig. 5.15, arrows) and the number of cells that migrated away from the 

neurosphere was higher than in untreated controls. Not all the control 

neurospheres had developed neurites by day 1 and wherever these were 

present they were shorter in length than those in DART treated cultures. 

After 3 days in culture, there were many cells migrating away from the 

neurospheres in both control and DAPT-treated culture, although the 

DART treated cultures appeared to have larger outgrowths (compare Fig.

178



5.15E with F). Neurites were not visible on day 3, because of the large 

number of migratory cells moving away from the neurosphere (Fig. 5.15F).

Figure 5.15. Effect of DAPT notch signaling inhibitor on neurosphere cell 

migration and neurite development.

Embryonic mouse primary neurospheres after 15 days in culture in 60mm non 

adherent dishes were supplemented with lOpM DAPT for 4 days. Neurospheres
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were then transferred in DAPT supplemented medium to 8 well glass chamber 

slides (2 neurospheres per chamber) which were pre-coated with poly-D-lysine 

and laminin. Migratory cells (arrow heads) and neurites (arrows) were apparent 

after 1 day. However, in the control there were some neurospheres without any 

migratory cells and neurites after 1 day (C). More cells migrated out from the 

neurosphere by day 3 in both control (E) and DAPT treatment (F). Neurites on day 

3 could not be counted due to the high number of migratory cells. Scale bar is 

25pm for A-D and 100pm for E and F.
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Immunostaining for the markers Tuj1 and NOS (Fig. 5.16) of DART treated 

neurospheres upon adhesion onto chambers for 3 days, still in the 

presence of the inhibitor, revealed the presence of Tuj1+ fibers among 

migratory cells in both control and DAPT-treated neurospheres. Also Tuj1 

immunoreactivity was present in the neurospheres. High magnification 

pictures showed Tuj1+ positive fibers adjacent to nuclei of migratory cells 

(Figs. 5.16C and G). In control, these fibers looked like were derived from 

ceils in the neurosphere and not from the migratory cells (Fig. 5.16C). On 

the contrary, in DAPT-treated cultures, there were more Tuj1+ fibers 

among nuclei of migratory cells and we could also observe an increase in 

Tuj1+ signal in points where fibers were in very close proximity to some 

nuclei, implying that these cells could be Tuj1 + (Fig. 5.16G, arrows).

In both control and DAPT-treated neurospheres most of the migratory cells 

were NOS' (Fig. 5.16B, F). In the controls we observed NOS 

immunoreactivity at the periphery of the neurosphere but only to the part 

which was attached or in close proximity to the substrate (Fig. 5.16B, D). In 

the DAPT-treated neurospheres NOS+ cells could be observed at the sites 

where cells were leaving the neurosphere and migrating on the substrate 

(Fig. 5.16F, H). It was difficult to observe if these NOS+ cells were 

migratory or still in the neurosphere as this area of the DAPT-treated 

neurospheres was less clear than in the control.
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Figure 5.16. Expression of Tujl and NOS in migratory neurosphere cells after 

DAPT treatment.
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Embryonic mouse primary neurospheres after 15 days in culture in 60mm non 

adherent dishes were supplemented with 10pM DAFT for 4 days or they were left 

untreated (control). Neurospheres were transferred to pre-coated chambers as 

described in Fig. 10 in the presence of DAFT . After 3 days cells were fixed and 

stained for the markers Tujl (A, C, E, G) and NOS (B, D, F, H). Pictures C, D, G 

and H represent higher magnification of the box inset in pictures A, B, E and F 

respectively. Scale bar is 50pm.

Quantification of the above observations showed that after 1 and 3 days in 

adherent conditions the distance covered by the most distal cell was 

significantly higher in the DART treated neurospheres compared to the 

control (Fig. 5.17A and B). When DART treated neurospheres were 

transferred to the chambers in the absence of DART, the effect of DART 

treatment was still evident at day 3 when the distance covered by the 

furthest migratory ceil was significantly higher than the controls. In the case 

where untreated neurospheres were transferred to the chambers in the 

presence of DART, even after only 1 day the covered distance for the 

DART condition was significantly higher (51pm) compared to the control 

(8.4 pm) (Fig. 5.17E, F). These data indicate that the Notch inhibitor rapidly
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stimulates the migratory behaviour of neurosphere cells and that this effect 

remains upon inhibitor removal.
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Figure 5.17. Effect of DAPT notch signaling inhibitor on the migration of 

neurosphere cells.

184



Embryonic mouse primary neurospheres after 15 days in culture in 60mm non 

adherent dishes were supplemented with lOpM DAPT for 4 days or they were left 

untreated. Following that, neurospheres were transferred into pre-coated 8 well 

glass chambers as described in Fig. 5.15. The distance covered by the furthest 

migratory cell was measured after 1 and 3 days using ImageJ and that was 

monitored in three different experimental conditions; 4 day DAPT treated 

neurospheres were transferred to chambers with DAPT medium (A-B), 4 day 

DAPT treated neurospheres were transferred to chambers with normal neurosphere 

medium (C-D) and untreated neurospheres were transferred to chambers with 

medium containing DAPT (E-F). Error bars represent SEM between different 

neurospheres (n= 8-10 for DAPT treated and n= 17-22 for the control). * = p value 

< 0.05, ** = p value < 0.01 (unpaired two tailed t-test).
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In Figure 5.18 the number and the length of the longest neurite were 

counted after 1 day in adherent culture conditions. When DART treated 

neurospheres were transferred to the chambers in the presence of DART, 

an increase in the number of neurites per neurospheres was observed (Fig. 

5.18A) but more strikingly the length of these neurites was significantly 

greater (89 pm) compared to the control (15 pm) (Fig. 5.18B). In the 

conditions where DART was removed from the medium upon neurosphere 

transfer to adherent conditions (Fig. 5.18C, D) or when it was added only in 

the chambers (Fig. 5.18E, F) there was no statistically significant difference 

with the control regarding the number of the neurites per neurosphere or 

their length. However, an increasing trend in the neurite length was 

observed in the DART treated neuropsheres as shown in Fig. 5.18D.
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Figure 5.18. Effect of DAPT notch signaling inhibitor on neurite number and 

length.

Embryonic mouse primary neurospheres after 15 days in culture in 60mm non 

adherent dishes were supplemented with lOpM DAPT for 4 days or they were left 

untreated. Following that, neurospheres were transferred into pre- coated 8 well
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glass chambers as described in Fig.5.15. After 1 day of culture in the pre-coated 

glass chambers the number of the neurites per neurosphere (A, C, E) as well as the 

length of the longest neurite per neurosphere (B, D, F) were recorded using ImageJ. 

Measurements were taken in three different conditions; 4 day DAFT treated 

neurospheres were transferred to chambers with DAFT medium (A-B), 4 day 

DAFT treated neurospheres were transferred to chambers with normal medium (C- 

D) and untreated neurospheres were transferred to chambers with medium 

containing DAFT (E-F). Experiment was performed once. Error bars represent 

SEM between different neurospheres (n= 8-10 for DAFT and n= 17-19 for the 

control). *** = p value < 0.001 (unpaired two tailed t-test).
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5.3. Discussion

In the previous chapter, we investigated the behaviour of embryonic mouse 

caecum-derived neurosphere cells in terms of proliferation and 

differentiation. The next step was to identify mechanisms which controls 

this behaviour. We decided to examine the role of Notch signaling in the 

regulation of proliferation and differentiation of neurosphere cells, as it has 

been previously shown that ENS progenitors in vivo differentiate 

prematurely towards the neuronal lineage upon Notch signaling inhibition 

(Okamura et al., 2008).

5.3.1. Notch signaling inhibition decreases neurosphere cell 

proliferation

Treatment of neurospheres with DART for 4 days and a subsequent 1h 

pulse with EdU showed a reduction of about 50% of the EdU+ population 

(Fig. 5.4). The regulation of proliferation by Notch signaling has been 

demonstrated before in various tissues. In neurosphere cells derived from 

the subventricular zone of adult rat brains, prior knock-down of Notch 1 

expression by siRNA, resulted in a reduction in the number of cells positive 

for the proliferation marker Ki-67 (Chen et al., 2008).
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When the gene encoding the Notch ligand Deltal was knocked-down by a 

lentivirus-mediated-RNAi in cultures of human postnatal dental pulp stem 

cells, their cell cycle progression was inhibited (Wang et al., 2011b). More 

specifically, there was a high increase of cells in G1 phase and a 

significant decrease of cells in S phase and also the expression of the 

proliferating cell nuclear antigen (PCNA), present in the S-phase, was 

significantly reduced (Wang et al., 2011b). Cultures of adipoce-derived 

stem cells (ASCs) isolated from adult mice were treated with 5 or 10pM 

DART for a period of 10 days resulting in a reduction of their proliferation in 

a dose-dependent manner (Jing et al., 2010). These findings together with 

our results indicate the role of Notch signaling in promoting the proliferation 

of progenitor cells from various tissues.

5.3.2. Notch signaling inhibition promotes neuronal differentiation in 

neurosphere cells.

A 4 day inhibition of Notch signaling using the y-secretase inhibitor DART 

resulted in greater than 2-fold increase in the numbers of Tuj1+ cells in 

neurospheres whereas for the untreated neurospheres the population of 

Tuj1+ cells remained the same throughout the 4 day period. Interestingly, 

the numbers of cells expressing GFAP and Sox10 showed a reductin after 

the treatment, consistent with the differentiation of GFAP+/Sox10+/TujT 

cells towards an immature neuronal phenotype GFAP7Sox107Tuj1+.
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Neuronal differentiation of ENS precursors upon Notch inhibition has also 

been proposed by Okamura et al. (2008) where they suggested that Sox10 

suppression by Mashl and commitment towards the neuronal lineage was 

blocked by Notch signaling. ENS progenitors which commit to become 

neurons lose Sox10 expression (Young et al., 1999). Thus, the increase of 

the Tuj1* population after DAPT treatment in our experiments could be a 

result of neurogenesis from undifferentiated ENS progenitors.

The number of cells expressing S100 did not change after Notch inhibition. 

Maybe S100+ cells do not contribute to the increase of the Tuj1+ cells or if 

they do, that could probably happen with the increase of S100+ cells which 

co-express Tuj1, as we already know that in normal conditions around 20% 

of the S100+ population co-expressed Tuj1 (Chapter 4, paragraph 4.2.2., 

Fig. 4.6 ). Also, no difference was observed in the percentage of NOS+ 

cells implying that although around 50% of the cells express the immature 

marker Tuj1 either they need more time to mature towards a nitrergic 

neuron or they have differentiated towards another neuronal phenotype 

that we did not stain for (Hao and Young, 2009).

When we investigated the phenotype of the fast dividing cells which had 

incorporated EdU at the end of the DAPT treatment, we also observed a 

significant increase of Tuj1+/EdU+ cells and a significant decrease of

191



GFAP+/EdU+ cells as well as a reducing trend of the Sox10+/EdU+ 

population; consistent with what we found by counting the phenotypic 

expression of all the neurosphere cells. However, in the population of the 

fast dividing cells at the end of the treatment there was a decreasing trend 

of the S100+/EdU+ ceils. The marker S100 has been used to label ENS glia 

(Young et a!., 2003) although it can be expressed by ENS neuronal 

progenitors in vitro (Joseph et al., 2011). Thus, the decrease of the S100+/ 

EdlT cells at the end of the chase could represent a decrease in the 

number of dividing uncommitted progenitor cells or a decrease in the 

number of cells which differentiate towards the glial lineage, or even both. 

Glial differentiation promoted by Notch signaling has been demonstrated 

before in cultures of embryonic rat sciatic nerve-derived neural crest cells 

(Morrison et al., 2000), although in that study the marker GEAR was used 

to identify glial cells, a marker which as we discussed before can also be 

expressed in non-glia neuronal progenitors making it difficult to distinguish 

glia from ENS progenitors.

5.3.3. Inhibition of Notch signaling could result in loss of recently 

dividing neurosphere cells

The percentage of EdU+ cells at the end of the chase in the presence of 

DART shows a reduction relative both to controls at this time and is also 

lower than the number of cells which were labeled at the beginning of the
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chase (Fig. 6). That result possibly indicates that dividing cells upon Notch 

inhibition not only have a reduced proliferation rate but some of them die. 

In fact, mutant mice lacking presenilin-1, part of the y-secretase protein 

complex, showed severe loss of neural progenitors and neurons in their 

brains by E16.5 (Shen et al., 1997).

After administration of different concentrations of DART (1, 2, 5 and 10pM) 

in cultures of human tongue carcinoma cells (Tca8113) increased 

apoptosis in a dose-dependent manner was observed as revealed by 

caspase-3 immunostaining (Grottkau et al., 2009). In addition flow 

cytometry data showed a G0-G1 cell cycle arrest with DART treatment 

(Grottkau et al., 2009). Again, application of DART in human ovarian 

cancer cells in vitro provoked the arrest of their cell cycle in G1 phase 

which was dose-dependent. Also, by administering 50pM DART for 24, 48 

and 72h these authors detected apoptotic cells and their increase was 

time-dependent. The above data indicate that the reduction of EdU+ cells 

observed in our experiments could be a result of induction of apoptosis or 

cell cycle arrest.

However, Okamura et al. (2008) failed to detect apoptotic cells in vivo in 

mice with impaired Notch signaling function despite the fact that these 

authors observed a reduction in the number of proliferating enteric NCCs.
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Sometimes though the amount of apoptotic cells can be underestimated as 

under in vivo conditions apoptotic cells quickly disappear by phagocytosis 

(Enomoto 2009), thus leaving the possibility open for induction of apoptosis 

in migratory enteric NCCs upon Notch inhibition.

We should bear in mind that y-secretase activity is not Notch receptor 

specific similar to glycosyl-transferases (Okamura et al., 2008). The y- 

secretase complex cleaves various protein intramembrane segments 

including those of the amyloid precursor protein and E-cadherin (De 

Strooper and Annaert, 2010). As a result, inhibition of y-secretase activity 

in order to block Notch signaling can potentially inhibit other signaling 

pathways which could be involved in cell proliferation, differentiation and 

survival. Therefore we can conclude that the results observed from y- 

secretase treatment are consistent with Notch signaling inhibition, as that 

was demonstrated with downregulation of Hes1 and Hes5, but we cannot 

exclude the involvement of other factors resulting from y-secretase 

inhibition.
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5.3.4. Notch signaling regulates migration of neurosphere-derived 

ceils and neurosphere neurite formation.

Inhibition of Notch signaling in neurosphere cells resulted in the 

development of more and longer neurites when compared to controls (Fig. 

5.18). Also, with Notch inhibition more cells migrated away and were 

further from the neurosphere when compared to controls (Fig. 5.15 and 

5.16). Impairment of neurite outgrowth was observed in primary mouse 

embryonic brain-derived neurons by transient activation of Notch signaling 

which was promoted by transfection of plasmid encoding Notch-1 

(Berezovska et al., 1999). In addition, in the same study, active Notch 

signaling was able to retract already formed neurites.

In the CNS, P14 mice lacking both Notch-1 and Notch-2 receptors, were 

shown to have morphological defects in their migratory cortical neurons, 

resulting in abnormal positioning of these neurons in the cortex (Hashimoto 

et al., 2008). Migratory defects resulting in misplacement of facial 

branchiomotor and cortical neurons were detected in mutant embryonic 

mice lacking presenilin-1 (Louvi et al., 2004), a protein critical for the 

intracellular cleavage of Notch receptor (Abies et a!,, 2011).

In comparison with our results, we did not observe any defects in the cell 

migration of Notch inhibited neurospheres, on the contrary we could say
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that Notch inhibition promoted migration of cells away from the 

neurosphere. Having shown that Notch inhibition resulted in reduction of 

proliferating cells and the increase of cells expressing Tuj1, the number of 

cells coming out of the neurosphere would be unlikely to be due to 

increased proliferation. Therefore, it is likely to be an other mechanism 

which promotes the migration of cells away from the neurosphere 

environment in collaboration with Notch inhibition.

The transmembrane proteins N-cadherins are responsible for cell to cell 

adhesion and ensure that cells of a tissue are connected strongly together 

(Weber et al., 2011). Overexpression of N-cadherin in human arterial 

smooth muscle cells after transfection with a vector encoding N-cadherin, 

resulted in reduced migration whereas inhibition of N-cadherin with a 

blocking antibody provoked migration in quiescent human arterial smooth 

muscle cells (Blindt et al., 2004). Downregulation of Notch signaling in 

mouse cerebrovascular endothelial cells (ECs) using a y-secretase 

inhibitor, resulted in decreased N-cadherin expression (Li et al., 2011) 

indicating a role for Notch signaling in the regulation of N-cadherin 

expression. In addition, transgenic mice lacking the Notch activated 

transcription factor RBP-Jk only in brain endothelial cells, demonstrated 

downregulation of N-cadherin expression and a perinatal intracranial 

hemorrhage due to the inadequate integrity of ECs (Li et al., 2011). The
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above studies indicate a role for N-cadherin in cell motility and the 

involvement of Notch signaling in its expression, however if these 

mechanisms apply to neurospheres derived from enteric NCCs, further 

experiments will be needed to confirm it.

Another interesting observation though, is the expression of NOS and Tuj1 

by migratory cells in DAPT-treated neurospheres as well as the high 

number of NOS+ cells in the control in the areas where the neurosphere 

was attached to the substrate, which consisted of poly-D-lysine and laminin. 

Laminins have been shown by various groups to promote, in vitro, the 

migration, expansion and differentiation of neural stem cells (Barros et al., 

2010). In particular, when enteric NCCs derived from embryonic chick or 

quail gut after immunoselection with NC-1 antibody, were cultured on 

different substrates including laminin, collagen and tissue culture plastic, a 

significant increase in the number of neurofilament-protein positive 

neurons in the presence of laminin resulted (Pomeranz et al., 1993). 

Neurospheres derived from postnatal mouse brains showed high cell 

outgrowth when they were cultured on laminin substrate (Kearns et al., 

2003). In addition, the laminin receptor (31-integrin has been shown to be 

expressed at the periphery of neonatal rat brain-derived neurospheres 

(Campos et al., 2004). Finally, laminin acted as a permissive substrate in 

neurons derived from neonatal rat brains where cells survived in the
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absence of glia and extended long neurites (Liesi 1992). All this evidence 

supports the theory that laminin promotes neuronal differentiation and 

migration. Therefore, the DAPT-treated neurospheres, which according to 

Chapter 5 had more Tuj1+ neurons, migrated more extensively on the 

laminin substrate than the controls and hence the high number of cell 

outgrowth in the neurospheres. The larger number of NOS+ cells at the 

periphery of control neurospheres could be due to the differentiation effect 

of laminin.

In summary, neurite outgrowth was promoted after Notch inhibition a result 

which is consistent with what has been described before (Berezovska et al., 

1999). On the other hand, the migratory behaviour of neurosphere cells is 

in contradiction with previous literature as Notch inhibition has not before 

shown promotion of neurosphere cell migration. However, it is difficult to 

evaluate the effect of Notch inhibition on migratory cells when other factors 

can play important roles in cell behaviour.
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5.3.5. Conclusions

In this chapter we demonstrated that by inhibiting the Notch signaling 

pathway we promoted induction of neuronal differentiation and reduction of 

neurosphere cell proliferation. In addition, Notch signaling inhibition 

promoted the neurite outgrowth and migration of cells away from the 

neurosphere on the culture substrate. Together with Chapters 2 and 3, we 

have analyzed in detail the behaviour of neurosphere cells in terms of 

proliferation, differentiation and cell migration. Next, we were interested to 

investigate how these cells behave in other tissues upon transplantation, 

properties important for any potential use of neurosphere cells for clinical 

applications.
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CHAPTER 6

Neurosphere cell 
transplantation
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6.1. Introduction

6.1.1. Aim

In previous chapters we investigated the proliferation, differentiation as well 

as the motility of cells inside the neurosphere environment. Also, it was 

shown that Notch signaling pathway has a regulatory role on proliferation 

and differentiation of neurosphere cells. The next question was to 

investigate how these cells behave outside the neurosphere environment 

once transplanted in a recipient bowel, as the overall aim of this study is to 

understand the behaviour of neurosphere-derived ENS progenitors so that 

one day they can be transplanted safely and treat ENS disorders. The 

following paragraphs describe briefly the migration of enteric NCCs, 

previous findings from transplanted gut-derived neurospheres into recipient 

bowel in vitro, as well as information about the cell tracking technique used 

in the current study and its advantages.
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6.1.2. Migration of enteric NCCs

Once enteric NCCs have entered the foregut, they coionize the whole 

bowel in about 4 days in mice (Kapur 1999; Young et al., 2001a) and 3 

weeks in humans (Wallace et al., 2005). As discussed in the introduction 

the colonization of the gut can be regulated by the number of enteric NCCs 

(Simpson et al., 2007), the increased size of the gut (Landman et al., 2007) 

and by various signaling pathways with the most important ones being the 

GDNF/Ret/GFRa1 and the EDN3/ EDNRB pathways (Burns et al., 2009).

GDNF has been shown to have a chemoattractive role in enteric NCCs in 

vitro whereas EDN3 inhibits that process (Young et al., 2001b; Nagy and 

Goldstein, 2006; Mwizerva et al., 2011). It has been suggested that EDN3 

‘helps’ the migratory cells to overcome the chemoattraction of GDNF once 

they are in the caecum and thus enable the migratory cells to colonize the 

colon (Barlow et al., 2003; Kruger et al., 2003).
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6.1.3. Transplantation of enteric NCCs in bowel explants

Many research groups in the past have tried to investigate the properties of 

enteric NCCs in vitro by using bowel explants, an environment where the 

culture conditions can be more easily modulated and the effect of drugs or 

inhibitory antibodies monitored (Randal et a!., 2011). Over time, various 

approaches in ENS studies were developed to maintain the structure of gut 

explants in vitro for a longer period. These included transfer of embryonic 

mouse gut segments under the kidney capsule of adult mice (Kapur et al., 

1992), transfer onto paper filter constructs (Hearn et al., 1999), floating- 

free in medium or in a 3D collagen matrix (Natarajan et al., 1999) or on 

membrane inserts (Bareiss et al., 2008).

Isolation of enteric NCCs and transplantation to embryonic mouse bowel 

was first demonstrated by Natarajan et al. (1999). In this study, Ret+ 

enteric NCCS were isolated from the gut of E11.0-E11.5 mice ubiquitously 

expressing the gene lacZ and selected by flow cytometry using anti-Ret 

antibodies (Lo et al., 1995). They were then injected into the stomach of 

E11.5 Ret-deficient and wild type mouse embryos. It was shown that these 

cells migrate either caudally or rostrally, proliferate and differentiate in cells 

expressing neuron specific-enolase or the glial marker S100 (Natarajan et 

al., 1999), suggesting their potential for transplantation studies and future 

therapeutic applications. Following this study, research groups went one
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step forward and performed transplantation experiments in segments of 

bowel using neurospheres containing ENS progenitors as outlined below.

6.1.4. Transplantation of neurosphere cells into bowel explants

When neurospheres derived from mouse embryonic (Almond et al.T 2007) 

or human neonatal (Almond et al., 2007; Metzger et al., 2009b) gut were 

transplanted into E11.0-E11.5 mouse aganglionic gut, cells migrated away 

from the neurosphere into the recipient tissue. In the case where 

immunostaining was performed subpopulations of the migratory cells were 

shown to express neuronal and glial markers. In the above studies, the 

aganglionic feature of the recipient gut, human specific antibody or staining 

of neurosphere cell nuclei with Hoechst 33342, were used in order to 

identify and stain neurosphere donor cells in the recipient gut. However, 

these methods have limitations in the case where migration needs to be 

examined in a ganglionic mouse or human recipient bowel and in the 

cases where the migration pattern of neurosphere cells and their progeny 

needs to be studied.

In another study, neurospheres were generated from E11.5 mouse whole 

gut digestion as well as from postnatal small intestine (Bondurand et al., 

2003). Proliferating neurosphere cells were labeled with a GFP-expressing 

retrovirus and upon grafting into aganglionic E11.5 bowel, GFP+ cells
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migrated into the explant and gave rise to Tuj1+ neurons and GFAP+ glia. 

However this retroviral-based tracking technique was not able to 

permanently label all the cells of the neurosphere but only the proliferating 

ones, excluding the quiescent, the differentiated cells and the very slow 

dividing ones.

From the previous experiments it is becoming clear that the cell tracking 

technique is very important in transplantation experiments, as the inability 

to monitor live migratory cells or their selective labeling can leave many 

questions unanswered. Therefore, we investigated the use of another cell 

tracking technique based on the expression of enhanced GFP (EGFP) 

lentiviral vector system.

6.1.5. Lentiviral-based cell tracking

Conventional retroviruses that are being used in the labs for many years, 

can only transduce proliferating cells as they can access the genome and 

integrate on it, only when the nuclear membrane is disintegrated during cell 

division (Kafri et al., 2000) On the other hand, lentiviruses which are also 

retroviruses, can integrate to the host’s DMA even when the nuclear 

membrane is intact, thus they are able to transduce non-dividing cells 

(Pfeifer et al., 2009). Therefore, lentiviruses have proven to be very 

effective gene-delivery vehicles for many cell types including hepatocytes,
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myotubes, as well as cells of the retina (Kafri et al.f 2000). In addition, CNS 

non dividing neurons from adult rats could be successfully labeled with a 

lentivirus expressing GFP (Blomer et al., 1997).

Elements of the lentiviral vector such as the central polypurine tract (cPPT) 

and the post-transcriptional regulatory element of Woodchuck hepatitis 

virus (WPRE), enhance the passage of the lentivirus through the nuclear 

membrane and the transgene expression respectively (Pfeifer et al., 2009). 

In our vector the trangene was the EGFP under the control of the spleen 

focus-forming virus (SFFV) promoter (Demaison, 2002; Bender et al. 2007). 

Using this lentiviral-approach we tried to investigate the labeling efficiency 

of neurosphere cells derived from E11.5 mouse caeca, study their 

migratory behaviour in bowel explants, and compare them with what is 

already known about migration of enteric NCCs. In addition we 

investigated the role of Notch signaling in the migratory behaviour of 

neurosphere cells on pre-coated substrates. These experiments would 

give a lot of information regarding the presence or not of mechanisms 

regulating the fate of neurosphere derived cells upon transplantation, 

important for any potential clinical applications.

206



6.2. Results

The production of the lentivirus and the transduction efficiency in 

neurosphere-derived cells is described in the sections below. In addition, 

transplantation experiments and the effect of Notch signaling inhibition in 

neurite formation and cell migration are also presented.

6.2.1. Production of the EGFP-expressing lentivirus

Triple transfection of the packaging cell line 293T (Fig. 6.1) using calcium 

phosphate precipitation resulted in the production of lentiviral particles in 

culture supernatant which was then removed and concentrated using a 

filter-column centrifuge tube. The number of the successfully transfected 

cells was around 80%.

A B

Figure 6.1. Expression of EGFP by HEK293T cells 2 days post transfection.
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HEK293T cells were seeded (12xl06) in a T175 flask (175cm2). The next day cells 

were transiently triple transfected using calcium phosphate precipitation using the 

plasmids shown in Materials and Methods (2.6.1.). The following morning culture 

medium was replaced with fresh medium and cells remained at 37°C, 5% C02 

overnight. Due to the fact that one of the plasmids contained the EGFP reporter 

gene, the transfection efficiency (-80%) could be examined under UV 2 days post 

transfection (A). Successful plasmid transfection indicated that all the proteins 

necessary for the production of the viral particles were produced, B: phase contrast; 

scale bar is 100pm.
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The optimum concentration of the concentrated lentiviral supernatant for 

transduction of neurosphere derived cells was decided by transducing cells 

with different dilutions of the lentiviral supernatant. It was decided to use 

undiluted lentiviral supernatant (1:1) as we observed the highest 

fluorescent signal (Fig. 6.2).

FL1-H

Figure 6.2. Levels of EGFP in neurosphere-derived cells after transduction 

with different dilutions of lentiviral supernatant.

Embryonic mouse primary neurospheres after 21 days in culture in 60mm non 

adherent dishes were dissociated using 0.05% trypsin for lOmin at 37°C, followed 

by mechanical dissociation. The single cell population was aliquoted to 4 x 35mm 

adherent dishes and transduced with the lentivirus produced by the HEK293T cells. 

Different dilutions of the concentrated lentiviral supernatant were used in each 

dish; 1:100, 1:10, 1:1 and without lentiviral supernatant (control). Virus was
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replaced with fresh medium after two days. Five days post transduction the levels 

of EGFP expression were analyzed using flow cytometry.

6.2.2. Transduction efficiency of neurosphere-derived ceils

The transduction efficiency of single cells derived by dissociated 

neurospheres was quantified by counting EGFP+ cells in 35mm adherent 

dishes 1, 3, 10 and 20 days post-transduction (Fig. 6.3). On day 1, cells 

had no expression of EGFP. The expression was apparent on day 3 and 

afterwards. Cells with strong expression of EGFP could be distinguished 

(Fig. 6.3, arrows). This variation could be a result of the number of viral 

particles which invaded the cell and also of how transcription-active was 

the sequence where the viral DNA integrated (Ahmed et al., 2004).
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Day 1 Day 10 Day 20Day 3

Figure 6.3. Expression of EGFP in neurosphere-derived cells after 1, 3,10 and 

20 days post-transduction.

Embryonic mouse primary neurospheres after 21 days in culture in 60mm non 

adherent dishes were dissociated using 0.05% trypsin for lOmin at 37°C, followed 

by mechanical dissociation using a 1ml Gilson pipette. The resulted single ceil 

population was transferred to 35mm adherent dishes and transduced with the 

lentivirus. Lentiviral supernatant on day 3 was replaced with fresh medium. Cells 

were observed under UV-microscope 1 day (A, E), 3 days (B, F), 10 days (C, G) 

and 20 days (D, H) post-transduction for the presence of EGFP (A, B, C, D). 

Arrows represent cells with strong expression of EGFP. Phase contrast pictures: E, 

F, G and H. Scale bar is 100pm.
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Counting data showed that after 3 days post-transduction 91% of the cells 

were EGFP\ 97% after 10 days and 98% after 20days (Fig. 6.4A). The 

number of strongly labeled EGFP cells was 11% after 3 days, 17% after 10 

days and 11% after 20 days post-transduction (Fig. 6.4B). These data 

indicate that almost all the cells from day 3 until day 20 are EGFP+ upon 

lentiviral addition to the culture medium. These data are consistent with 

confocal z-stack images acquired from an unfixed EGFP+ neurosphere (Fig. 

6.5) showing that in different planes of the neurosphere almost all the cells 

are labeled.

post transduction (days) post transduction (days)

Figure 6.4. Graph showing the percentage of cells that express EGFP over 

time.

Neurosphere-derived cells which were transduced with lentivirus were used to 

assess the transduction efficiency of the EGFP-lentivirus. Thus EGFP+ cells were 

counted in random optical fields (n=10) using 40X objective, 3, 10 and 20 days

212



post-transduction (A). Also, cells with strong expression of EGFP were counted 

(arrows in Fig. 6.3) and their percentage out of the total EGFP4 cells was 

calculated (B). Scale bars represent SEM between 3 experiments (n=3). There was 

not a statistical difference between different days.

Figure 6.5. Confocal image showing the presence of EGFP positive cells 

throughout a single neurosphere.

Embryonic mouse primary neurospheres after 23 days in culture in 60mm non 

adherent dishes were dissociated using 0.05% trypsin for 15min at 37°C, followed 

by mechanical dissociation. The resulted single cell population was transferred to a 

60mm non adherent dish and transduced with the lentivirus in order to form 

EGFP+ neurospheres. After 20 days in culture the resulting EGFP" neurosphere
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was transferred a 35mm adherent dish designed for confocal microscopy. After a 

day the neurosphere was attached on the dish and confocal z-stack pictures (2pm 

interval) were taken in order to identify the distribution of EGFP+ cells throughout 

the unfixed neurosphere. Picture represents plane through the middle of the 

neurosphere. Arrows indicate EGFP negative cells. Scale bar is 20pm.

Flow cytometry analysis (Fig. 6.6) of dissociated labeled neurospheres of 

the same batch over different times post-transduction showed in more 

detail the fluorescence levels of EGFR* cells. In 18 day old labeled 

neurospheres the number of EGFP+ cells was 96.4%, in 27 day old the 

percentage was 86.8% and in 22 day old labeled neurospheres which were 

dissociated 3 times before (passage after every 30 days) the percentage 

was 83.8%.

A closer look at the histograms in Fig. 6.6 (D, E and F) reveals the 

variation of the labeling in EGFP+ cells. In all the graphs the vast majority 

of labeled cells have a Gaussian distribution but in Fig. 6.6E and 6.6F
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there are more cells with lower signal and in Fig. 6.6F the number of cells 

that don’t express detectable EGFP is higher. In Fig. 6.6F that can be 

explained as cells over time and multiple proliferations can find a way to 

minimize or even stop the expression of EGFP depending in which part of 

the actively-transcription area the integration of the virus took place or 

EGFP+ cells proliferate slower than the unlabeled population.
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Figure 6.6. Graph showing the levels of EGFP upon neurosphere dissociation 

using flow cytometry.

Neurosphere derived cells were transduced with the EGFP-expressing lentivirus as 

described in figure 6.5 in order to form EGFP+ neurospheres. After 18 days (A, D),
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27 days (B, E) and 112 days (passaged 3 times) (C, F) labeled neurospheres were 

dissociated into a single cell suspension which was then analysed for the presence 

of EGFP+ cells by FACS. Dotplots of forward and side scatter (A, B, C) represent 

10000 events from which the gated ones are demonstrated in the histograms. In D, 

E and F the black curve represents the fluorescence levels of unlabeled gated cells 

(control). In each histogram the number of labeled cells as calculated by the 

marker line Ml is 96.4% (D), 86.8% (E) and 83.8% (F). The settings for all the 

runs were the same; FSC=E00, SSC=371, FL1=333.

6.2.3. Expression of PGP9.5 and GFAP in EGFP+ neurospheres

Finally in order to examine if EGFP+ neurospheres can express ENS 

markers and thus maintain their potentiality for transplantation experiments 

or even future clininical application, 21 day old labeled neurospheres were 

fixed, sectioned and stained for the ENS markers p75 (neural crest), GFAP 

(glia) and Protein gene product 9.5, PGP9.5 (neurons). Figure 6.7 shows 

abundant expression of all the above markers in EGFP+ neurospheres 

indicating that lentiviral transduction is an efficient technique to label ENS 

progenitors.
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A B C

Figure 6.7. Immunostaining of EGFP+ neurospheres for the presence of the 

markers p75, GFAP and PGP9.5.
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Embryonic mouse primary neurospheres after 21 days in culture in 60mm non 

adherent dishes were dissociated using 0.05% trypsin for lOmin at 37°C, followed 

by mechanical dissociation. The single cell suspension was transferred to a 60mm 

non adherent dish with lentiviral supernatant. 21 days post-transduction EGFP+ 

neurospheres were fixed, frozen and sectioned in 8pm thick slices and were 

immunostained for the markers p75 (B), GFAP (E), PGP9.5 (H) and control 

without primary antibody (K). Nuclei were stained with DAP I (C, F, I, G). EGFP: 

A, D, G and J. Scale bar is 25 pm.

Having shown that the lentiviral labeling system efficiently labeled 

neuropshere cells by constitutive EGFP expression, the EGFP labeled 

cells were used to investigate the migration of neurosphere-derived cells 

into the gut and other tissue expiants.
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6.2.4. Transplantation of EGFP* neurospheres into embryonic and 

neonatal bowel

The gut explant culture technique of Hearn et al. (1999) was adapted as 

described in Materials and Methods (2.5). The presence of neurons in 

colon explants, without neurosphere transplantation, was examined in 

sections after 5 days (E11.5) or 4 days (P1) of culture by immunostaining 

with the pan-neuronal marker PGP9.5 (Fig. 6.8). Results showed that 

colon isolated from E11.5 mice was aganglionic as there was no 

immunoreactivity for the marker PGP9.5 (Fig. 6.8B). When colon was 

dissected out with the caecum, PGP9.5+ cells were present a few layers 

beneath the outer surface of the gut wall (Fig. 6.8D, arrows). In the case of 

neonatal colon, PGP9.5+ cells were distributed close to the outer surface of 

the bowel but also closer to the middle of the gut (Fig. 6.8F, arrows).
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El 1.5 colon

Ell.5 colon 
+ caecum

PI colon

Figure 6.8. Expression of PGP9.5 in sections of bowel explants.

Explants of El 1.5 colon (A, B), El 1.5 colon with caecum (C, D) and PI colon (E, 

F) were cultured for 5 days amd 4 days respectively as described in Materials and 

Methods (2.5). At the end of culture, explants were fixed, frozen and sectioned in 

8pm at the middle of the gut and immunostained for the pan-neuronal marker 

PGP9.5. No immunoreactivity was found in embryonic colon (B) but there were 

PGP9.5+ (arrows) cells in the case of embryonic colon with caecum (D) and in 

neonatal colon (F). Scale bar is 50pm.
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When labeled neurospheres were transplanted at the rostral end of 

embryonic aganglionic colon (Fig. 6.9A), after 1 day EGFP+ single cells 

started migrating away from the neurosphere and along the bowel in a 

caudal direction. Flowever using the dissection microscope it was difficult 

to decide whether EGFP+ cells migrate on top of the bowel or inside the 

gut. After 5 days (Fig. 6.9B) cells had colonized most of the gut explants 

visible in the V-shaped gap in the filter paper support. In order to examine 

whether migration is limited to the rostro-caudal direction (consistent with a 

possible chemoattractive gradient), labeled neurospheres were 

transplanted to the caudal end of the gut explants (Fig. 6.9C). As before, 

EGFP+ cells migrated towards the opposite end from where the 

neurosphere was situated (Fig. 6.9D), indicating that there is no preference 

of neurosphere cells in migrating caudally or rostrally. At the migratory 

wavefront cells forming fibers (Fig. 6.9B1) and single individual cells (Fig. 

6.9D1) could be observed.
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Figure 6.9. Transplantation of EGFP-labeled mouse embryonic neurospheres 

onto El 1.5 aganglionic mouse colon.

Embryonic mouse EGFP+ neurospheres after 2-3 weeks in culture were 

transplanted either onto the rostral (A) or caudal (C) end of mouse El 1.5 colon. 

One day post transplantation EGFP+ cells migrated into the gut tube from both 

rostral and caudal ends (A, C). Five days post transplantation EGFP" cells 

colonized most of the colon (B, D). Higher magnification of the migratory 

wavefront showed the presence of fibers (Bl) and single individual cells (Dl). 

Pictures were taken under a UV-dissection microscope. Scale bar is lOOpm.
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A comparison of the distance covered by the furthest migratory EGFP+ cell 

between the rostral-caudal or caudal-rostral direction over 5 days in culture 

demonstrated that there are no significant differences at each time point 

(Fig. 6.10A). Using linear regression for each data set it was shown that 

the average migration rate for both directions was 181 pm/ day (Fig. 6.1 OB).
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Figure 6.10. Distance covered by the most distal migratory EGFP+ cell after 

transplantation of embryonic mouse labeled neurosphere onto El 1.5 mouse 

colon.
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Embryonic mouse EGFP+ neurospheres were transplanted onto either the rostral or 

caudal ends of aganglionic El 1.5 mouse colon. The distance covered by the most 

distal cell was measured daily and for 5 days using the software ImageJ on 

pictures taken under a UV-dissection microscope. Error bars represent the SEM 

between different experiments (n> 3). For each time point the total number of gut 

explants measured was 6-12. Using linear regression for each dataset (Fig. B) it 

was shown that there was no significant difference between the slopes in the 

rostral or caudal directions; slope for rostral-caudal= 151±12 (R2=0.98), slope for 

caudal-rostral= 211±39 (R2= 0.91); pooled slope= 181, p=0.19.
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When embryonic mouse EGFP+ neurospheres were transplanted into 

ganglionic neonatal colon (P1) migration of single labeled cells occurred 

(Fig 6.11). Migration was monitored up to day 4 as the explant started 

disintegrating at later time points. Labeled cells one day after 

transplantation were able to migrate away from the neurosphere (Fig. 

6.11 A and 6.11C) and after four days they had migrated along the bowel in 

both caudal (Fig. 6.11B) and rostral (Fig. 6.11D) directions. There was no 

significant difference in the distances covered by the most distal migratory 

cells in either direction at any time point (Fig. 6.12). Also, using linear 

regression for each data set it was shown that the average migration rate 

for both directions was 107 pm/ day (Fig. 6.12B), a value similar to what 

was calculated for embryonic colon (109 pm/ day). However in the case of 

neonatal recipient gut, the migration rate between day 3 and 4 seems to be 

reduced (Fig. 6.12A) when compared with the same time points in 

embryonic recipient gut (Fig. 6.10A) a possible result from the beginning of 

disintegration of the neonatal bowel.
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Figure 6.11. Transplantation of labeled mouse embryonic neurospheres onto 

ganglionic neonatal mouse colon.

Embryonic mouse EGFP+ neurospheres after 2-3 weeks in culture were 

transplanted either onto rostral (A, B) or caudal (C, D) ends of PI ganglionic 

mouse colon. Migration of neurosphere cells was recorded for 4 days (B, D). A 

day post transplantation EGFP" cells migrated into the gut tube from both rostral 

and caudal ends (A, C). Pictures were taken under a UV-dissection microscope. 

Scale bar is 200pm.
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Figure 6.12. Distance covered by transplanted labeled mouse embryonic 

neurosphere-derived cells into PI mouse colon.

Embryonic mouse EGFP" neurospheres were transplanted onto either the rostral or 

caudal ends of ganglionic PI mouse colon. The distance covered by the most distal 

cell was measured daily and for 4 days using the software imageJ on pictures taken 

under a UV-dissection microscope. Error bars represent the SEM between 

independent experiments (n> 2). For each time point the total number of gut 

explants measured was 4-8. Using linear regression for each dataset (Fig. B) it was 

shown that there was no significant difference between the slopes in the rostral or 

caudal directions; slope for rostral-caudal= 93±13 (R2=0.96), slope for caudal- 

rostral= 122±19 (R2= 0.96); pooled slope= 107.16, p=0.27.

227



In order to assess the location and phenotype of the migratory EGFP+ cells, 

cryostat sections of fixed frozen colon collected at the end of the explant 

culture were stained for the pan-neuronal marker PGP9.5 and the 

progenitor and glial marker GFAP (Fig. 6.13). Labeled cells were located 1- 

3 cell layers beneath the outer surface of the colon, a location where 

mouse neural crest cells migrate during early formation of the enteric 

nervous system (Leibl et al., 1999; Burns et al., 2005). EGFP+ cells were 

all positive for PGP9.5 (Fig. 6.13C, arrowhead) and most of them were 

expressing GFAP (Fig. 6.13F, arrowhead), after 5 days in the explant 

culture. Cells EGFP+/GFAP" are indicated by arrows (Fig. 6.13F, arrows).
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Embryonic colon - E11.5

Figure 6.13. Migratory EGFP+ cells express PGP9.5 and GFAP upon 

transplantation into embryonic colon.

Embryonic mouse EGFP+ neurosphere after 2-3 weeks in culture was transplanted 

onto the rostral end of embryonic mouse El 1.5 colon. After 5 days in culture 

explants were fixed, frozen and sectioned in 8pm slices at the middle of the bowel. 

Sections were immunostained for PGP9.5 (B, C) and GFAP (E, F). Nuclei were 

stained with DAPI. Arrowheads represent co-localization of EGFP with either 

PGP9.5 or GFAP. Arrows represent cells expressing only EGFP. Pictures C and F 

represent higher magnification of the box inset in pictures B and E respectively. 

Scale bar is 25pm.
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The structure of neonatal gut after 4 days in culture was not as well 

organized as that of embryonic gut (compare Fig. 6.13 with Fig. 6.14). 

Cells expressing PGP9.5 and GFAP were present as expected (Figs. 

6.14C and F, white arrows) and as found in the neonatal gut (for PGP9.5 

see Fig. 6.8). These cells in the neonatal gut were not derived from the 

neurospheres as they were EGFP'. Labeled cells were able to migrate 

inside the bowel but it was not apparent a migration pattern similar to what 

was observed with embryonic recipient colon, where EGFP+ cells were 

migrating in a ring formation a few cell layers below the outer gut surface 

(compare Fig. 6.13 with Fig. 6.14). We could observe EGFP+/GFAP+ (Fig. 

6.14F, arrowhead) and EGFP+/PGP9.5+ (Fig. 6.14C, arrowhead). Also 

EGFP+ cells negative for both markers could be observed (Fig. 6.14, blue 

arrows).
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Neonatal colon - PI

Figure 6.14. Migratory EGFP+ cells express PGP9.5 and GFAP upon 

transplantation into neonatal colon.

Embryonic mouse EGFP+ neurospheres after 2-3 weeks in culture were 

transplanted onto the rostral end of neonatal mouse PI colon. After 4 days in 

culture explants were fixed, frozen and sectioned in 8pm slices at the area of the 

bowel where the furthest EGFP" cells had reached. Sections were immunostained 

for the markers PGP9.5 (B, C) and GFAP (E, F). Arrowheads represent co­

localization of EGFP with either PGP9.5 or GFAP. Arrows represent 

PGP9.57EGFP' or GFAP+/EGFP' cells. Blue arrows indicate cells which express 

only EGFP. Pictures C and F represent higher magnification of the box inset in 

pictures B and E respectively. Scale bar is 50pm.
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6.2.5. Tran plantation of embryonic EGFP+ neurosphere to neonatal 

bladder, heart and liver.

To determine if EGFP+ neurosphere cell migration into both embryonic and 

neonatal bowel was gut specific, embryonic mouse EGFP+ neurospheres 

were transplanted into neonatal (P1) bladder (Fig. 6.15A-C), heart (Fig. 

6.15D-F) and liver (Fig. 6.15G-I). After 4 days in culture, cells had migrated 

away from the neurosphere and along the recipient tissue (Fig. 6.15B, E 

and H). A difference in the migratory ability of labeled cells between 

different tissues was not observed. Frozen sections of the explants after 4 

days in culture showed that EGFP+ cells had migrated both at the surface 

of the recipient organs and in the inner cell layers (Fig. 6.15C, F, I) and not 

just 1-2 layers close to the outer surface as shown in the case of 

embryonic colon (Fig. 6.13), but similar to what was observed in the 

neonatal colon (Fig. 6.14). These results show that the migration of 

neurosphere-derived cells is not gut specific.
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Dayl Day4 Section

Figure 6.15. Transplantation of EGFP+ neurospheres into bladder, heart and 

liver explants from neonatal mice PI.

Labeled neurospheres after 2-3 weeks in culture were transplanted into neonatal 

PI mouse bladder (A-C), heart (D-F) and liver (G-I). Pictures using a dissection 

microscope were taken on dayl and day4 of culture. After 4 days in culture 

explants were fixed, frozen and sectioned into 8pm thick slices. Nuclei were 

stained with DAPI (C, F, I). Scale bar is 100pm.
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Summarizing, the above data showed that neurosphere cells can be 

efficiently labeled with an EGFP-expressing lentivirus and propagate in 

culture giving rise to EGFP+ neurospheres. These labeled neurospheres 

when transplanted to aganglionic or ganglionic bowel, EGFP+ cells could 

migrate equally well both caudally and rostrally, a migration which was 

shown to be not gut specific.

6.3. Discussion

In previous chapters we discussed the properties of cells inside the 

neurosphere environment, in terms of proliferation, differentiation and 

migration. We also demonstrated that the Notch signaling pathway 

regulates neurosphere cell behaviour because after Notch signaling 

inhibition, differentiation was promoted and proliferation was reduced. 

Having found a regulatory mechanism for neurosphere cell behaviour the 

next question was how these cells behave outside the neurosphere 

environment, properties important for future clinical applications of these 

cells. Therefore we labeled neurosphere cells with an EGFP-expressing 

lentivirus and studied their migration in aganglionic and ganglionic bowel 

as well as in explants of neonatal bladder, heart and liver.
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6.3.1. EGFP-expressing lentivirus can efficiently label neurosphere- 

derived cells

Using the lentivirus labeling system we demonstrated that more than 95% 

of neurosphere-derived cells express EGFP after transduction. As a result 

we were able to produce neurospheres where almost all the cells were 

EGFP+. Upon multiple passaging the fluorescence signal was reduced as 

shown in the data acquired by flow cytometry and the number of cells with 

very low signal, almost similar to the uniabeled control, was increased. 

However, more than 83% of the cells were expressing high levels of EGFP 

even after 3 passages. Stable long-term efficient transduction has also 

been shown when a lentivirus expressing EGFP was injected in the 

neocortex and hippocampus of adult mouse brains. After 4 weeks a large 

number of cells was expressed EGFP. However the levels of expression 

varied among different cells which was suggested to be due to the different 

number of viral particles that managed to enter the cell at the time of 

transduction (Ahmed et al., 2004). Similar variation of EGFP expression 

was observed in our transduced neurosphere-derived cells, implying that 

this was probably due to the different amount of lentivirus that entered the 

cell. In addition, in the same study they did not observe any irregularity in 

the morphology of EGFP+ cortical neurons even 4 weeks after transduction, 

suggesting EGFP expression did not have any toxic effects on the labeled 

cells (Ahmed et al. 2004).
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Also, when ientiviral particles with the encoding information for GFP were 

injected in the liver of nude rats, expression could be detected even after 

22 weeks, indicating that lentiviral-gene delivery is an efficient process for 

cell labeling (Kafri et al., 1997), These findings are consistent with the 

expression of EGFP by most of the neurosphere cells even after multiple 

passaging (Fig. 6.6).

In another study, primary motor neurons, derived from the spine of 13.5 

day old mice, were transduced with an EGFP-expressing lentivirus and 

examined 5 days later. These cells had no morphological defects in culture 

and their expression of the dendritic marker MAP2 and the axonal marker 

Tau was not different from the control as demonstrated by immunostaining 

(Bender et al., 2007). In our results we showed that EGFP+ neurospheres 

were able to express ENS markers including the pan-neuronal marker 

PGP9.5 and the glial marker GFAP (Young et al., 1999; Young et al., 2003) 

indicating the high potential of these labeled cells in the colonization of 

aganglionic bowel.
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6.3.2. Neurosphere-derived cells colonize aganglionic colon in both 

caudal and rostral directions.

We demonstrated that labeled neurosphere-derived cells were able to 

colonize equal distances in both caudal and rostral directions in 

aganglionic embryonic mouse bowel, indicating that there was not an 

apparent gradient of chemoattractive molecules in the colon that could 

alter the speed of migration (Figs. 6.9 and 6.10). Also, Anderson et al. 

(2007) did not observe any significant difference in the migration of enteric 

NCCs when they were transplanted either in the rostral or caudal end of 

aganglionic E11.5 small intestine from Ret deficient mice. In these 

experiments as donor they used segments of pre-caecal midgut from 

E11.5 mice where cells were expressing GFP under the control of the Ret 

promoter. This observation indicates that enteric NCCs that have not been 

exposed to the caecum can migrate in both directions when transplanted 

into aganglionic small intestine, resembling the behaviour of our EGFP+ 

neurosphere-derived cells.

However, when the same group used as recipient gut an E11.5 wild type 

mouse colon that was not yet colonized and as donor E11.5 caecum, cells 

could migrate rostrocaudally but they couldn’t migrate as well in the 

opposite direction. That impairement in migration was greater when cells 

were transplanted at the most distal end of the colon (Anderson et al.,
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2007), implying the presence of some sort of gradient in the embryonic 

post-caecal gut. These results differ from our findings, where we did not 

observe any difference in the caudorostral migration, although the 

neurospheres we generated derived from E11.5 mice caeca. Thus, it 

seems that neurosphere-derived cells have some fundamental migratory 

differences from the caecal enteric NCCs in vivo or that the culture 

conditions make neurosphere cells resemble more pre-caecal enteric 

NCCs.

In terms of migratory velocity, it was found that 3 days after transplantation 

in aganglionic colon, the neurosphere-derived cells migrated approximately 

500pm whereas in the study by Anderson et ai. (2007) after 3 days in 

culture, cells from post-caecal midgut or from caecum covered a distance 

of approximately 600-700pm into E11.5 aganglionic colon, a value not that 

different from our results (Anderson et al., 2007). These speeds are quite 

slow compared to what was shown in vivo where enteric NCCs migrated 

caudally at an average speed of 35pm/h in both E10.5 mouse midgut and 

E12.5 hindgut (Young et al., 2004), indicating the effect that the 

experimental conditions can have on the migratory properties of enteric 

NCCs.
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6.3.3. Presence of an already developed ENS does not inhibit the 

migration of neurosphere-derived cells.

We demonstrated that cells derived from EGFP+ embryonic mouse gut 

neurospheres were able to migrate both rostrally and caudally in neonatal 

ganglionic gut without any apparent difference in their migration rate (Figs. 

6.11 and 6.12). Also the distances covered over time by the EGFP+ cells in 

the neonatal ganglionic bowel were similar to recipient embryonic 

aganglionic bowel (compare Figs. 6.10 and 6.12), indicating that migration 

of neurosphere cells is not affected by the age of the recipient gut and 

most importantly by the presence of an already formed ENS.

Contrary to our findings, in a study done by Hotta et al. (2010) aganglionic 

gut explants derived from Ret-/- mice of a later developmental stage than 

the transplanted enteric NCCs, restricted the migration of ENS precursors 

and the effect was stronger in ganglionic recipient gut. More specifically, 

E11.5 caecum consisted of enteric NCCs which expressed GFP under the 

control of the Ret promoter was transplanted in the rostral end of 

aganglionic (Ret-/-) or ganglionic (Ret+/+) explants of E11.5, E14.5 and 

E16.5 mouse colon. In the rare cases where enteric NCCs managed to 

migrate in some ganglionic explants, they were more scattered and mixed 

with cells of the recipient gut expressing the pan-neuronal marker Hu+, a 

similar scattered distribution with what we observed in our transplantation
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experiments using neonatal colon (Fig. 6.14). The migration defect 

observed in older aganglionic recipient guts was suggested to be the result 

of the maturation of the gut mesenchyme (Hotta et ai., 2010) something 

that our neurosphere cells did not seem to be affected by.

In addition, age related defects were demonstrated with tissue grafting 

experiments, where ganglionic E13.5 mouse colon was grafted to 

aganglionic E14.5 mouse colon and enteric NCCs of the E13.5 donor 

showed very limited or no invasion of the E14.5 recipient gut. The inability 

of enteric NCCs to colonize the older colon suggested that this could be 

due to the higher expression of laminin at the developmental stage E14.5. 

In this experiment the aganglionic recipient colon was derived from Ednrb - 

/- mouse mutants in which enteric NCCs failed to migrate further than the 

proximal colon (Druckenbrod and Epstein, 2009). These findings together 

with our results imply that neurosphere-derived ceils probably do not 

respond to the different concentrations of ECM proteins like laminin and 

thus their migratory ability is shown to be different from enteric NCCs as 

described in the previous ex vivo experiments.

Upon transplantation neurosphere cells were shown to express PGP9.5 

and GFAP. In sections from transplants of embryonic aganglionic bowel we 

observed that all the neurosphere-derived cells were PGP9.5+ and also
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almost all of them were GFAP+. Regarding the marker GFAP, as it has 

already been discussed in 4.1.2., it can be expressed in neural progenitors 

in the CNS (Garcia et al., 2004) as well as in enteric neural progenitors in 

vitro (Joseph et al., 2011). PGP9.5 appears in the ENS as early as E12.5 

and represents over 20% of the Phox2b+ population (Young et al., 2003).

6.3.4. Migration of enteric neurosphere-derived cells is not tissue 

specific.

When EGFP+ neurospheres were grafted to mouse neonatal bladder, heart 

and liver, we observed neurosphere cells migrating on the surface of the 

recipient tissue as well as in deeper cell layers. Also, the spherical 

formation of the neurosphere disappeared as shown after 4 days. In a 

previous study where E11.5 mouse gut neurospheres were placed next to 

E11.5 embryonic liver, it was concluded that neurosphere cells did not 

invade the liver (Almond et al., 2007). However, from the results 

demonstrated in this study, the neurosphere had lost its round boundaries 

and neurosphere cells mingled among liver cells. It could also be argued 

that some neurosphere cells migrated on the surface of the liver. The fact 

that E11.5 gut neurospheres behave differently in embryonic and neonatal 

mouse tissue could be due to different molecular mechanisms.
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6.3.5. Conclusions

In this chapter we demonstrated an efficient lentiviral EGFP+ labeling 

technique for neurosphere-derived cells. Upon transplantation in both 

embryonic aganglionic and neonatal ganglionic bowel EGFP+ 

neurosphere-derived cells were able to migrate both caudally or rostrally. 

However, in the case of embryonic recipient gut, EGFP+ cells migrated in 

locations inside the gut similar to vagal-derived neural crest cells in vivo, 

whereas in the case of neonatal bowel explants EGFP+ cells migrated on 

the surface or in multiple cell layers below the surface. Also neurosphere 

cells could migrate on the surface and inside other neonatal organs upon 

transplantation indicating a lack of tissue specificity.
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CHAPTER 7 

Final Discussion
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7.1. Stem cells as an alternative treatment for HSCR

The isolation of ENS progenitors and their propagation in vitro as 

neurospheres represented a great breakthrough as gut is an accessible 

tissue that allows autologous transplantations (Schafer et al., 2003), 

Neurospheres can be propagated over many passages in vitro, thus 

generating a large pool of ENS progenitors and their differentiated progeny 

as has been shown from in our lab and by other groups (Schafer et al., 

2003; Bondurand et al., 2003; Almond et al., 2007; Metzger et al., 2009a 

and b). Neurospheres can also be generated from bowel tissue or gut 

mucosal biopsies of HSCR patients as well as from human embryonic gut 

(Almond et a!., 2007; Metzger et al., 2009a and b).

A functional effect of human neonatal neurospheres has been shown when 

upon transplantation they restored a normal pattern of contractility of 

aganglionic embryonic mouse bowel explants in vitro (Lindley et al., 2008). 

In addition neurosphere cells derived from neonatal rat bowel were able to 

differentiate into neurons and glia and repopulate aganglionic adult colon 

which had been pre-treated with benzalkonium chloride, an agent that 

chemically ablates enteric ganglia (Pan et al., 2011). However, there is not 

a lot of information in the literature regarding cell behaviour in the 

neurosphere microenvironment and the mechanisms regulating it.
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Therefore, we focused on examining properties such as neurosphere cell 

proliferation and differentiation in order to characterize these cells and 

compare these findings with the behaviour of enteric NCCs cells in vivo. 

The rationale was that only when we understand the behaviour of stem 

cells in vitro and how we can control it, will we then be able and confident 

to transplant them in living organisms and try to treat any disorders, as an 

irrational behaviour could lead to tumour formation. Proliferation and 

differentiation are the first things that need to be explored as they define 

the cell behaviour more than anything else.

7.2. Cell division in the neurospheres

Previous studies in both CNS and ENS derived neurospheres have shown 

that dividing cells are located at the periphery of the neurosphere 

(Andersen et al., 2011; Almond et al., 2007). However, the fate of these 

proliferating cells was not explored in these studies. Our results showed 

that peripheral cells can follow different fates once they have proliferated. 

Either they can move in the neurosphere or stay at the periphery. Cells 

which remain at the periphery proliferate faster than the ones nearer to the 

centre.

A regulatory role of the cell location in the neurosphere on the proliferation 

rate was demonstrated with the EGFP-chimaeric experiment, indicating 

that the central location of the neurosphere impairs cells proliferation.
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Briefly, chimaeras were created by centrifuging together single EGFP+ 

neurosphere cells with unlabeled neurospheres. The result was a 

chimaeric neurosphere where one hemisphere consisted of EGFP+ cells 

and the other one from the unlabeled neurosphere. After a short pulse with 

BrdU, dividing cells were found to be located only at the periphery of the 

chimaera and no BrdU incorporation was observed in the interface 

between EGFP+ cells and the unlabeled neurosphere, indicating that any 

dividing peripheral cells which were located in the interface either slowed 

down their cycle or stopped proliferation.

This model of proliferation resembles the behaviour of neuronal precursors 

in the subependymal zone of the lateral ventricles or the subgranular zone 

of the dentate gyrus. There, proliferating precursors give rise to immature 

neurons which migrate away from the zone following migratory pathways 

(Garcia et al., 2004; Kazanis et al., 2010). Also the fast dividing cells at the 

periphery could resemble a transit amplifying population which is 

generated by slow dividing cells perhaps located closer to the centre of the 

neurosphere because, as we have shown from the chimaera experiment, 

fast dividing cells were not located in the centre. Thus, the neurosphere 

environment could resemble the stem cell niche in the intestinal epithelium 

of the crypts (Shaker et al., 2010) or the epidermal niche (Jones et al., 

2007), where few slow dividing stem cells give rise to transit amplifying
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cells whose fate is to differentiate after multiple divisions. Therefore, the 

next step was to identify what is the phenotypic expression of these cells 

once they proliferate at the periphery of the neurosphere.

7.3. Relationship between proliferation and differentiation 

Immunostaining for various markers in cells with incorporated EdU 

revealed that straight after the EdU pulse only a very small percentage of 

the fast dividing cells expressed the immature neuronal marker Tuj1 

whereas the vast majority expressed the glial marker GEAR. After 4 days 

of chase, the proportion of cells expressing Tuj1 increased significantly and 

the percentage of cells expressing GEAR was significantly reduced. At the 

end of the 4 day chase we also observed an increased in the S100 

expression and a reduction in the Sox10 expression. These data indicate 

that after 4 days there is an alteration in the phenotype of recently divided 

cells.

The correlation of cell types between in vivo and in vitro conditions 

according only to the phenotypic expression can be problematic, as in the 

case of S100 and GEAR which have been accepted as mature glia 

markers in the ENS (Young et al., 2003), cells in the adult gut which 

express S100/GFAP/nestin when transferred to in vitro conditions were 

able to differentiate into neurons (Joseph et al., 2011). In addition, GEAR
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and S100 are expressed in radial glial cells in the CNS which are neural 

progenitors (Rakic, 2003; Namba et al., 2005). Consistent with this is our 

finding that there is partial overlap in the expression of S100 and GFAP 

with Tuj1.

However, co-expression of NOS with GFAP which was the most abundant 

marker of the neurosphere cells was not observed, indicating that although 

there might be many neural precursors or glia cells in the neurosphere 

expressing GFAP, mature neuronal phenotypes do not express it, a 

characteristic similar with what was observed in ENS in vivo where mature 

neurons do not express glial markers (Young et al., 2003). However, a co­

expression of GFAP with another neuronal marker cannot be excluded 

from our experiments. Also, as discussed in Chapter 4 (4.3.1.), in an 

induced topical ENS injury with benzalkonium chloride, it was shown that 

glial cells were able to give rise to neurons in vivo (Laranjeira et al., 2011). 

Neurosphere generation could resemble an injury model in vitro as these 

aggregates are formed following gut dissociation and thus cells expressing 

glial markers could be potential neural progenitors.

All these data helped to assemble a picture of what is happening in the 

neurosphere microenvironment in terms of cell proliferation and 

differentiation over time. Cell behaviour which follows a specific pattern is
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of great value as It can enable the application and study of different factors 

in order to alter and modify this behaviour, a feature important for potential 

clinical applications of neurosphere cells. Therefore, we investigated the 

role of Notch signaling, a pathway which has been shown to maintain 

mammalian neural stem cells in an undifferentiated state in the CNS 

(Hitoshi et al., 2002), and that is involved in the cell fate of many different 

cell types in the brain, in the heart or the kidney (Andersson et al., 2011), 

as well as in the fate of migratory cells of the ENS during development 

(Okamura et al., 2008).

7.4. Effect of Notch signaling inhibition in neurosphere cells 

It has been proposed that Notch signaling maintains the proliferation of 

neuronal precursors and blocks their differentiation as demonstrated after 

retroviral activation of Notch signaling in granule neuron precursors 

resulting in inhibition of their differentiation towards post-mitotic granule 

neurons (Solecki et al., 2001). Consistent with this mechanism is our 

finding where upon Notch inhibition with the y-secretase inhibitor DART, 

we observed a significant increase in the number of immature neuronal 

marker Tuj1+ cells and a reduction in proliferation. It could be argued that 

the increase in the number of Tuj1+ ceils could be also due to de­

differentiation. This process has also been suggested in a cochlear injury 

model in rats, where mature NeuN+ neurons expressed the immature
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neuronal marker doublecortin (DCX) and the neural stem cell marker 

nestin 48h after injury (Zheng et al., 2011). However in our case, assuming 

that GFAP and Sox10 are not present in mature neurons in vitro and 

considering that they are the most abundant markers in a neurosphere 

before the initiation of DART treatment, it is more likely that the high 

number of Tuj1+ cells derives from GFAP‘7Sox10+ progenitors, consistent 

with their observed reduction. Thus, any contribution from neuronal de­

differentiation would be small.

Moreover, when we applied DAPT and examined the fate of recently 

divided cells after 4 days, we found that the expression of the glial marker 

S100 was lower than the control. As we discussed previously that cells 

expressing S100 in vitro could be neural progenitors or glia or both, the 

interpretation of S100 reduction could be that Notch signaling inhibition 

resulted in blockage of glial differentiation or in the increase of neuronal 

differentiation which resulted in fewer neural progenitors. We discussed in 

the previous paragraph that neuronal differentiation indeed happened after 

4 day chase without though excluding the blockage of glial differentiation 

as Notch signaling inhibition in vivo has been shown to impair gliogenesis 

in both the peripheral nervous system (PNS) and CNS of mouse embryos 

(Taylor et al., 2007).
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7.5. Migratory behaviour of neurosphere-derived ceils 

We showed that cells can migrate inside the neurosphere from both 

pulse/chase and chimaeric experiments. For the study of migratory enteric 

NCCs in vivo various transgenic mice have been generated expressing a 

fluorophore under the control of enteric NCC-specific promoters such as 

Ret (Young et al., 2004) and Sox10 (Corpening et a!., 2011) or TH for the 

tracing of immature neurons (Hao and Young, 2009). Such studies have 

demonstrated that enteric NCCs migrate in chains in a rostro-caudal 

direction along the gut, forming a scaffold for the rearguard cells, whereas 

some leading cells can have random migratory trajectories (Young et al., 

2004).

Unlike enteric NCCs in vivo, the migration of enteric-derived neurosphere 

cells in bowel explants is not well understood. Previous research groups 

have focused on the location of neurosphere-derived cells in bowel 

explants, after a period of time which was visualized in transplant sections 

(Almond et al., 2007; Metzger et al., 2009a and b). The migration rate and 

pattern were not examined, in this study we used a lentiviral based 

approach to insert the EGFP gene in the genome of neurosphere-derived 

cells to label them permanently. Migration experiments with embryonic 

EGFP+ neurospheres showed that neurosphere cells can migrate caudally
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or rostrally in both embryonic aganglionic and neonatal ganglionic bowel 

and this migration was not tissue specific. These results differed from what 

other groups have shown concerning migration of enteric NCCS where 

they found limitations in migration when the migratory direction was rostral 

and when the recipient gut was older and ganglionic (Anderson et al., 2007; 

Druckenbrod and Epstein, 2009; Hotta et al., 2010). These differences 

imply the possible regulation of migratory behaviour of neurosphere- 

derived cells by mechanisms different from the ones controlling enteric 

NCCs in vivo.

7.6. Role of Notch signaling in the migratory behaviour of 

neurosphere-derived cells

The role of the Notch signaling pathway in the migration of neurosphere- 

derived cells was also examined. Notch signaling inhibition promoted 

neurite formation from neurospheres and the neurite length was longer 

than controls. Notch signaling has been previously shown to inhibit neurite 

outgrowth in vitro. The induced neurite outgrowth by nerve growth factor 

(NGF) in the rat adrenal medulla cell line PC12 was impaired by transient 

overexpression of the Notchl intracellular domain (Levy et al., 2002). Also, 

inhibition of Notch signaling by y-secretase inhibitors promoted length of 

neurites and decreased the branching of the processes formed by human 

NT2N neurons which were culture on poly-D-lysine and laminin coated
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coverslips, similar culture conditions to the ones used in this thesis 

(Figueroa et al., 2002).

Regarding migration, in neurospheres which were treated with the Notch 

inhibitor DART we observed a higher number of migrating ceils away and 

the cells also covered longer distances compared to controls. In sections of 

mouse embryos lacking the Notch target gene Hes1, misplacement of 

hypothalamic neurons was observed, indicating the role of Notch signaling 

in the regulation of neuronal migratory behaviour (Aujla et al., 2011). An 

atypical localization pattern of CNS neurons was also observed in 

embryonic mice lacking presenilinl (part of the y-secretase protein 

complex) where it was suggested that Notch inhibition promoted early 

neuronal differentiation and thus attenuated their migratory properties 

(Louvi et al., 2004). We could not observe an apparent defect in migration 

of neurosphere-derived cells after Notch signaling inhibition but migration 

seemed to be promoted, implying that maybe other mechanisms are 

interfering with this cell behaviour.

In conclusion, we have identified a behavioural pattern in terms of 

proliferation, differentiation and motility in the cells of embryonic mouse-gut 

derived neurospheres. We demonstrated that inhibition of the Notch 

signaling pathway blocks proliferation and promotes differentiation of
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neurosphere cells. Finally we showed that migration of neurosphere cells 

in gut expiants is not affected by the presence of an already formed ENS. 

Our results contribute to a better understanding of the properties of ENS 

progenitor cells in vitro and advance one step closer to clinical applications 

for the treatment of ENS disorders such as HSCR.

7.7. Future plans

In this study we investigated the properties of neurospheres derived from 

embryonic mouse bowel. However, it is uncertain if the same principles 

apply in cells derived from postnatal tissue, as it has already been shown 

that in vivo postnatal enteric NCCs characterized by p75 and a4-integrin 

expression were not proliferating as much as E14.5 enteric NCCs. In 

addition, the ability of postnatal enteric NCCs to generate serotonergic 

neurons in vitro was lower than E14.5 enteric NCCs and impaired with 

increasing age (Kruger et al., 2002) indicating that there are some 

fundamental differences among ENS progenitors from different 

developmental stages. Therefore it would be interesting to investigate the 

differences in proliferation and phenotypic expression of neurosphere cells 

derived from postnatal gut and examine how their properties are regulated 

by Notch signaling as postnatal tissue would be a great candidate for 

clinical applications.
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Also, we observed a really low number of recently divided ceils upon Notch 

signaling inhibition, implying that the Notch pathway could be important for 

the survival of proliferating cells in the neurosphere. The role of Notch 

signaling in preventing apoptosis in vivo has already been shown in 

transgenic mouse embryos lacking normal function of the Notch-2 receptor, 

where embryos could not survive beyond E11.5 and increased apoptosis 

was observed in sections of the telencephalic region at E9.5 (Hamada et 

al., 1999). In addition, inhibition of Notch signaling in human and mouse 

pancreatic islet cultures as well as mouse insulinoma cells (MIN6) using 

the y-secretase inhibitor DART, provoked apoptosis as shown by caspase- 

3 upregulation, a process which was reversible by overexpression of y- 

secretase complex protein presenilin-1 (PSEN1) (Dror et al., 2007). 

Therefore, further investigation of apoptotic proteins like caspase-3 

(Gulyaeva et al., 2004) in neurosphere cells after Notch signaling inhibition 

will address the question of whether the reduction in proliferating cells is 

due to cell death.

Finally, migration experiments with neurosphere cells showed that their 

behaviour is not altered whether the recipient gut is ganglionic or older and 

also it was not inhibited when they were transplanted in different organs. 

This behaviour needs to be further studied as we need to understand the 

mechanisms of neurosphere-derived cell migration because it is crucial for
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their targeted clinical transplantation in the future. Extracellular matrix 

(ECM) protein receptors play an important role in cell migration. There is 

not much information available concerning ECM receptors expressed in 

neurosphere-derived ceils except the fact that (Bl-integrin, an ECM 

receptor, is expressed at the periphery of neurospheres derived from rat 

neonatal brains (Campos et al., 2004). On the contrary in the development 

of the ENS a critical role has been given to ECM proteins such as 

fibronectin, laminin and tenascin in the regulation of migration of enteric 

NCCs (Newgreen et al., 1995; Breau et al., 2009). Therefore, ECM 

receptors can have a key role in the migration of neurosphere-derived cells, 

a subject which requires further investigation.
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