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Abstract 

Adult neural stem cell biology is a major focus in neuroscience, due to the 

potential applications of stem cells in modern medicine to compensate for neuronal 

loss in neurodegenerative diseases or upon injuries. We are still in the early phase of 

deciphering the mechanisms of neural stem cell maintenance, recruitment and 

differentiation. In the present study we used zebrafish as model system to examine 

the potentialities and division properties of a well defined neural stem cell population. 

This population was first described in the embryo, were it forms a progenitor pool 

(called “intervening zone” (IZ)) at the midbrain-hindbrain boundary (MHB).It is 

maintained, in part, via expressing the bHLH neurogenesis inhibitory factor Her5. 

Further, our lab could show that these cells are maintained until adulthood, where 

they form a population of adult neural stem cells: adult her5-positive cells express 

markers of progenitors, self-renew, and give rise to neurons and glial cells in situ. 

Since these analyses were conducted at the population level, it is interesting to see if 

these results can be transferred to the single cell. To this end, I transplanted single 

her5-expressing cells from adult brains of her5:gfp transgenic zebrafish into host 

zebrafish embryos at sphere stage, and followed their fate. In order to follow the 

descendants of the transplanted cells the cells were labelled with the nuclear 

histone:gfp transgene. This in vivo method permits to directly assess cells` 

potentialities under living conditions without amplification steps, which is in contrast to 

the generally used neurosphere assay. I compared the fate of adult her5-positive 

cells with that taken by transplanted embryonic her5-positive progenitors, adult 

neurons or adult glial cells. I demonstrate here that the adult her5-expressing 

progenitors survive in their new environment, and that they can divide and give rise to 

neurons and non-neuronal postmitotic cells (presumably oligodendrocytes). Single 

adult her5-expressing cells give rise to progeny of only one fate, while embryonic 

her5-expressing cells give rise to progeny of several fates. This suggests that the 

adult her5-expressing population consists of different fate-restricted progenitors. 

Another interesting observation is that embryonic her5-expressing cells divide much 

more than their adult counterparts, hence that their cell cycle is faster that of adult 
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progenitors. Because this reflects the cell cycle properties of the cells before 

transplantation, my experiments demonstrate the different cell cycle speed of 

embryonic versus adult progenitors is intrinsically encoded.  

To further characterize adult neural stem cells, I aimed to establish markers of 

division mode in zebrafish. Progenitor cells can divide either symmetrically or 

asymmetrically, and can produce or not differentiated progeny (for example neurons, 

in which case the division is called neurogenic). In the mouse and chicken, 

neurogenic division can be identified by the expression of specific genes, e.g. 

minibrain, btg2 and prominin1. I identified homologous genes in zebrafish, cloned 

them and determined their expression in the zebrafish brain. I found that zebrafish 

homologs of all three genes are expressed within and around proliferating zones of 

the adult brain, identifying them as potential candidates to mark neurogenic divisions 

in this system.  

Together, I established several new techniques in zebrafish including the 

transplantation of adult cells into embryos, and characterized the fate properties of 

single adult neural stem cells. I also established markers that will help correlate these 

fate properties with a specific division mode. 



 iii

Zusammenfassung 

Neuronale Stammzellbiologie am erwachsenen Organismus ist zu einem 

bedeutenden Schwerpunkt geworden in den Neurowissenschaften, aufgrund der 

potentiellen Anwendbarkeit von Stammzellen für die modernen Medizin um den 

Verlust von Neuronen in neurodegenerativen Krankheiten oder nach Verletzungen 

des Nervensystems zu kompensieren. Wir sind immer noch in der Anfangsphase, in 

der wir versuchen die Mechanismen zu Entziffern, die die Erhaltung, Recrutierung 

und Differenzierung neuronaler Stammzellen bewirken. In der vorliegenden Studie 

haben wir den Zebrafisch als Modellorganismus benutzt, um das Potential und die 

Teilungsfähigkeiten einer gut beschriebenen neuronalen Stammzellpopulation zu 

untersuchen. Diese Stammzellpopulation wurde zuerst beschrieben im Zebrafisch 

Embryo, dort bildet sie einen Vorläuferzell-pool (der “dazwischenliegende Zone” 

genannt wird) am Übergang zwischen Mittelhirn und Hinterhirn. Zum Teil wird der 

Übergang erhalten durch die Expression des bHLH Neurogenese-Verhinderungs- 

Faktors Her5. Weiterhin konnte unser Labor zeigen, das diese Zellen bis ins 

Erwachsenenalter der Fische erhalten bleiben. Dort bilden sie eine Population 

neuronaler Stammzellen im erwachsenen Fisch: erwachsene her5-positive Zellen 

exprimieren bekannte Gene von Vorläuferzellen, sind selbsterneuernd und bilden 

Nerven- und Glia-Zellen im Zebrafisch. Da diese Analyse auf dem Populationslevel 

durchgeführt wurde, wäre es interessant zu untersuchen, inwieweit diese Ergebnisse 

auf einzelne Zellen übertragen werden können. Aus diesem Grund transplantierte ich 

einzelne her5-exprimierende Zellen aus dem erwachsenen Gehirn eines her5:gfp 

transgenen Zebrafisch in Zebrafischembryonen im Sphären Stadium und untersuchte 

die Zellen die dieser Transplantation entstammten. Um die Abkömmlinge der 

transplantierten Zellen zu untersuchen, wurden die Zellen mit dem Histon:gfp 

Transgen ausgestattet, das den Zellkern markiert und die Ergebnisse wurden 

verglichen mit dem Potential transplantierter embryonaler Stammzellen, Neuronen 

erwachsener Zebrafische und Glia Zellen erwachsener Zebrafische. Diese in vivo 

Methode erlaubt es direkt das Potential der Zellen zu bestimmen unter Bedingungen 

wie sie im lebenden Organismus vorliegen, im Gegensatz zu dem gewöhnlich 

benutzten Neurosphere-assay. Ich verglich das Schicksal der erwachsenen her5-

positiven Zellen mit dem transplantierter embryonaler her5-positiver Vorläuferzellen, 

Nervenzellen des erwachsenen Zebrafisch und Gliazellen des erwachsenen 
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Zebrafisch. Ich konnte zeigen, dass erwachsene her5-exprimierende Vorläuferzellen 

in ihrer neuen Umgebung überleben, sich teilen können und Neuronen und nicht-

neuronale postmitotische Zellen generieren (wahrscheinlich Oligodendrozyten). 

Einzelne her5-exprimierende Zellen des erwachsenen Zebrafisches generieren 

Nachkommen mit nur einem Zellschicksal, wohingegen embryonale her5-

exprimierende Zellen Nachkommen mit verschiedenem Schicksal generieren. Diese 

Ergebnisse deuten darauf hin, dass die Population her5-exprimierender Zellen im 

erwachsenen Zebrafischgehirn aus verschiedenen, in ihrem Schicksal festgelegten 

Vorläuferzellen besteht. Eine weitere interessante Beobachtung ist, dass sich 

embryonale her5-exprimierende Zellen viel häufiger teilen können als ihre 

erwachsenen Gegenstücke, folglich ist ihr Zellzyklus schneller. Da dies die 

Zellzykluseigenschaften der Zellen vor der Transplantation beschreibt, zeigen meine 

Experimente, das die Unterschiede der Zellzyklusgeschwindigkeit von embryonalen 

im Gegensatz zu erwachsenen Vorläuferzellen intrinsisch kodiert ist.  

Um weiterhin erwachsene, neuronale Stammzellen zu charakterisieren, versuchte ich 

Faktoren zu etablieren, die den Teilungsmodus im Zebrafisch kennzeichnen. 

Vorläuferzellen können sich entweder symmetrisch oder asymmetrisch teilen, und 

können entweder differenzierende oder nicht-differenzierende Vorläufer produzieren 

(zum Beipiel Neuronen, in diesem Fall wird die Teilung neurogenetisch genannt). In 

der Maus und dem Huhn kann die neurogenetische Teilung identifiziert werden durch 

die Expression bestimmter Gene, z.B. minibrain, btg2 and prominin. Ich identifizierte, 

klonierte homologe Gene im Zebrafisch und untersuchte ihre Expression im 

Zebrafisch Gehirn. Ich fand das die homologen Gen für alle drei Gene im und um 

Proliferationszonen im erwachsenen Gehirn exprimiert werden, dadurch konnte ich 

sie identifizieren als potentielle Kandidaten, um die neurogenetische Teilung in 

diesem System zu markieren.  

Zusammengefasst, etablierte ich die verschiedensten Techniken im Zebrafisch, 

welche die Transplantation von erwachsenen Zellen in Embryonen beinhaltete und 

charakterisierte die Eigenschaften einzelner, erwachsener, neuronaler Stammzellen. 

Weiterhin etablierte ich Faktoren, die zur Markierung der neurogenetischen Teilung 

genutzt werden können und die dabei helfen können Eigenschaften der neuronalen 

Stammzellen mit einem bestimmten Teilungsmodus in Beziehung zu setzen.     
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Chapter 1 

Introduction 

The aim of my PhD project was to study the potentialitiy of a population of 

cells that were identified as a population of adult neural stem cells and to identify 

markers with which it is possible to show that they are self renewing.  

For a long time it was a believed dogma that neurogenesis is not taking place in adult 

vertebrates, neurons are only generated during embryogenesis and this process 

stops shortly after birth. Today it is a proven fact that populations of neural stem cells 

reside in restricted niches in the brain of all vertebrates where they generate all major 

cells types needed in the brain (oligodendrocytes, astrocytes and neurons). One 

such population was identified in zebrafish at the midbrain-hindbrain boundary 

(MHB). In the main part of my PhD I wanted to use this well characterised neural 

stem cell population to analyse cellular properties on the single cell level, a big 

question mark in the field. At the moment it is hotly debated whether a stem cell 

population is heterogeneous or homogeneous, and whether NSCs are characterised 

at the population level are also multipotential on the single cell level or rather a 

population of fate-restricted progenitor cells. I used the zebrafish as a model system 

to analyse this question because it is a well established and well studied model of 

neurogenesis, and transplantation technique is easily to handle. In addition large 

numbers of embryos are amenable and embryos develop ex utero with optical 

clearance.  

In addition I wanted to elucidate the maintenance of neural stem cells in zebrafish. 

Neural stem cells divide either symmetrically enlarging or depleting their population 

or asymmetrically maintaining their population and at the same time generating new 

postmitotic cells. Several genes are known in mouse to mark such division 

characteristics and I wanted to establish these markers in zebrafish.  

In my introduction I want to introduce the composition of the niche, extrinsic and 

intrinsic cues acting on neural stem cells, the different topics that are affecting the 

neural stem cells in their niche, mechanism regulating proliferation and differentiation.  
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1.1  Adult neurogenesis- a historical overview 

Until very recently it was not believed that neurogenesis is occurring in the 

adult brain. For the last 100 years, general belief was that new neurons are produced 

during development and that neuronal production stops before puberty. Occasional 

reports documented proliferation in the adult mammalian brain in the first half of the 

20th century (Schaper A. 1897, Levi G. 1898, Hamilton A. 1901, Allen E. 1912, Sugita 

N. 1918, Bryans W.A. 1959). However, due to technical limitations the first hint 

towards the occurrence of neurogenesis in the adult brain came from studies of 

Altman J (1960) who used the new technique of [3H]-thymidine-labelling of S-phase 

nuclei, and demonstrated that cells in the dentate gyrus of the hippocampus in adult 

rats are generating cells (Altman J. 1962, 1963, et al 1965, et al 1966, 1966b, 1969). 

Kaplan was able to demonstrate that the [3H]-thymidine-labeled cells, 30 days after 

labelling, are indeed neurons (Kaplan MS 2001, Kaplan MS, Hinds JW 1977, Kaplan 

MS 1979). These initially labelled progenitor cells were named neural stem cells 

because they were identified to generate neurons in the brain. New methods for 

staining dividing cells (BrdU, a thymidine analog that is incorporated in the DNA 

during mitosis and is detectable with antibodies (Miller, Nowakowski 1988) coupled 

with new cell type-specific antibody stainings and confocal microscopy, improved 

exploring the field of neural stem cells. More recently, people developed the 

neurosphere technology (Reynolds, Weiss 1992) to reveal neural stem cells. 

Neurospheres are thought to be formed by stem cells because they are self-renewing 

(they can be passaged multiple times from dissociated cells) and multipotent 

(neurospheres have the ability to differentiate into multiple cell types). Factors that 

are able to simulate neurogenesis were also identified, and the amenability of tools to 

manipulate adult neurogenesis such as retrovirus (lentivirus) or adenovirus, RNAi 

(Zhao et al 2004, Ivanova et al 2006), and conditional expression systems) opened a 

impressive field of research 

 

1.2  Definition of neural stem cell  

Neural stem cells are defined as cells that self renew and can give rise to all 

the cell types of the brain, namely neurons and glial cells (Gage 2002). Stem cells 



 3 

can be subdivided into distinct groups, (totipotent, pluripotent or multipotent) 

depending on their properties. Totipotent stem cells (e.g. zygote) are capable of 

building up a complete organism when implanted into the uterus and are not self-

renewing. Pluripotency is the ability of a cell to give rise to all the cells of an organism 

(Solter 2006) including the trophectoderm (the precursors of the placenta), without 

the self-organizing ability to generate a whole organism (Niwa 2007). Multipotent 

cells are already more specified, they can only generate the cells of the organ in 

which they reside, and they self-renew. Multipotent cells then give rise to progenitor 

cells that are not able to self-renew and that usually give rise to only one type of cells 

of a specific organ, progenitors are sometimes referred to as -blasts.  

Embryonic neural stem cells, also called neuroepithelial radial glia, belong to the type 

of multipotent stem cell (Kalyani et al 1997, Rao et al 1997, Temple 2001, Tropepe et 

al 1999, 2001). For adult neural stem cells, this is still a matter of dabate. At the time 

adult neural stem cells became characterized, they were classified as multipotent 

(Reynolds et al 1992, Weiss et al 1996, Gage 2000). More recently, however, some 

reports suggested that adult neural stem cells are not a homogeneous population but 

rather consist of a heterogeneous population of fate-restricted progenitors (Seaberg 

et al 2002, Bull et al 2005, Merkle et al 2007). Elucidating this question will be the 

major focus of my PhD work. Adult neural stem cells most probably become 

restricted around the onset of neurogenesis and generate the different cell types via 

precursor cells. This restriction might occur stepwise via intermediate precursors that 

are only oligo- or bipotent (Novitch et al 2001, Gregori et al 2002, Rao et al 1997).  

 

1.2.1 Adult neurogenesis in diverse species 

Adult neurogenesis takes place in all major vertebrate groups, like mammals 

(Altman 1962, 1963, et al 1965, et al 1966, 1966b, 1969, Kaplan et al 1977, Bayer et 

al 1982, Corotto et al 1993, Lois et al 1993, 1994, Song et al 2002a, 2002b) including 

primates (Gould et al 1997, 1998, 1999, 2001 Eriksson et al 1998), birds (Goldman et 

al 1983, 1998, Burd et al 1985, Paton et al 1985), reptiles (López-García et al 1988, 

García-Vertugo et al 1989, Pérez-Sánchez et al 1989, Pérez-Canellas et al 1996), 

amphibians (Bernocchi et al 1990, Chetverukhin et al 1993, Polenov et al 1993) and 

bony fish (Johns 1977, Meyer 1978, Raymond and Easter 1983, Zupanc et al 1992, 

Zupanc et al 1995, Zupanc et al 1996). Although adult neurogenesis occurs in both 
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higher and lower vertebrates, there are differences in the amount of germinal zones 

in the adult brain. In mammalian vertebrates adult neurogenesis is limited to two 

regions in the adult forebrain: the subependymal zone (SEZ) of the lateral wall of the 

lateral ventricle (Altman 1969, Luskin et al 1993, Lois and Alvarez-Byulla 1994) and 

the subgranular zone (SGZ) of the dentate gyrus (DG) in the hippocampus (Altman 

and Das 1965, Gould et al 1998, Eriksson et al 1998). The cells that are born in the 

SVZ are migrating towards the olfactory bulb along the rostral migratory stream 

(RMS, is also found in humans) and become granule and periglomerular cells. The 

neurons that are born in the SGZ migrate radially and project mossy fibers to CA3 

region of the hippocampus (Stanfield and Trice 1988, Cameron et al 1993, Gage et al 

1995, Marakis and Gage 1999). In contrast, in lower vertebrates, like teleosts, 

germinal zones are widespread and found in most brain subdivisions in the adult fish 

(Richter and Kranz 1970, Kranz and Richter 1970, Zupanc and Horschke 1995, 

Ekström et al 2001, Adolf et al 2006, Chapouton et al 2006, Zupanc et al 2005, 

Grandel et al 2006).  

 

1.2.2 Description of adult neurogenesis in rodents 

In rodents (mice or rat model system) adult neurogenesis is known to happen 

in two areas of the adult brain as mentioned above, the subependymal zone (SEZ) of 

the lateral wall of the lateral ventricle and the subgranular zone (SGZ) of the dentate 

gyrus (DG) in the hippocampus. These proliferation zones will be described in the 

following paragraphs.  

In addition, there were recent reports of adult neurogenesis, albeit at lower levels, in 

the adult mouse hypothalamus (Kokoeva et al 2007), the substantia nigra pars 

compacta of the midbrain (Zhao et al 2003) and the 3rd ventricle (Xu et al 2005). 

Hence it is possible that constitutive neurogenesis in fact occurs elsewhere in the 

adult brain, but that it was missed due to the restriction of most studies to the SEZ 

and SGZ, or to inadequate methods used to reveal new-born neurons in other brain 

regions.   
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Figure 1: Germinal zones in the rodent brain 

Sagittal section anterior left, highlighted green zones represent the SEZ and the DG of 

the SGZ. (Hy – hypothalamus, SN – substantia nigra, IV. – fourth ventricle).  

 

 
 

 

 

1.2.3 SEZ germinal zone 

The SEZ is a layer of dividing cells that extend along the lateral wall of the 

lateral ventricle of the forebrain. Their progeny cells then migrate in chains through a 

network of interconnected pathways through the lateral wall of the ventricle to reach 

the olfactory bulb (rostral migratory stream RMS, Goldman and Luskin 1998, Doetsch 

and Alvarez-Byulla 1996, Lois et al 1996) where they give rise to periglomerular and 

granule cells (Doetsch 2003, Lois and Alvarez-Byulla 1994). The subependymal zone 

consists of four cell types: Neuroblasts or type A cells, astrocytes or type B cell, 

immature precursors or type C cells and ependymal cells or type E cells. SVZ 

astrocytes (type B), acting as stem cells, reside in the subependyme and have a 

small contact to the ventricle with a single cilium characteristic for neural stem cells of 

the embryo (Doetsch et al 1999b). Type B cells divide occasionally and  give rise to 

transient amplifying type C cells (precursors) which form clusters and divide rapidly in 

comparison to the type B astrocytes and generate neuroblasts (type A cells). The 

neuroblasts divide while they migrate (~120 µm/h Wichterle et al 1997) along the 

RMS which is ensheated by the cell bodies of the type B astrocytes (Doetsch et al 

1997, Doetsch et al 1999a, 1999b, Alvarez-Byulla et al 2002, Alvarez-Byulla and 

Garcia-Vertugo 2002). While most of the cells that are generated in the SEZ are 

neurons, the SEZ is generating oligodendrocytes as well (Nait-Oumesmar et al 

1999). In the SEZ of the adult mice 30,000 cells are formed every day (Lois and 
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Alvarez-Byulla 1994) this corresponds to 0,03% of estimated cells (Williams 2000) in 

the whole brain.  Newly generated neurons in the olfactory bulb reach a third of the 

total neuronal population within 9 month (Ninkovic et al 2007).  

There was controversial discussion regarding the nature of the adult NSCs. Some 

authors proposed that they derive from the ependymal layer (Johansson et al 1999), 

some others that they come from the subependymal layer (Doetsch et al 1999, 

Chiasson et al 1999, Alvarez-Byulla et al 2002, Alvarez-Byulla and Garcia-Vertugo 

2002) of the lateral ventricle. Most arguments point on the subependymal astroglial-

like cells, strong evidence came from studies using Ara-C (antimitotic drug), which 

was used to eliminate the fast dividing pool of cells and was observed to spare the 

slow dividing SEZ astrocyte pool, which was then capable of regenerating fast 

dividing pools (type C cells) and neuroblasts (type A cells) (Doetsch et al 1999). 

Tracing experiments using retrovirus that was labelling astrocytes (Holland and 

Varmus 1998) also showed that labelled neuroblasts migrated to the olfactory bulb 

generating granule and periglomerular neurons (Doetsch et al 1999).  

 

Figure 2:  SEZ germinal zone cells 

Primary precursors in the adult SEZ are the SEZ astrocytes (type B cells) that divide 

and give rise to immature precursors (type C cells) which form clusters and generate 

migrating neuroblasts (type A cells). The lateral wall of the SEZ constitutes of non-

dividing ependymal cells (grey). (after Doetsch 2003) 
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1.2.4 SGZ germinal zone 

In contrast to the SEZ, the SGZ is not located at the ventricle but deep inside 

the brain at the interface of the granular cell layer of the dentate gyrus and the hilus 

of the hippocampus. SGZ astrocytes (type B cells) generate cells that act as 

precursors (type D cells) migrating a short distance into the granular cell layer where 

they differentiate into granule neurons (type C cells), send dendrites into the 

molecular layer of the hippocampus and axons into the CA3 region of the 

hippocampus (Hastings and Gould 1999, Markakis and Gage 1999, Stanfield and 

Trice 1988).  It was estimated that 9000 new neuronal cells are generated per day in 

the rodent SGZ, contributing to about 0,003% of estimated cells (Herculano-Houzel 

and Lnt 2005) in the whole brain (Kornack et al 1999, Cameron and McKay 2001).  

 

Figure 3: SGZ germinal zone cells 

SGZ astrocytes (type B cells) self renew and give rise to clusters of immature dividing 

progenitors (type D cells), adjacent to the SGZ astrocytes the granular neurons (type 

G cells) reside in the tissue. These granular neurons integrate into the DG granule cell 

layer. (after Doetsch 2003) 
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1.2.5 Description of adult germinal zones in teleosts 

In contrast to limited space in the mammalian brain, adult neurogenesis is 

extremely widespread in the teleost adult brain, new neurons are generated in dozen 

of brain regions (Kranz and Richter 1970a, Richter and Kranz 1970, Zupanc and 

Horschke 1995, Zikopoulos et al 2000, Ekström et al 2001, Zupanc et al 2005) and 

continues throughout the lifespan of the fish (Zupanc 2001). These regions include 

the olfactory bulb and the dorsal telencephalic area, the latter being thought to be 

homologous to the mammalian hippocampus (for review, Broglio et al 2005). The 

second difference to mammalian adult neurogenesis is the relative proportion of 

newly generated cells, compared to the total number of cells in the entire brain: it is of 

one if not two orders of magnitude higher. This enormous potential to produce new 

neurons in the adult brain enables fish to regenerate cells after injury (Anderson et al 

1983, 1987, Hitchcock et al 1992, Sullivan et al 1997, Zupanc and Ott 1999, 

Cameron 2000, Hitchcock 2000, Zupanc and Zupanc 2006), while mammals normally 

lack the ability to regenerate neurons under most conditions (Magavi et al 2000, 

Magavi et al 2002). This difference between the vertebrate classes makes 

examination of adult neurogenesis in fish so attractive. Most of the newly built cells in 

the teleost adult brain become neurons, only a minor fraction becomes glial cells. The 

most proliferative active area of the brain is the cerebellum (Kranz and Richter 

19970, Zupanc and Horschke 1995, Ekström et al 2001, Zikopouos et al 2000). 

Investigations of different teleost species have shown that proliferative regions lie in 

ventricular paraventricular and cisternal areas of the brain (Alonso et al 1989, Zupanc 

and Horschke 1997, Huang and Sato 1998).  

In the following I would like to introduce the different proliferative regions of the 

zebrafish adult brain (Chapouton et al 2006, Adolf et al 2006, Grandel et al 2006).  

1. Telencephalon (zone 1-2) 

Two proliferative areas can be distinguished in the dorsal and ventral telencephalon: 

the ventral proliferation zone is located along the ventricular surface of V (ventral 

telencephalic area) spanning dorsal and ventral parts of V (zone 1). The dorsal 

proliferation zone is located at the ventricle of D (dorsal telencephalic area, zone 2). 

Since the teleost telencephalon is turned inside out the dorsal proliferation zone is 

located at the outer surface of the telencephalon. Cells in the dorsal proliferation 

zone are much more spaced than in the ventral proliferation zone.  
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 3. Diencephalon (zone 3-9) 

Proliferation is found in the preoptic region along the ventral part of the PPa (anterior 

parvocellular preoptic nucleus, zone 3), in the ventromedial thalamic nucleus (VM 

zone 4), in the ventral habenular nucleus (Hav, zone 5), in the periventricular 

pretectal nucleus (PP, zone 6), along the dorsal thalamus (DT, zone 7), along the 

ventricular surface of the periventricular nucleus of the posterior tuberculum (TPp, 

zone 8), along the three subdivisions of the periventricular hypothalamus (Hd Hv Hc, 

zone 9), in the ventricle above Hv in the posterior tuberal nucleus (PTN) sometimes a 

few proliferative cells can be detected.   

 4. mesencephalon (zone 10-12) 

Two proliferation zones are found in the mesencephalon, one runs along the margin 

of the optic tectum (zone 10), the other along the ventricular surface of the torus 

longitudinalis (zone 11). At the posterior tip of the tectum a thin cell layer is 

separating the tectal ventricle and the cerebellum, the posterior mesencephalic 

lamina (PML, zone 12), on the tectal side it originates from the tectal margin 

becomes non-proliferative and is proliferative again when it reaches the valvula 

cerebelli. In this area another proliferative cell population harbouring stem cells was 

characterised that lies between the intersection of the valvula cerebelli, torus 

semicircularis and the tegmentum which we called IPZ (Chapouton et al 2006).   

 5. Rhombencephalon (zone 13-14)  

Cerebellum: 

Proliferative cells are found dispersed in all subdivions of the cerebellum, the valvula 

cerebelli and the corpus cerebelli (zone 13a) at the caudal tip of the cerebellum a 

granular layer is covered by a layer of proliferating cells (zone 13b). In the midline 

where the two halves of the cerebellum are fused during embryogenesis proliferating 

cells can be found as well.  

Medulla oblongata: 

Proliferating zones can be found in he medial facial lobe (LVII) and at the dorsal tip of 

the alar plates of the vagal lobe (LX, zone 14). Scattered proliferative cells are found 

in the ventricular zone of the rhombencephalic ventricle that extends into the spinal 

cord (zone16). (Grandel et al 2006, Ekström et al 2001, Zupanc et al 2005)  
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Figure 4: germinal zones in zebrafish 

Schematic drawing of the proliferative zones in the adult zebrafish brain (red areas). 

The numbers correspond to the numbers in the text. CCe – cerebellum, Dienceph. – 

diencephalon, IPZ – isthmic proliferation zone, LVII – facial lobe, LX – vagal lobe, OB 

– olfactory bulb, Rhomb. – rhombencephalon, Tel – telencephalon, TeO – tectum 

opticum,  

 
 

 

1.2.6 Neural stem cells of the IPZ in the adult zebrafish 

brain 

To identify new neural stem cell populations in the adult fish brain 

P.Chapouton was searching for expression of hairy/E(Spl) factors in the adult 

zebrafish brain. In the embryo at the mid-/hindbrain-boundary the isthmic organizer is 

localised, a crucial regulator of mid-/hindbrain growth and patterning (Martinez 2001, 

Rhinn and Brand 2001, Wurst and Bally-Cuif 2001) which we analyzed intensively. 

During early neurogenesis, this domain also corresponds to a neuron-free area 

separating mesencephalic and rhombencephalic neuronal clusters that we named 

intervening zone (IZ). We previously identified her5 and him/her11 as crucial 

maintenance gene for the IZ (Geling et al 2003, 2004, Ninkovic et al 2005). Loss of 

Her5 or Him/Her11 activity leads to premature differentiation of the IZ (Geling et al 

2003, 2004, Ninkovic et al 2005). On the contrary, conditional overexpression of her5 

inhibits neurogenesis in zebrafish embryos (Geling et al 2003, 2004). Using a 

transgenic her5:gfp to follow her5-positive cells with the stability of GFP protein 

(Tallafuß and Bally-Cuif 2001), we could further show that the embryonic her5-

expressing cells at the MHB are giving rise to all cells of the midbrain and hindbrain 
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territory, and that these her5-expressing cells are maintained until adulthood 

(Chapouton et al 2006, figure 5). The Her5-GFP cell clusters can be observed as two 

spots on each side of the adult brain and reside at the intersection between the 

valvula cerebelli, torus semicircularis and the tegmentum along the AP axis and at 

the dorsoventral boundary separating alar torus semicircularis and basal tegmentum 

(Chapouton et al 2006). This location likely derives from the embryonic MHB 

(Chapouton et al 2006, figure5).  

 

Figure 5: her5 expression is maintained until adulthood in the zebrafish brain  

a Her5-GFP in transgenic fish is maintained in the adult brain and b accumulate 

between the valvula cerebelli (val) and the torus semicircularis (TSc). c her5 RNA is 

still expressed in the adult brain and d-f overlaps with the part of the Her5-GFP 

population that is localised close to the ventricle (Chapouton et al 2006).  Cb – 

cerebellum, TeO – tectum opticum, TSc - torus semicircularis, val – valvula cerebelli.  

 

 

These cells have the morphology of progenitors, they reside at the ventricle with a 

short connection to the ventricular lumen, rounded cell bodies and long processes 

Chapouton et al 2006). Further, the her5-expressing cells express markers of 

progenitors (BLBP, GFAP, Numb, musashi, sox2), they give rise to neurons and 

oligodendrocytes in situ, they are slow proliferating and self-renew (Chapouton et al 

2006), proving that they are a population of adult neural stem cells.  

 

 



 12 

1.3 Hypothetical role of adult neurogenesis in   

 vertebrates 

Since the discovery of adult neurogenesis the question remained open: Why is 

there continuous neurogenesis in the adult organism? In the adult rodent 

hippocampus (Kempermann et al 1997, Gould et al 1999s) and in the song control 

nuclei in adult song birds (Nottebohm 1985, Nottebohm et al 1990, Barnea and 

Nottebohm 1994, Alvarez-Byulla et al 1990), it was suggested that new neurons play 

important roles in plasticity and learning to adjust to changes of the environment. For 

instance, neurogenesis may be involved in the modification of brain circuits involved 

in memory or sexual behaviour. In addition, it was assumed that new neurons are 

important for the formation of new connections between existing and newly 

generated neurons that would increase the capacity of the brain to process or to 

store information (Gage et al 2000). On the other hand, neuronal replacement may 

be necessary to keep circuits functional, to prolong health and reproductive fitness of 

an animal (Nottebohm et al 2002). New neurons in the hippocampus were shown to 

be involved in processing memory, since eliminating dividing cells there, which 

results in a reduced number of new neurons, lead to impairment in hippocampal 

memory (Shors et al 2001, Epp et al 2007, Kempermann 2002, Dupret et al 2007).  

 Neurogenesis in the olfactory system is less well understood. New neurons might be 

needed to adjust the olfactory circuitry if the environment or the relevance of odours 

are changing. Increased proliferation and neuron integration in the olfactory bulb was 

shown in female rodents in certain periods during pregnancy, which may help the 

mother to better recognize their offspring after birth (Shingo et al 2003). Many 

granule cells die soon after reaching the olfactory bulb (Petreanu and Alvarez-Byulla 

2002), reflecting a possible process of selection based on the level of activity (Cecchi 

et al 2001), which maybe improves discrimination of similar odours. In mice with a 

lack of new olfactory bulb neurons, discrimination of different odours is impaired while 

sensitivity and memory are not affected (Gheusi et al 2000). Hence, new neurons in 

the olfactory bulb may have a function in olfactory discrimination.  

Adult neurogenesis in teleosts might have specific functions that cannot be 

generalized to other vertebrate species. Fish grow throughout life with a net increase 

in sensory cells, and new central neurons are needed to process this information. 
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However new neurons are not generated everywhere, hence might be involved in 

specific behavioural functions as well.   

 

1.4  Neural stem cells: characteristics and properties 

1.4.1 Glial nature of neural stem cells 

Radial glial cells were shown to be the neural stem cells in the embryonic 

mammalian brain, giving rise to neurogenic and gliogenic precursors (Malatesta et al 

2000, 2003, Miyata et al 2001, Noctor et al 2001, Tamamaki et al 2001) and in the 

adult brain (Fukuda et al 2003, Kronenberg et al 2003, Mignone et al 2004, Seri et al 

2001). In general neurons are produced before the first glial cell arises, but radial glia 

cells are an exception to this rule: they appear at the onset of neurogenesis, and it 

was shown that they serve both as a progenitor and as a scaffold for the newly 

generated neurons (Rakic 1972, Poluch et al 2007). Morphologically, the soma of 

radial glia cells is residing at the ventricular zone and extends a long process to the 

pial surface of the brain (Schmechel et al 1979, Gadisseux et al 1989). Radial glia 

undergoes interkinetic nuclear migration (see chapter cell cycle of neural stem cells) 

during mitosis (Misson et al 1988, Frederiksen et al 1988, Alvarez-Byulla et al 1998) 

and extend a single cilium into the lumen of the ventricle (Doetsch et al 1997, 1999a, 

1999b) similar to neuroepithelial cells. Further, recent studies using direct time-lapse 

imaging of cortical radial glia either infected with a replication-incompetent GFP+ 

retrovirus (Noctor et al 2001) or GFP+ adenovirus (Tamamaki et al 2001), or labelled 

with the lipophilic dye DiI (Miyata et al 2001) in slice culture, showed clearly that 

radial glia cells divide to give rise to neurons. These radial progenitors continue to 

generate neurons in the postnatal pupa (Tramontin et al 2002), and give rise to 

ependymal cells (Spassky et al 2005), oligodendrocytes and SEZ astrocytes that 

serve as adult neural stem cells (Doetsch et al 1999a, Tramontin et al 2002). A Lox-

Cre based study demonstrated that radial glia cells indeed are giving rise to adult 

neural stem cells in the SEZ (Merkle et al 2004).This implicates that ventricular 

progenitors in the embryo become displaced into the underlying subependymal layer 

when becoming adult and that they change from a radial form to a stellate form in the 
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adult brain. Thus they reside in the lineage of neuroepithelial cells→radial 

glia→astrocytes.  

It was observed that radial glial cells can be subtyped depending on the type of 

molecules they express and are probably heterogeneous in the cell types they 

produce. This issue is still under debate, but hints for the theory of heterogeneiety 

are profound (Gal et al 2006, Sundholm-Peters et al 2004, Kriegstein, Götz 2003), 

and might underlie for example the fact that the neurogenic potential of the ventral 

and dorsal telencephalic glia differs fundamentally (Malatesta et al 2003) . Other 

authors however interpret this heterogeneiety in the radial glia population as 

reflecting rather temporal differences in the development of dorsal and ventral radial 

glial, than rather differences in their potential (Anthony et al 2004). 

Adult neural stem cell astrocytes share some characteristics with the neuroepithelial 

and radial glial cells in the embryo proving that they belong to one lineage. They 

express the intermediate filament protein Nestin (Lendahl et al 1990, Hockfield et al 

1985), which is also characteristic of neural stem cells in cell culture (McKay 1997), 

other markers for NSCs are listed in table 1 and markers that can be used to label 

proliferating cells in table 2. Adult radial glia can be characterised by positivity for 

RC2, astrocyte-specific glutamate transporter (GLAST) and BLBP (brain-lipid-binding 

protein) Hartfuss et al 2001).  

The term glia is marking a cell that serves as “glue” for neurons and this term was 

widely used to name non-neuronal cells. Since this does not fit with a cell that is 

generating neurons, it was later suggested to call progenitors of this type “radial 

progenitors”.  

 

Table 1:  markers of neural stem cells 

Gene Function publication 
Prominin1 Expressed on neuroepithelial cells, used as a 

blood stem cell marker 
Corbeil et al 1999, 
Bauer et al 2007 

Notch1 Expressed in progenitors to maintain their 
pool 

Gaiano et al 2000, 
Lewis et al 1998 

Nestin Intermediate filament protein specific for 
neural precursors 

Lendahl et al 1990, 
Hockfield et al 1985, 
McKay 1997 

Sox2 attributing stem cell properties, required for 
proliferation and maintenance 

Ferri et al 2004, 
Episkopou et al 2005 

Musashi maintains NSCs, activates Notch signalling 
through translational repression of Numb 

Sakakibara, Okano 
1997, 2005 
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(Notch signalling repressor).  
Numb Expressed in asymmetrically dividing 

progenitors and differentiating progenitors, 
antagonist of Notch 

Zhou et al 2007, Kuo 
et al 2006  

GFAP GFAP expression found in neuronal 
progenitor cells, but has to be carefully 
analysed because it also stains mature glial 
cells. GFAP overlaps with Nestin expression 
in proliferative areas  

Johansson et al 1999, 
Doetsch et al 1999, 
Malatesta et al 2000, 
Campell and Götz 
2002, Wei et al 2002 

BLBP Downstream gene of Pax6, essential for 
maintenance of neuroepithelial cells during 
early development. BLBP is required for 
radial glial morphological changes in 
response to neuronal cues. BLBP is a target 
of Notch signalling in radial glial cells.  

Arai et al 2005, Feng 
et al 1994, Anthony et 
al 2006 

 

Table 2: markers of proliferating cells  

factor function publication 
PCNA Auxiliary protein of polymerase δ, has been described 

as sliding clamp 
Leung et al 
2005, Kelman 
1997 

MCM5 Part of the MCM complex known as replication 
licesing complex functioning as relicative helicase. 
MCMs are throughout the cell cycle located in the 
nucleus.  

Blow et al 2002, 
Forsburg 2004 

BrdU Incorporated during S-phase of the cell cycle. 
Thymidine analogon 

Eisch and 
Mandyam 2007 

[3H]-
thymidine 

Incorporated during S-phase of the cell cycle Eisch and 
Mandyam 2007 

Ki67 Nuclear protein, expressed in dividing cells 
throughout mitosis 

Kee et al 2002 

Cyclin D Permits progression through G1-phase, D1 found 
expressed in mouse neocortex, ganglionic eminence, 
hippocampus formation, both D1 / D2 were found in 
forebrain progenitors, D3 is expressed in Müller glia 
of the retina.  

Ohnuma et al 
2001, Glickstein 
et al 2007 

Cdc2 Inhibition of Cdc2 induces neural differentiation, 
marks S-, G2-phase 

Ohnuma et al 
2001 

Cdc42 Deletion increases basal mitosis in neural progenitors 
in mouse telencephalon, Cdc42 regulates the position 
of mitosis and cell fate 

Cappello et al 
2006 

E2F Positively regulate cell cycle progression, expression 
levels decline during S-phase. E2F1 is a cell cycle 
suppressor in mature neurons.   

Yoshikawa et al 
2000, Ohnuma 
et al 2001, 
Wang et al 2007 

Cyclin E G1-phase marker Ohnuma et al 
2001 

Cdk2 S-phase progression Freeman et al 
1994 
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cyclinA S-phase progression Freeman et al 
1994 

Rb Retinoblastoma (Rb) was identified as tumor 
suppressor and regulates transition from G1 / S-
phase, mice lacking Rb show massive ecopic 
proliferating cells and massive apoptosis 

Ohnuma et al 
2001 

PBK / 
TOPK 

Marks  the transient amplifying progenitors in the SEZ Dougherty et al 
2005 

MPF M-phase promoting factor (MPF) composed of CDK1 
and cyclin B, at late G2. MPF is translocated to the 
nucleus where it phosphorylates many nuclear 
substrates required for mitotic progression.  

Doree and Hunt 
2002 

Cdc25 Activates MPF at the entry of mitosis by 
dephosphorylating Thr14 and Thr15. required for 
efficient mitotic entry 

Kristjansdottir 
and Rudolph 
2004, van Vugt 
et al 2004 

geminin Inhibits nuclear DNA replication and is periodically 
degraded at the metaphase/anaphase transition 

McGarry et al 
1998 

 

 

1.4.2 Basal progenitors 

At the onset of neurogenesis in the rodent embryo, another type of neural 

progenitor beside radial progenitor is found: the basal progenitor (Smart et al 1973, 

Noctor et al 2004, Haubensak et al 2004, Miyata et al 2004). They are distinguished 

from radial progenitors by the fact that they undergo mitosis at the basal side of the 

ventricular zone (Noctor et al 2004, Haubensak et al 2004, Miyata et al 2004). They 

originate from radial progenitors, migrate basally and retract their extension from the 

apical surface after division (Miyata et al 2004). Basal progenitors differ from radial 

progenitors in the expression of a set of specific genes: the non-coding RNA SVET1 

(Tarabykin et al 2001) and the transcription factors TBR2 (Englund et al 2005), Cux1 

and Cux2 (Nieto et al 2004, Zimmer et al 2004). They undergo one further symmetric 

division generating two neuronal cells (Noctor et al 2004, Miyata et al 2004) but they 

show little, if any, nuclear migration during the last cell cycle (Haubensak et al 2004). 

This division mode might be comparable to intermediate progenitors (ganglion 

mother cells) in Drosophila, which generate from neuroblasts and undergo one 

further division (for review Egger et al 2006, Betschinger and Knoblich 2004).  
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1.5 Maintenance and commitment of neural stem   

 cells 

Neural stem cells are interacting constantly with their environment, residing in 

a specific neurogenic niche that is composed of a precise cellular arrangement of 

astrocytes, endothelial cells and ependymal cells, connected with each other and 

with the extracellular matrix to form the niche. To maintain the neural stem cell 

population, the stem cell need to give rise to one cell that leaves the niche and one 

cell that remain in the niche functioning after division again as stem cell. This self-

renewing, asymmetric division is achieved through extrinsic and intrinsic signals that 

direct neural stem cell fate. Most interestingly, it was shown that neural stem cells 

can even become part of their niche if needed: in a study where mouse NSCs were 

cultured with human endothelial cells six per cent of the NSC population converted to 

a endothelial cell fate (Wurmser et al 2004), demonstrating that they are not passive 

elements of their niche but that there is complex bidirectional interaction between 

intrinsic and extrinsic signals. In the following I will give an overview of the known 

signals involved in maintaining the stem cell state or directing neural stem cell fate.  

 

1.5.1 extrinsic cues  

a. Secreted factors / growth factors  

Astrocytes of the niche have important functions in support and regulation of 

neurogenesis. In the neurosphere assay, it was shown that they stimulate 

neurogenesis (Song et al 2002b). This effect was not only due to increased 

proliferation but also due to increased commitment towards the neuronal fate and is 

mediated by membrane bound factors as well as diffusible factors (e.g. member of 

the Wnt-family, especially Wnt3). Cultured hippocampal progenitors show increased 

neurogenesis when co-cultured with astrocytes or by overexpression of Wnt3, and 

this effect can be inhibited by antagonists of the Wnt-signaling pathway (Frizzled-

related proteins 2 and 3) (Lie et al 2005). Wnt3 is only one among others since Song 

et al (2002b) showed that the increase in neurogenesis persists even if Wnt-signaling 

is blocked.   
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FGF2 is used in vitro as mitogen for multipotent NSC maintenance and proliferation 

(Tropepe et al 1999, Gritti et al 1999). In embryos the number of radial glial cells in 

the hippocampus is reduced if the FGF receptor 1 is lacking. In addition, these cells 

are unable to form neurosperes in media that contain FGF2, suggesting that FGF 

signalling plays a role in maintaining radial glial progenitors (Ohkubo et al 2004). 

Further, FGF receptor 2 is expressed in radial glial cells of the telencephalon, where 

overexpression of a constitutive active form of FGFR2 increases the radial glial pool 

(Yoon et al 2004). In adults, infusion of FGF-2 into the lateral ventricle of adult rats 

results in an increased proliferation in the SEZ and striatum and in more neurons 

migrating to the OB (Kuhn et al 1997). It was suggested that Notch-signalling and 

FGF-signalling interact to maintain the glial progenitor pool, since Notch enhances 

the responsiveness of SEZ precursors to FGF2 (Yoon et al 2004). FGF2 is 

additionally able to activate a neurogenic potential in non-neurogenic regions of the 

brain, such as the cortex, optic tectum nerve, septum, striatum, spinal cord and 

substantia nigra (Palmer et al 1995 1999, Shihabuddin et al 1997, Lie et al 2002).  

A further factor is LIF, a member of the cytokine family which includes CNTF and acts 

via the JAK/STAT- and MAP-kinase-pathway. LIF (leukaemia inhibitory factor) 

promotes the self-renewal of NSCs and prevents differentiation (Bauer et al 2006, 

Bonaguidi et al 2005, Pitman et al 2004). It is also needed for lesion-induced 

proliferation of neuronal progenitors (Bauer et al 2003).  

Adult neural stem cells that are treated with PDGF differentiate and start expressing 

early neuronal markers, but this induction is not achieved in the presence of bFGF. 

Sugesting that PDGF is necessary for survival and proliferation of early neurons 

(Johe et al 2007). Other growth factors known to increase either dentat gyrus or SEZ 

progenitors are CNTF, heparin-binding-EGF, EGF, IGF1, TGF and VEGF, that 

regulate processes in the niche are listed in table 3. 

 

b. factors secreted by ependymal cells 

This is for example the case of Noggin (Lim et al 2000), an antagonist of BMP (bone 

morphogenic protein). Secreted BMP is inducing an astroglial fate (Gross et al 1996). 

If this is blocked by Noggin differentiation of NSC glial cells into astrocytes is enabled 

(Temple 2001). Another factor secreted by ependymal cells is PEDF (pigment 

epithelium-derived factor), its infusion into the niche leads to increased neurogenesis, 

most likely due to an effect on C-type cells (Ramirez-Castillejo et al 2006).  
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c. Secreted factors derived from the vasculature 

NSC niches are typically found in close association with the vasculature (Palmer et al 

2000). This association supports the niche with growth factors that are produced 

elsewhere (e.g. VEGF and other growth factors) and endothelial cells by themselves 

secrete factors, like for example PEDF, that stimulate self-renewal and inhibit 

differentiation (Shen et al 2004).  

 

d. Secreted factors from the cerebrospinal fluid (CSF) 

The cerebrospinal fluid is another source of signals. Neural stem cells contact the 

CSF via their cilium extending through the ependymal layer. Recently it was shown 

that the flow established by the multiciliated ependymal cells generates a gradient of 

molecules which is important for the migration of neuroblasts (Sawamoto et al 2006). 

 

Table 3: growth factors and secreted factors in the niche 
BDNF – brain-derived growth factor, CNTF – ciliary neurotrophic factor, EGF – 

epidermal growth factor, EPO – erythropoietin, FGF – fibroblast growth factor, IGF – 

insulin growth factor, LIF – leukemia inhibitory factor, PDGF – platelet-derived growth 

factor, PEGF – pigment epithelium-derived factor, RA – retinoic acid, sAPP – secreted 

amyloid precursor protein, Shh – sonic hedgehog, TGF – transforming growth factor, 

VEGF – vascular endothelial growth factor  

 

factor function publication 
BDNF 
 

Enhances hippocampal proliferation and 
increases the number of BrdU-labelled cells. 
Can induce neurogenesis in non-neurogenic 
regions 

Katoh-Semba et al 
2002, Zigova et al 
1998, Chen et al 
2007 

CNTF 
 

Increases proliferation Emsley et al 2003, 
Chojnacki et al 2003  

EGF Increases the number of EGF-responsive 
precursors (transit amplifying cells) 

Kuhn et al 1997, 
Caille et al 2004, 
Doetsch et al 2002 

IGF-1 Supports survival and differentiation of NSC 
and promotes differentiation to 
oligodndrocytic lineage  

DiCicco-Bloom et al 
1988, Drago et al 
1991, Åberg et al 
2000, Hsieh et al 
2004 

PDGF  Increases the proportion of neuronal cells in 
the absence of bFGF, acts on survival and 
proliferation of immature neurons. Maintains 
balance between neurogenesis and 

Johe et al 1996, 
Jackson et al 2006 
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oligodendrogenesis 
PEDF  Secreted in the choroid plexus, increase 

neurogenesis 
Ramirez-Casillejo et 
al 2006 

TGF-β1 Arrests NSCs in G0/1-phase of the cell cycle Craig et al 1996, 
Enwere et al 2004, 
Wachs et al 2006 

VEGF  
 

Secreted in the choroid plexus, increases 
survival of progenitors in culture. Increases 
proliferation of SEZ cells   

Cao et al 2004, 
Hashimoto et al 
2006, Schanzer et al 
2004, Jin et al 2002, 
Greenberg et al 
2005,  

EPO  Promote neuronal cell differentiation trough 
release of βNGF and BMP2 from astrocytes, 
associated with ERK-signaling pathway 

Park et al 2006 

Wnt3 Increase neurogenesis Shimogori et al 2004, 
Lie et al 2006 

sAPP Increases proliferation in adult SEZ 
precursors, supplied by the CSF.  

Caillé et al 2004 

Shh Mitogen for neural stem cells Machold et al 2003,  
RA  Induces neuronal differentiation in stem cells 

and supports survival of newborn neurons 
Gajovic et al 1997, 
Jacobs t al 2006, 
Környei et al 2007 

Extracellular 
nucleotides 

Increase number of proliferating cells Mishra et al 2006 

Ephrin (Eph-
A2) 

Negatively regulate NSC proliferation Holmberg et al 2004 

Chemokines 
(activating 
CXCR4, 
CCR3) 

Chemokines activating CXCR4, CCR3 inhibit 
neural precursor proliferation in isolated cells 
neurosperes and hippocampal slice culture 
by reduction of extracellular kinase 
phosporylation and increase of reelin 
expression. Chemokines promote survival of 
NPCs by maintaining them in quiescent 
state.  

Krathwohl et a 2004 

GABA GABA signalling between neuroblasts and 
astrocytes limit proliferation, thus 
contributing to the balance between 
amplification and mobilization of progenitors 

Liu et al 2005b 

Dopamine  Decreases proliferation Kippin et al 2005  
Serotonine Increases proliferation in hippocampus and 

SEZ 
Brezun et al 1999, 
Malberg et al 2000 

NO signaling Decreases proliferation in SEZ Packer et al 2003, 
Moreno-Lopez et al 
2004 

Glucocorticoid 
hormones 

Glucocorticoid receptors are expressed by 
NSCs and stimulation of the receptors in cell 
culture leads to reduced proliferation 

Sundberg et al 2006 

17β-estrogen Increases the proliferation of embryonic but 
not adult NSCs.  

Brännvall et al 2002, 
Martínez-Cerdeño et 
al 2006 
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e. Factors of cell-cell contact 

Cell-cell contact within the niche is important for neurogenesis in the niche. For 

instance, Lim and Alvarez-Byulla showed that cell-cell contact between SEZ 

precursors and astrocytes is necessary to support extensive neurogenesis (Lim and 

Alvarez-Byulla 1999). This effect might involve Ephrin ligands and their receptors, as 

it was found that Ephrin-A2 and EphA7 negatively regulate neural progenitor 

proliferation. Neural stem cells from mice lacking Ephrin-A2 in the SEZ have a 

shorter cell cycle, a higher proliferation rate, and generate more neurons in the 

olfactory bulb (Holberg et al 2004).  

Migrating neurons in the telencephalon express the ErbB ligand Neuregulin, 

Neuregulin activates ErbB receptor thus maintaining radial glial identity (Anton et al 

1997). In analyses where neuregulin was deleted, radial glial marker expression 

decreases, which could be rescued by addition of exogeneous neuregulin (Schmid et 

al 2003). Further this study showed that dominant-negative form of ErbB2 promotes 

premature differentiation of NSC´s into astrocytes. Additionally it was suggested that 

ErbB1 is a direct target of notch signalling. In vitro analysis suggested that neuregulin 

acts as a mitogen on neuron-restricted precursors (Liu et al 2005).  

 

 

f. Extracellular matrix 

The extracellular matrix / basal lamina is another important structure of the niche, it is 

composed of collagen-IV, nidogen, laminin, integrins, perlecan and heparan-

sulphate-glycan which are secreted from cells of the niche (Erickson and Couchman 

2000, Paulsson 1992, Timpl 1996) and contact all cell types of the niche. The basal 

lamina determines cell polarity, and modulates proliferation, survival and 

differentiation. It was suggested that it channels growth factors and cytokines that 

arrive via the vasculature to local stem cells and thereby affects neurogenesis 

(Mercier et al 2002). The basal lamina is also the base for the integrity of the 

structures of the niche. For instance, α6integrin is expressed by neural stem cells, 

binds to laminin, and this binding is necessary for the integrity of the RMS and the 

brain structure (Emsley et al 2003, Haubst et al 2006). β1-integrin is also required for 

NSC maintenance (Campos et al 2004), for progenitor proliferation, survival and 

migration (Leone et al 2005) and for the formation of the radial glia scaffold (Forster 
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et al 2002). In perlecan-null mutant mice, the subpallial forebrain develops poorly 

because of reduced cell proliferation, Shh signal decreases in the floorplate basal 

lamina, and there is a reduction of 50% of cells leaving the cell cycle. It was 

concluded that perlecan maintains the structure of the basal lamina and controls the 

response of the neuroepithelium to growth factors (Girós et al 2007). This shows that 

components of extracellular matrix are also critical for proper neurogenesis.  

 

1.5.2 Intrinsic cues 

Beneath extrinsic cues, it was suggested that stem cells maintain fundamental 

properties like the number of divisions, lineage potential and the order in which 

special types of daughter cells are generate, by intrinsic cues. Part of this information 

may originate from the initial regional patterning of the neural tube during 

development, which would be remembered by the stem cells. An argument 

supporting this hypothesis originates from a study where embryonic NSCs isolated 

from different germinal regions of the brain were shown to express markers of 

regional identity and to maintain this region-specific expression even after passaging 

(Hitoshi et al 2002). This regional identity is culture-resistant and the in vitro 

environment does not homogenize the cells (Seaberg et al 2005).  

Among crucial intrinsic determinants is the polycomb family transcriptional repressor 

Bmi-1, expressed by stem cells and sufficient for their maintenance (Molofsky et al 

2003). bmi-1 expression is turned off during differentiation and is not required for 

differentiation or proliferation of precursor cells (Molofsky et al 2005). Bmi-1 

represses transcription of p16Ink4a (a cyclin-dependent kinase inhibitor) and p19Arf 

(which promotes p53 activation), both genes which, from in vitro data are suspected 

to cause cellular senescence. Overexpression of bmi-1 prevents senecscence and 

extends the replicative lifespan of primary cells through the ink4a locus, which 

encoded p16 and p19Arf (Jacobs et al 1999, Dimitri et al 2002, Itahana et al 2003). In 

adult mice Bmi-1 maintains stem cells by repressing senescence that otherwise 

would cause depletion of the stem cell population in the adult brain (Molofsky et al 

2005).  

Hairy genes are also thought to be an important part of the cell intrinsic mechanisms 

maintaining NSCs. In zebrafish the basic helix-loop-helix transcription (bHLH) factor 

Her5 maintains a stem cell population at the midbrain-hindbrain boundary throughout 
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development and in adulthood (Geling et al 2003, Chapouton et al 2006). Similarly in 

mouse, the bHLH-Hairy factor Hes1 maintains stem cell properties in its expression 

domain within the neural tube (Bai et al 2007) and Hes5 was identified in multipotent 

neural stem cells (Basak et al 2007). In addition Hes5 and Hes3 are crucial in 

maintaining progenitor cells since deletion of all three hes-genes cause a loss of 

radial glia cells and premature differentiation into neurons (Ohtsuka et al 2001, 

Hatakeyama et al 2004, Hirata et al 2001).  

A number of other factors have been identified, which are listed in table 4.   

Table 4:  cell intrinsic factors 

MELK – maternal embryonic leucine zipper kinase, msi - musashi 

gene function publication 
Bmi-1 Promotes self-renewal of NSCs, prevents 

senescence 
Molofsky et al 
2003, 2005 

TLX Maintains adult NSCs undifferentiated, proliferative Shi et al 2004 
Sox2 attributing stem cell properties, required for 

proliferation and maintenance 
Ferri et al 2004, 
Episkopou et al 
2005 

neudesin Promotes neuronal differentiation in embryonic NSCs, 
inhibits differentiation of astrocytes and promotes 
self-renewal of NSCs 
expressed in neural precursor cells  

Kimura et al 
2006 

MELK In vitro necessary for NSC proliferation, MELK 
expression is cell-cycle regulated, inhibition of MELK 
downregulates B-myb.  

Nakano et al 
2005 

Msi-1 maintains NSCs, activates notch signalling through 
translational repression of Numb (notch signalling 
repressor).  

Sakakibara, 
Okano 1997, 
2005 

c-myb Regulates NSCs proliferation and maintains 
ependymal-cell integrity, intrinsic markers of NSCs 
(sox2, Pax6) are reduced in NSCs lacking c-myb.  

Malaterre et al 
2007 

β-catenin β-catenin essential for maintenance and proliferation 
of neuronal progenitors and delays maturation of 
radial glial cells into intermediate progenitors 

Zechner et al 
2003, Wrobel et 
al 2007 
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1.6  Cell cycle control in NSCs 

1.6.1 Cell cycle kinetics 

The cell cycle consists of four distinct cell cycle phases and each phase is 

regulated at the interstep of the cycle by several proteins. Cyclin-dependent kinase 

inhibitors (CKI) control progression of the cycle and are subdivided in two families 

Cip/Kip family (p21, p27, p57) and INK4 family (p15, p16, p18, p19). Cell cycle exit is 

promoted by CKIs by stopping progression of the G1-phase by blocking 

phosphorylation of cycle promoting kinases (Figure 6A). For example disruption of 

p21KIP1 causes increase of cell proliferation accompanied with an increase in brain 

size (Fero et al 1996). Fate decisions whether a cell will become a neuronal or a 

oligodendrocytic progenitor is decided when the cell is still in cycle (see intrinsic and 

extrinsic cues, figure 6B), but other decisions like which neuronal cell type the 

precursor will give rise to is decided when the cell is postmitotic. Although the cell 

cycle is inhibited with inhibitors of DNA synthesis all neuronal cell types in the retina 

were formed (Harris et al 1991).  
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Figure 6: cell cycle regulatory mechanisms 

A basic mechanism of the cell cycle is shown in this scheme with the key checkpoints 

and its regulators. B influences of determination / differentiation factors on the cell 

cycle, for some factors the targets are not yet known.  

(after Ohnuma et al 2001) 

 

To follow kinetics of cell cycle experimentally two different techniques are combined. 

One way to find proliferating cells is to apply nucleoside analogon (BrdU or [3H]-

Thymidine) which are incorporated into the DNA and can be detected afterwards with 

immunohistochemistry or autoradiography. Another way is to analyse endogenous 

cell cycle proteins with immunohistochemistry. Several antibodies working well in 

mouse can be used in zebrafish, eg PCNA, MCM5, phospho-Histone 3 (pH3) see 

table 5.  
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Table 5: proliferation markers that can be used in zebrafish 

MCM5 - minichromosome maintenance protein5, pH3 – phospho-Histone3, PCNA – 

proliferating cell nuclear antigen 

factor function publication 
PCNA Auxiliary protein of polymerase δ, has been described 

as sliding clamp 
Leung et al 
2005, Kelman 
1997 

MCM5 Part of the MCM complex known as replication 
licesing complex functioning as relicative helicase. 
MCMs are throughout the cell cycle located in the 
nucleus.  

Ryu et al 2005, 
2006, Blow et al 
2002, Forsburg 
2004 

pH3 Phosphorylation of Histon3 on Ser10 is correlated 
with the transition of G2- / M-phase and is correlated 
with chromatin condensation in M-Phase, 
dephosphorylation occurs rapidly after leaving M-
phase.  

Juan et al 1998, 
Hendzel et al 
1997 

   

1.6.2 Interkinetic nuclear migration 

Cell cycle in the neural tube and the cortex of rodents has been shown to undergo 

'interkinetic nuclear migration' (INM, Sauer 1935, Takahashi et al 1993, figure 7) also 

called 'elevator movement' of the nucleus because the nucleus of the dividing NSC is 

found at different positions of the cortex/ neural tube at different stage of the cell 

cycle (Fujita 1960, Fujita 2003). Each phase of the cell cycle corresponds to a certain 

position during interkinetic nuclear migration: G1-phase (G stands for gap) - the cell 

prepares to replicate DNA and the nucleus is moving upwards to the pial zone, S-

phase (S stands for synthesis) – replication of DNA and the nucleus is found in the 

outer zone of the ventricular zone, G2-phase – the cell prepares to physically divide 

and the nuclei move towards the ventricular zone, M-phase (M stands for mitosis) - 

the cell is dividing at the ventricular side of the neural tube / cortex. Is the cell dividing 

asymmetrically, then the generated postmitotic cell is migrating to the outer layers of 

the cortex/neural tube. It was measured that one cell cycle in mouse embryonic 

neocortex at E13 takes 2,2 hours and that this length increase during development 

(Hoshino et al 1973, Cai et al 1997) via a lenghthening of the G1 phase (Takahashi 

et al 1995). In the adult mouse, SGZ precursors need 12-14 hours and in adult rats 

24,7 hours to pass through one cell cycle (Mandyam et al 2007).  

In zebrafish it was shown that during retinogenesis, the pattern of interkinetic nuclear 

migration during the last cell cycle influences cell fate decision. In detail, 
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neuroepithelial cells that undergo greater basal nuclear migration during their last cell 

cycle are generating neurons (Baye and Link 2007).  

 

Figure 7: nuclear migration of radial glia cells 

The position of the nucleus differs at different stages of the cell cycle. The cell dividing 

(grey cell) can undergo either symmetric or asymmetric division, the generated cell 

can either be of the same fate or of a different fate. (after Yoshikawa et al 2000) 

 

 

1.7  Asymmetric cell division 

The generation of neurons and oligodendrocytes from neural stem cells 

requires that the NSC is dividing asymmetrically giving rise to a cell that is leaving the 

cell cycle and activating programs of differentiation and migration to leave the 

proliferative niche, a mechanism proposed to insulate already specified prognitors 

from extrinsic cues in the stem cell niche (Edlund and Jessell 1999). In this context 

tight control of cell cycle exit and differentiation is needed, which is achieved by 

multifunctional proteins interacting with cell cycle components and factors regulating 

neurogenesis (Ohnuma et al 2001). During the switch from proliferative to neuron-

generating division, the G1-phase of the cell cycle is lengthened (Takahashi et al 

1995, Calegari et al 2005). 

Self-renewal of Neural stem cells is achieved either by symmetric division of neural 

stem cells which generate two daughter cells of the same progenitor fate (symmetric 

proliferative division) or by asymmetric division where the neural stem cells generate 

two daughter cells of different fate, one cell inheriting the progenitor fate and the 
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other acquiring a differentiated fate (neuronal, oligodendrocytic, or astrocytic). During 

development, neuroepithelial cells first undergo symmetric proliferative divisions 

(Rakic 1995, McConnell 1995) followed by many asymmetric self-renewing divisions 

which give rise to neurons or intermediate progenitors. Intermediate progenitors then 

follow symmetric differentiative divisions to generate two neuronal cells. These 

divisions were shown to happen by analysing retroviral lineage tracing experiments 

(Gray et al 1988, Price et al 1988, Luskin et al 1988, Grove et al 1993, Kornack et al 

1995, Mione et al 1997, Reid et al 1997) and by in vivo in time-lapse imaging on 

brain-slices (Chenn et al 1995, Noctor et al 2001, Miyata et al 2001, Noctor et al 

2004, Haubensak et al 2004, Miyata et al 2004) or on isolated cells in culture (Qian et 

al 1998, 2000, Shen et al 2002, Götz et al 2002, Kriegstein and Götz 2003, Fishell 

and Kriegstein 2003).  

Apical-basal polarity of the radial progenitor is an important basis for the symmetric or 

asymmetric division, since equal or unequal distribution of cellular components into 

the daughter cells might influence their fate decision. It has been proposed that 

vertical cleavage planes (perpendicular to the ventricular surface) result in symmetric 

proliferative divisions, because cell components and the ventricular membrane 

components are equally distributed to the daughter cells. In contrast, horizontal 

cleavage planes (parallel to the ventricular surface) result in asymmetric neurogenic 

divisions, because apical components are inherited by the ventricular daughter cell 

and basal components (e.g. Notch1, Chen et al 1995) by the other daughter cell, 

hence the resulting cells from such a division are unequal. Since horizontal cleavage 

planes are a rare event (Smart 1973, Landrieu et al 1979, Kosodo et al 2004), it was 

postulated that the amount of apical membrane inherited may be the crucial criteria 

to distinguish the division types (Huttner and Brandt 1997). Indeed, vertical cleavage 

planes in radial progenitors can either bisect or bypass the apical ventricular 

membrane, which is only a minor fraction of the total membrane of the cell (1-2%).  

 

Analysing cellular components that are transiently expressed and function during 

division help to understand the mechanisms underlying the switch from symmetric 

proliferative divisions to asymmetric neuron production and why and how stem cells 

are maintained into adulthood. In the following I introduce crucial components that 

helped elucidating the modes of division in rodents.   
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1.7.1 Prominin 

prominin1 was first described as being expressed on the apical surface of 

mouse neuroepithelial stem cells (Weigmann et al 1997) and in hematopoeitic stem 

and progenitor cells (Miraglia et al 1997). Additionally it was found in the adult in 

many other epithelia, in myelin (Joester et al 2000), rod photoreceptor cells (Maw et 

al 2000), brush border membrane of kidney proximal tubules (Weigmann et al 1997) 

and in the gut and lung (Corbeil et al 1998, Miraglia et al 1998). Prominin1 is a 

multispan membrane protein of approximately 115kDa with an N-terminal 

extracellular domain, five transmembrane domains flanking two short cytolasmic 

loops, and two large extracellular loops (over 250 residues each), and a cytoplamic 

C-terminal (figure 8). The protein harbours eight potential glycosylation site. It is 

conserved among species, and prominin-like molecules were identified in mouse, 

human, chick, fish, fly, and C.elegans (Weigmann et al 1997, Corbeil et al 2000, 

2001, Fargeas et al 2003, Walsh et al 2007). Different splice variants were separated 

in different tissues (Fargeas et al 2004, Shmelkov et al 2004). Prominin1 is 

selectively associated with microvilli and other membrane protrusions rather than the 

planar portion of the membrane (Weigmann et al 1997, Corbeil et al 1999). This 

specific localization is not dependent on the epithelial phenotype since ectopic 

expression of prominin1 in fibroblasts results in localisation in membrane protrusion 

of these cells (Weigmann et al 1997). The retension of prominin1 in the membrane 

protrusions involves a specific cholesterol-based lipid microdomain, referred to as 

Luberol raft, in which prominin1 interacts with cholesterol (Röper et al 2000). How 

this specific domain is created is not known. This specific subcellular localisation 

gave the name to the gene from latin prominere - to be prominent. 

 

Figure 8: membrane topology of prominin-1 

(from Fargeas et al 2003) 
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The function of Prominin1 in neural stem cells remains unclear, and neither ligands 

not intracellular interaction partners are known. The only functional hint for Prominin1 

come from a human autosomal recessive retinal degeneration (Maw et al 2000). 

Patients suffering from this degeneration have a single nucleotide deletion in the 

prominin gene, leading to a frameshift mutation resulting in a truncated protein which 

lacks half of the second extracellular loop, the fifth transmembrane domain and the 

cytoplasmic tail. The truncated from of Prominin1 is not translocated to the cell 

surface, causing retinal degeneration possibly due to impaired generation of the 

evaginations or impaired conversion of the evaginations to the disk of the rod 

photoreceptor cells (Maw et al 2000).   

Kosodo and colleagues analysed symmetric versus asymmetric mode of division by 

using Prominin1, as a marker for the apical membrane and cadherin as a marker for 

the basal membrane of the neuroepithelial cells. Both markers are not overlapping 

(Kosodo et al 2004). They found that, in asymmetric dividing cells (marked by 

Tis21:gfp), see below, the apical part (prominin-positive, cadherin-negative) of the 

membrane is inherited asymmetrically, while symmetrically dividing cells share the 

apical membrane between daughter cells. Additionally they found that the apical 

membrane decreases in size during asymmetric division. Recently, it was reported 

that neural progenitors release particles (prominosomes) into the ventricle of the 

brain, and that these are prominin1 positive (Marzesco et al 2005). Prominosomes 

are released by the midbody and the primary cilium of neural progenitors and it was 

proposed that this influences the balance of proliferation versus differentiation in the 

neural stem cells (Dubreuil et al 2006).  

 

1.7.2 BTG2 (B-cell translocation gene 2) 

btg2 also called pc3, tis21 (TPA inducible sequence 21), was isolated as an 

early response gene from fibroblasts treated with the mitogen TPA (Fletcher et al 

1991). It belongs to a family of antiproliferative proteins that are involved in negative 

regulation of the cell cycle (Rouault et al 1992, Guehenneux et al 1997, Tirone 2001). 

Btg proteins are characterised by two domains (boxA and boxB) highly conserved 

among species (Tirone 2001, Lim 2006). The zebrafish btg2 gene contains both 

boxes and is highly similar to btg2 genes of other species (Sakaguchi et al 2001). 
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btg2 is composed of two exons, the open reading frame is 2040 nucleotides long and 

codes for a 17kDa protein (Fletcher et al 1991). Btg2 protein is located in the 

cytoplasm and is postulated to be a secreted protein (Bradbury et al 1991). It has a 

half life of 15 minutes (Varnum et al 1994) and is degraded by the ubiquitin-

proteasome system (Sasajima et al 2002). Therefore most of the studies analyse 

btg2 expression and function on the RNA level.  

 

Table 6:  interaction partners of BTG2  

protein Function  reference 
p53 Btg2 is a transcriptional target gene of p53, 

and it harbors a p53 response elements in its 
promotor. p53 induces btg2 expression in 
response to DNA damage 

Rouault et al 1996, 
Cortes et al 2000, 
Duriez et al 2002 

Pin-1 Pin1 is a peptidyl prolyl cir/trans –isomerase 
located in the cytoplasm of a cell. 
Phosphorylation of Ser147 and Ser149 in BTG2 
by Erk1/2 increases the binding of BTG2 to 
Pin1, thereby Pin1 is translocated from the 
nucleus to the cytoplasm. Concurrently, 
mitochondrial depolarisation and cell death 
occur.  

Hong et al 2005 

PRMT1 PRMT1 is a protein arginin 
methyltransferase. It was proposed that 
arginin methylation is a maturation signal. 
Btg2 contributes to RA activity by favoring  
differentiation through the modification of 
Histone H4 argine methylation and 
acetylation levels. 
Growth inhibition in vitro is mediated by 
upregulation of BTG1 and BTG2 and results 
in an activation of PRMT1.  

Lin et al 1996, Passeri 
et al 2006, Hata et al 
2007 

mCAF1 
(=hCCR4), 
hPOP2 
(paralog of 
hCCR4) 

CAF1 is a deadenylase mediates the first 
step in mRNA degradation. Interaction is 
mediatd by boxB of BTG2 sequence, CAF1 
(deadenylase function) is a transcriptional 
regulatory complex and it was proposed that 
interaction of both proteins can positively or 
negatively regulate ERα function.  

Rouault et al 1998, 
Prevot et al 2001 
Morel et al 2003 

Hoxb9 BTG2 acts as a transcriptional cofactor for 
HoxB9, thereby enhancing its transcriptional 
activation potential was suggested that the 
interaction mediates antiproliferative function 
of BTG2.  

Prevot et al 2000 

CyclinD1 BTG2 impairs G1-S phase transition by 
inhibiting pRb function which is a 
consequence of reduction of CyclinD1 levels. 

Guardavaccaro et al 
2000 
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BTG2 acts directly or indirectly as 
transcriptional regulator of CyclinD1 

Cdc2 Residues 130-158 of BTG2 are required to 
inhibit Cdc2 activity, by this inhibition BTG2 
arrests the cell in M-phase since Cdc2 
triggers G2/m-phase transition.  

Ryu et al 2004 

CyclinE + 
Cyclin 
dependent 
kinase 4 

BTG2 downregulates expression of both 
cyclins in the absence of pRb function, 
resulting in inhibition of G1/S-phase 
trasnition 

Lim et al 1998b 

 

Many functions have been reported for Btg2, reflected by the interaction of Btg2 with 

multiple partners listed in table 6. Btg2 is described to be a transcriptional co-

regulator (Rouault et al 1998, Prevot et al 2001, Morel et al 2003), a differentiation 

and apoptotic factor in neurogenesis (differentiation: Canonziere et al 2004, Corrente 

et al 2002, el-Ghissassi et al 2002, Iacopetti et al 1999, Calegari et al 2005, Kosodo 

et al 2004, Haubensak et al 2004), an apoptotic factor: Canonziere et al 2004, el-

Ghissassi et al 2002, Wang et al 1997), a key mediator of stage-specific expansion of 

thymocytes, a negative regulator of hematopoietic progenitors (Konrad and Zuniga-

Pflucker 2005, Oswald et al 2005), a tumor suppressor (Lim et al 1995), a pan-cell 

cycle regulator (controlling G1/S arrest in pRb dependent and independent manner 

(Guardavaccaro et al 2000, Lim et al 1998a), G2/M arrest and cell death (Ryu et al 

2004, Hong et al 2005)), a developmental regulator (vertebrate patterning in mouse 

(Park et al 2004), paraxial mesoderm in zebrafish (Sakaguchi et al 2001), and early 

neurogenesis and notochord development in Xenopus (Sugimoto et al 2005, 2006)).  

 

In Xenopus early neural development, the relationship between cell proliferation and 

apoptosis was analysed using XBTG2. xbtg2 expression was found at midgastrula 

stage at the edge of the anterolateral neural plate (the neural crest region), and at 

tadpole stage in the eyes and in parts of the neural tube. Inhibition of xbtg2 

expression leads to defects in anterior neural development and to impaired eye 

formation, via altered expression of SoxD and Zic3 at midgastrula stages, and 

decreased in En2 Otx2 and Rx1 gene expression. Additionally, this study showed 

that depletion of xbtg2 leads to increased proliferation and apoptosis, although these 

defects appear unlinked to neural plate patterning changes (Sugimoto et al 2006).  

In rodents, btg2 expression is found in the neural tube ventricular zone. It starts at 

the onset of neurogenesis, is confined to a subpopulation of neuroepithelial cells that 
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increase during progression of neurogenesis, and it is not detected in newborn 

neurons (Iacopetti et al 1999). In ventricular cells, btg2 expression is transient during 

the cell cycle, starting in G1 phase and being switched off at the G1-S-phase 

transition. However the protein is detectable throughout the cell cycle and inherited 

by the newborn neuron (Iacopetti et al 1999, figure 9). It was suggested that BTG2 

can be used as a marker of neuron-generating divisions (Iacopetti et al 1999, 

Malatesta et al 2000b), as it is expressed in both ventricular neuroepithelial cells as 

well as in basal prognitors, thus in all neuron-generating precurors (Haubensak et al 

2003). 

Artificial lengthening of the G1-phase with a drug (Olomoucine) that inhibits 

progression of G1-phase, leads to premature expression of btg2 and to premature 

neurogenesis (Haubensak et al 2003).  

 

Figure 9: BTG2 expression in dividing neuroepithelial cells 

(after Iacopetti et al 1999) 

 

 

1.7.3 Minibrain 

Minibrain (Mnb) or dual-specificity tyrosine - phosphorylated and regulated 

kinase 1A (Dyrk 1A) is member of a family of serine / threonine kinases initially 

identified in flies where mutant flies exhibit a reduced brain size and smaller adult 

optic lobes. This is caused by a abnormal spacing of neuroblasts and a reduction in 

the production of neuronal progeny (Tejedor et al 1995). Seven closely related 
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mammalian homologous kinases have since been isolated that contribute to the 

same family, Dyrk1A, Dyrk1B, Dyrk2, Dyrk3, Dyrk4A, Dyrk4B (Guimera et al 1996, 

Becker et al 1998). The human Mnb full length cDNA is 5.2kb long and composed of 

17 exons. Alternative splicing affecting the C-terminus of the protein yields four 

isoforms. The sequence harbors a PEST-sequence, involved in rapid degradation of 

the protein, a histidine repeat and a serine/threonine domain (Guimera et al 1999). 

The human homologue maps to chromosome 21 within the Down syndrome (DS) 

critical region, human patients suffering from DS overexpress Mnb 1.5 fold. The most 

debilitating feature of DS is severe mental retardation (Guimera et al 1996), and 

interestingly, mnb mutant flies also exhibit learning and memory defects (Heisenberg 

et al 1985, Tejedor et al 1995). Similar to Drosophila Mnb mutants, human DS brains 

are smaller than normal brains and they have decreased number of neurons in 

distinct regions of the brain (cerebellum, hippocampus, cholinergic neurons of the 

basal forebrain, and granular layer of the cerebral cortex (Guimera et al 1999)). 

Transgenic mice that overexpress Mnb exhibit symptoms similar to DS, including 

neurodevelopmental delay, cognitive deficits, and significant impairment in 

hippocampal-dependent memory tasks (Altafaj et al 2001, Ahn et al 2006).  

In chick, mnb was found to be expressed before the onset of neurogenesis in three 

area where neural progenitors reside: in the neuroepithelia of the neural tube, in 

neural crest and cranial placodes (Hämmerle et al 2002). minibrain precedes and 

widely overlaps with the expression of btg2: mnb expression starts in M-phase, 

continues in G1-phase and stops before S-phase. The Mnb protein persists during S-

phase and G2-phase, but is downregulated to very low levels before the next mitosis 

(Hämmerle et al 2002).  mnb is expressed in progenitors two cell cycles before birth 

of the neuron (Hämmerle et al 2002). The mnb RNA is asymmetrically inherited by 

daughter cells upon cell division of neuroepithelial cells, it is localized as a dot on one 

side of the cell, and the daughter cell inheriting mnb RNA will become the neuronal 

cell upon division (Hämmerle et al 2002, figure 10). In later stages of development at 

the time of dendritic tree development, a second wave of mnb expression was found 

restricted to certain populations of neurons (Hämmerle et al 2003). There, mnb 

expression is initiated by a transient translocation from the cytoplasm to the nucleus, 

and afterwards the protein is transported to the growing dendritic tree where it 

colocalises with Dynamin, a putative substrate of Mnb. At this later stages, Mnb is 

most probably involved in the signalling mechanism that regulates dendrite 
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differentiation (Hämmerle et al 2003). Together, it was suggested that BTG2 and Mnb 

are useful markers for asymmetric neuron-generating division in neuroepithelial cells.   

 

Figure 10: Minibrain expression in dividing neuroepithelial cells 

Minibrain is expressed (green dot) two cell cycles before the postmitotic neuron is 

generated from the cell arising from the part of the neuroepithelial cell where mnb 

RNA reside during symmetric, proliferative division of neuroepitelial cells. The 

generated neuroepithelial cell that expressed Mnb protein (green cell) will give rise by 

symmetric, proliferative division to two progenitor cells (yellow cells) that will divide 

asymmetric, neurogenic generating one postmitotic neuron and one progenitor.  

 

 
 

1.8  bHLH factors, progenitor maintenance and lateral 

  inhibition  

Cell proliferation and differentiation is orchestrated by antagonistic regulation 

of basic helix-loop-helix activators and repressors. Especially Hes (in mouse)/ Her (in 

zebrafish) factors play essential roles by maintaining progenitors and by regulating 

cell fate decisions.  

 

1.8.1 Structure and functional domains of bHLH factors 

The bHLH family of transcription factors is characterised by several functional 

domains: bHLH factors contain an N-terminal basic domain, mediating DNA binding 

(Murre et al 1994) by fitting into the main groove of the DNA, followed by a helix-loop-

helix domain that consists of two α-helices connected by a loop domain of various 

length, mediating dimerisation (Ferre-D’Amare et al 1993, figure 11). Ten residues of 



 36 

the bHLH domain contact the DNA, where seven are located in the basic domain and 

three are located in the HLH domain. Nine out of the ten resides are highly 

conserved among the different families of bHLH proteins and bind to specific 

hexanucleotide motifs (Bertrand et al 2002). bHLH factors can dimerise as homo- or 

heterodimers to perform their function as DNA-binding proteins (Ferre-D’Amare et al 

1993, Ellenberger et al 1994, Ma et al 1994). 

 

Figure 11: structure of a bHLH transcription factor dimer 

Two α-helices of two bHLH partners form a four-helix bundle. helix1 – yellow, helix2 – 

red, basic domain of helix1 - orange (after Ferre D’Amare et al 1993) 

 

bHLH factors can be subdivided into four monophyletic groups (A, B, C and D), 

based on their structure, biochemical features and biological function (Fisher and 

Caudy 1998, Iso et al 2003, Massari and Murre 2000, Ledent and Vervoort 2001). 

Group A proteins (see table 7) bind to consensus DNA sequence CANNTG (E-box, 

Murre et al 1989, van Doren et al 1992) and function as transcriptional activator (van 

Doren et al 1992). Group B proteins are able to bind to both, E-box sequences and 

N-boxes (CACNAG, Akazawa et al 1992, Sasai et al 1992), and act as transcriptional 

repressors (Fisher and Caudy 1998, Davis and Turner 2001). This group is 

subdivided into subgroups according to the presence or absence of an additional 

Leucine-Zipper domain necessary for dimerization (Henriksson and Luscher 1996, 

Facchini and Penn 1998) and on the presence or absence of a proline in the basic 

domain (Hairy/E(Spl)). Group C proteins are members of bHLH-PAS family (Crews 

1998), in which the PAS domain mediates dimerization. These proteins bind to only 5 

nucleotides on the target sequence (ACGTG or GCGTG). Group D proteins lack the 

basic domain and therefore are not able to bind to DNA (Benezra et al 1990, Ellis et 

al 1990), rather they function as binding partners for other bHLH factors that 
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subsequently are no longer able to bind DNA. Hence, they act as inhibitors of group 

A proteins (van Doren et al 1991, 1992).  

 

Table 7: subdivision of bHLH factors in monophyletic groups  

(after Fisher and Caudy 1998) 

group Structural features Biochemical activity Examples 
DNA consensus 

sequence 

A bHLH transcriptional activator MyoD, Mash E-box 

B bHLH 

 

conserved proline 

in basic domain 

transcriptional repressor 

 

transcriptional repressor 

Myc,Max 

 

Hairy, E(Spl), Hes 

Esr, her 

E-box 

 

E-box  and N-box 

C bHLH-PAS unknown Sim, ARNT ACGTG 

GCGTG 

D HLH Antagonists of group A Id, Emc No binding 

 

1.8.2 Functional domains of Hes/Her factors 

Three functional domains are present in all Hes/Her factors: the bHLH domain, 

the orange domain and the WRPW domain. As described above the bHLH domain 

consists of the basic domain for DNA binding and the HLH domain for dimerization. 

In contrast to other bHLH factors, Hes/Her factors harbor a proline residue in the 

middle of the basic domain, which is proposed to confer a unique DNA-binding 

activity. Hes/Her factors bind to DNA of target genes at N-boxes or at the C-site 

consensus sequence (Akazawa et al 1992, Sasai et al 1992). The orange domain 

harbours two amphipathic helices and regulates selection of the dimerization partner 

(Dawson et al 1995, Taelman et al 2004). The C-terminal WRPW domain (Trp-Arg-

Pro-Trp peptide sequence) triggers transcriptional repression via binding of 

transcriptional corepressors such as groucho and acts as polyubiquitylation signal 

(Kang et al 2005). Hes/Her factors are ubiquitylated and degraded by the 

proteasome very quickly, a half-life time of about 22 minutes was measured for Hes1 

in cultured C2C12 cells (Hirata et al 2002). Hence, some Hes/Her factors act as 

repressors and oscillators, in particular during the formation of repeated structures 

such as the somites.  
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1.8.3 Mode of action of Hes/Her factors 

Hes/Her factors repress transcription at least by two different mechanisms: 

active and passive. 

Active repression (figure 12A) is mediated by the interaction of Hes/her factors with 

TLE (transducin-like Enhancer of split)/Groucho-related proteins that can bind to the 

WRPW domain of Hes/her factors (Fisher et al 1996, Grbavec and Stifani 1996, 

Grbavec et al 1998). In Drosophila, Groucho inhibits transcription by recruiting 

histone deacetylases (Chen et al 1999, Chen et al 2000). Chromatin state, either 

euchromatin or heterochromatin, is dependent on acetylation. Acetylation of the N-

terminal histone tails results in relaxation of the nucleosome by decreasing the 

interaction of the positively charged histone tails with the negatively charged 

phosphate backbone of the DNA. The reverse reaction takes place in the 

deacetylated state, where histone packages the DNA into condensed chromatin, thus 

preventing access of transcriptional activators to their target sites, resulting in 

transcriptional repression (Hsieh and Gage 2004b). It is likely that Hes/Groucho-

homolog complexes likewise inhibit transcription by inactivating chromatin, as 

demonstrated in mammalian cell culture (Sekiya et al 2007).  

Passive repression (figure 12B) is achieved by Hes/Her factors forming heterodimers 

with bHLH activators that bind to E-boxes. Heterodimers of activators and repressors 

cannot bind to DNA, hence Hes/Her factors display a dominant-negative effect on E-

box-binding bHLH activators.    

Figure 12:  Passive and Active repression of Hes/Her factors 

A The factors bind to the N-box by forming homodimers (left panel) or heterodimers 

(right panel) and actively repress transcription by interacting with cofactors such as 

groucho. B Hes factors form non-DNA-binding heterodimers with bHLH activators and 

inhibit transcriptional activation. C bHLH activators form heterodimers that bind to the 

E-box and activate transcription. (after Kageyama et al 2007)  
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1.8.4 Hes1 and Hes5 / Her factors maintain progenitor 

pools 

The important role of Hes/Her factors in neural development was first revealed 

in Drosophila where it was shown that Hes/Her homologs, the E(Spl) complexes 

negatively regulate neurogenesis (Knust et al 1987). In mouse Hes1 (zebrafish 

ortholog her6, Pasini et al 2001) and Hes5 are expressed in ventricular zone 

throughout the telencephalon (Akazawa et al 1992, Sasai et al 1992) where they 

keep progenitor cells in an undifferentiated state and prevent them from 

differentiation (Ohtsuka et al 2001). In the absence of Hes1 and Hes5 radial glia cells 

are not maintained and prematurely differentiate into neurons. In triple mutants for 

Hes1 Hes3 and Hes5 (Hes1 and Hes3 are expressed in the neuroepithelium and 

Hes1 and Hes5 are expressed in radial glia cells at a later timepoint when Hes3 is 

not expressed any more) the neuroepithelium is formed correctly but differentiated 

completely into the early-born neuron types. All later-born neuron types are 

completely depleted (Hatakeyama et al 2004). This is accompanied by a upregulation  

of proneural genes like Mash1 and Ngn1, indicating a lack of inhibition of proneural 
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genes (Hatakeyama et al 2004, Fischer and Gessler 2007). Since, mash1 is a direct 

target gene of Hes1 (Chen et al 1997).This shows that Hes-genes are involved in 

maintaining neural progenitors, ensuring that enough progeny cells are generated 

and with a proper identity.   

In zebrafish the Hairy/Enhancer-of-split factor Her5 identifies a neural progenitor 

population throughout development into adulthood (Tallafuß et al 2003, Chapouton et 

al 2006). This population is located at the MHB and, in adult fish, Her5-positive cells 

were shown to display the morphology of progenitors, to be slow proliferating (cell 

cycle mode of adult neural stem cells), to express markers of progenitors and give 

rise to neurons and oligodendrocytes in vivo (Chapouton et al 2006).  

 

Table 8:  comparison between zebrafish and mouse Hes/Her factors 

Zebrafish her 
genes 

Notch dependency of zebrafish her genes Mouse homologues 

her1  activated (Takke et al 1999b) Hes7 
her2 ? Hes5 
her3  
 

inhibited (Bae et al 2005) Hes3 

her4.1  
her4.2 

activated (Takke et al 1999a) Hes5 

her5  
 

inhibited (Geling et al 2004)  

her6 inhibited (Hans et al 2004) Hes1 
her7 activated (Oates and Ho 2002) Hes7 
her8.1 ? 
her8.2 ? 

Hes6 

her9  
 

inhibited  
(Latimer et al 2005, Bae et al 2005, Hans et 
al 2004) 

 

her11 activated (Sieger et al 2004) Hes7 
her12 activated (Shankaran et al 2007) Hes5 
her13.1 
her13.2 

inhibited (Gajewski et al 2006) Hes6 

her15a 
her15b 

activated (Shankaran et al 2007) Hes5  
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1.8.5 E(Spl) factors are general effectors of notch 

signaling 

Proneural genes are initially expressed in groups of equivalent 

neuroectodermal cells, through lateral inhibition this pattern becomes refined and 

proneural gene expression is restricted to single cells that enter differentiation 

pathway (figure13) (Artavanis-Tsakonas et al 1999, Chitnis et al 1996, Lewis et al 

1998, Fischer and Gessler, Kageyama et al 2007). Lateral inhibition starts with a 

difference of notch signalling in cells within the proneural cluster. Expression of the 

Notch ligand Delta in the future neural progenitor cell results in the activation of Notch 

signalling cascade in the neighbouring cell. Activation of the Notch signalling cascade 

results in the expression of repressors (E(Spl) factors) that downregulates expression 

of differentiation factors (proneural genes). Through lateral inhibition the pattern of 

cell types within a cell cluster becomes refined. Supporting results for this theory 

came from analysis of mouse telencephalon where cells expressing Delta1 and no 

progenitor markers remain in close contact with radial glia processes (Campos et al 

2001). The intracellular aspects of notch signalling are not completely elucidated. But 

for example recently it was shown that notch is upregulating ErbB2 receptor in radial 

glia cells (Patten et al 2003). 

 

Figure 13: mechanism of lateral inhibition in neuronal commitment 

A Clusters of neuroectodermal cells initially express proneural genes and the notch 

ligand Delta at similar levels. Through lateral inhibition in one cell (neural progenitor) 

Delta becomes upregulated by proneural genes and in the other cell (neighbouring 

cell) proneural genes are downregulated by notch signalling. As a result elevated 

levels of proneural genes in the future neural progenitor leads to repression of 

proneural genes in the neighbouring cell. In a feedback loop downstream targets of 

the proneural genes repress notch activity in the neural progenitor and increase 

expression of proneural genes. Thus fixing and maintaining the situation in the neural 

progenitor. B in the neural progenitor cell proneural genes are expressed at high 

levels. High levels of proneural genes initiate the neural differentiation process. In the 

neighbouring cell notch signalling prevents expression of high levels of proneural 

genes, which represses neural differentiation.   

(after Bertrand et al 2002) 
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Notch1 is a cell surface protein, involved in the control of cell fate choice in the 

developing CNS (Lewis 1998). The role of Notch in later progenitor cells have been 

extensively studied but remains only partially understood. In vivo it is shown that 

Notch1 promotes radial glia morphology and upregulates BLBP (Gaiano et al 2000), 

hence maintaining NSC’s (Gaiano et al 2000, Gaiano and Fishell 2002). It is believed 

that newborn neurons migrating along radial glia processes express increased levels 

of the Notch ligand Delta, thus activating Notch in the radial glia (cleavage of NICD). 

The Notch signalling cascade in NSCs result in the expression of repressors 

(Hes/Her factors in vertebrates) that directly downregulate proneural gene 

expression, thus Hes/Her factors are downstream targets of notch but they are also 

positive effectors of notch signalling (Ohtsuka et al 1999). Among the large number 

of Hes/Her factors not all of them are dependent on Notch signalling, some are 

unaffected from Notch signaling and loss-of-function of notch has no effect on their 

expression, e.g. her5 in zebrafish (Geling et al 2004).  

Notch1 expression is negatively regulated by Hes-genes, suggesting that NSC’s 

undergoing asymmetric division express Notch1 whereas symmetric dividing NSC’s 

do not. Notch1 is a key factor for the switch from symmetric to asymmetric division in 

mouse development and this process is negatively regulated by Notch1-independent 

Hes-genes (Hatakeyama et al 2006).   



 43 

 

1.9 Differentiation cascades 

1.9.1 neuronal differentiation 

In rodent CNS neurogenesis commences around E12, peaks at E15 an 

decreases around birth (Qian et al 2000).  

In rodents the initial phase of neuron generation involves the rapid proliferation of 

neuronal progenitors (neuroblasts) through symmetric division in which a cell gives 

rise to two identical daughter cells. The restriction of progenitor cells to the neuronal 

lineage requires the activity of proneural bHLH factors and involves coordinated 

increase of proneural bHLH factors and a decrease of Hes and Id repressor factors. 

Since these factors antagonize each other their activities initiate a cascade of 

neuronal differentiation, mediated by two groups of factors: proneural genes (Ngns 

and Mash) involved in initiating neurogenesis by triggering neuronal commitment, 

and cell cycle exit and neuronal differentiation factors (NeuroD) involved in terminal 

differentiation process.  

Among the Hes/her factors Hes6 also promotes the differentiation of neural 

progenitors, it is expressed in undifferentiated progenitors and differentiating 

neurons. Hes6 inhibits function of Hes1 by inhibiting interaction of Hes1 with Gro/TLE 

and promotes degradation of Hes1 (Bae et al 2000, Gratton et al 2003).  

proneural factors in mouse are Ascl1, Ngn1 and 2, Math1 (in zebrafish  zash 1a and 

1b, ngn1 and zath). In Mash1-knockout mice, the decrease in proneural gene activity 

causes a loss of progenitor cells in the ventral telencephalon (neuroblasts) and 

resulting in a loss of gabaergic neurons in the cortex (Casarosa et al 1999). In Ngn2, 

Mash1 double mutants the phenotype is more severe and progenitors (neuroblasts) 

are lost in ventral and dorsal telencephalon with dramatic loss of cortical neurons 

(Fode et al 2000). When Ngn2/Mash1 knockout progenitors are cultured, the colonies 

contain significantly more astrocytes and only few neurons (Nieto et al 2001). Thus 

proneural bHLH factors are required for the specification of neural precursors during 

initiation of neurogenesis.    

Proneural factors induce expression of differentiation bHLH genes of the NeuroD/Nex 

family (Farah et al 2000, Miyata et al 1999). They are expressed in immature neurons 

and differentiated neurons (Lee et al 2000b). Further proneural factors are also 
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involved in the inhibition of glial differentiation, both by the sequestration of gliogenic 

transcription complex away from target promoters and by the inhibition of expression 

of gliogenic signalling components of the JAK/STAT pathway (He et al 2005, Sun et 

al 2001). Newborn neurons express a series of transient markers, such as Dcx 

(doublecortin), CRMP4 (collapsing response mediator protein 4), PSA-NCAM 

(polysialic acid-neural cell adhesion molecule) and calretinin (Seki et al 1993, Brandt 

et al 2003, Seri et al 2004).   

 

1.9.2 oligodendrocyte differentiation 

In rodents, oligodendrocytes are first detected around birth, but the vast 

majority of them are generated during the first postnatal month (Qian et al 2000). In 

zebrafish like in mammals, a neuronal scaffold is first established before the first 

markers of differentiated oligodendrocytes appear. These can be detected first at 

2dpf (Brösamle and Halpern 2002). Oligodendrocytes like neurons, arise from 

germinal niches that line the ventricles of the brain and the lumen of the spinal cord. 

From these germinal zones, migrating oligodendrocytes precursors travel laterally 

and dorsally, sometimes over long distances, to populate all parts of the brain before 

differentiating into myelin-forming oligodendrocytes. Oligodendrocyte development is 

best understood in the spinal cord.  

The switch from neurogenesis to gliogenesis is controlled by multiple mechanisms 

involving extrinsic signals, transcription factors and modification of histone and DNA 

(Roswich 2004, Guillemot 2007, Miller and Gauthier 2007). Several signalling 

pathways are thought to be involved in specifying precursors, such as FGF 

(Chandran et al 2004, Kessaris et al 2004), Shh (Spassky et al 2001), BMP (Vallstedt 

et al 2005) and Wnt (Shimizu et al 2005). A key step in the switch to glia generation 

is the induction of Sox9 and NFIA, both of which promote astroglial and 

oligodendrocyte differentiation. These factors inhibit neurogenesis and coordinate the 

onset of gliogenesis. Sox9 is expressed in oligodendrocytes precursors and Sox9-

null mice have lower levels of oligodendrocytes and astrocytes and a transient 

increase in the number of motoneurons (Stolt et al 2003). Additionally Sox10 was 

identified to be crucial for oligodendrocytes but not for astrocytes and s required late 

in oligodendrocytes development during myelination process (Solt et al 2002, 

Wegner and Stolt 2005). For NFIA, it was shown that silencing of the gene prevents 
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generation of oligodendrocytes and astrocytes and leads to neuronal differentiation 

instead (Deneen et al 2006).  

Transcription factors that become induced in oligodendrocyte precursors are Olig 1, 

Olig2 and Nkx2.2. Olig1 and Olig2 are also expressed in motoneurons and 

precursors (Zhou  et al 2000, 2002). Olig1 and Sox10 form a complex that activates 

myelin basic protein (mbp) - transcription via binding to the promoter region of the 

mbp gene (Li et al 2007).  The proneural protein Mash1 is also involved in specifying 

oligodendrocyte precursors beneath its role in neurogenesis (Parras et al 2007, 

Sugimori et al 2007). Notch signalling is also indirectly required for the differentiation 

of oligodendrocytes, as reduced Notch signalling lead to the generation of early-born 

neurons and depletion of progenitors, hence less oligodendrocytes are formed later 

(Park and Appel 2003). Differentiating cells need to retain a unique “memory” and is 

achieved by the modification of histone proteins (acetylation/deacetylation) and DNA 

methylation. Histine acetylation is associated with transcriptional competent 

chromatin (Ashraf et al 1998, Strahl and Allis 2000) and the reverse deacetylation 

with transcriptional incompetent chromatin and is catalysed by histone deacetylases 

(HDAC). Both in mammals and in zebrafish HDAC activity was shown to be essential 

for oligodendrocyte specification (Cunliffe et al 2006, Lyssiotis et al 2007).  
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  Chapter 2 

Materials and methods 

2.1 cell culture 

Cell dissociation was performed as described (see section 2.2 page 46) and 

the cells were cultured on coated coverslips in 24 well plates at 27°C in a CO2-free 

incubator, at a densitiy of 1-106 cells/ml, in L-15 medium (GIBCO, 31415 - 029) with 

10% FCS (GIBCO, 10010 - 159) and 1:100 Penicillin/Streptomycin (GIBCO, 15140 - 

122). Before fixation, the cells were spun down on the coated coverslips at 1100rpm 

for 8 minutes.  

To monitor ventricular Her5-GFP cells in cell culture, intact adult her5:gfp brains were 

incubated in HBSS containing Mg2+ and Ca2+ . A small hole was cut with forceps into 

the tectum opticum through which a needle can be introduced into the ventricle of the 

midbrain. FluoSpheres (molecular probes, F8792), which are uptaken by cells via 

endocytosis, were injected into the ventricle of the midbrain using an Eppendorf 

Femtojet microinjector system. The brains were incubated for 15 minutes at 28°C 

and afterwards the ventricles of the brains were intensively rinsed out with HBSS 

containing Mg2+ and Ca2+. Then the brains were processed and cultured as 

described before. 

Coating of round coverslips Ø13mm (VWR, 831-0149) was conducted as follows. 

Coverslips were cooked for 30 minutes in 0,5%HCl /Ethanol, washed two times in 

100% Ethanol and air dried. After sterilisation the coverslips were coated either with 

10µg/ml Poly-D-Lysin 70.000-150.000 (Sigma, P0899), 50µg/ml Poly-L-ornithin 

(Sigma, P3655) or 5µg/ml Laminin (Sigma, L2020) for 2-3h at 37°C. After intensive 

washing the coverslips were either dried and ready for use or coated with a different 

coating compared to the first in addition. 
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2.2 Transplantation 

Zebrafish used for extracting tissue for transplantation were double transgenic 

animals containing in addition to her5:gfp  the histone:gfp transgene (Pauls et al 

2001). Adult zebrafish were anesthetised with 0.02% Tricain diluted in 

embryomedium before extracting the brain.  

For transplantation of adult Her5-GFP cells, the posterior midbrain was dissected. 

The tectum opticum was removed and underneath the GFP-expressing Her5-cells 

became clearly visible. Further most parts of the valvula cerebelli and, the 

hypothalamus were removed, and the region containing the GFP-positive cells at the 

junction between tegmentum, valvula cerebelli and cerebellum was extracted with 

forceps.  

Embryonic Her5-GFP cells were obtained by dissociating a whole 24h-old zebrafish 

anesthetised with Tricain and ice.  

For the transplantation of neurons the ventral part of the hindbrain and medulla 

oblongata (without medial parts at the ventricular sites) were dissected with forceps. 

Adult GFAP-GFP cells were obtained from the midbrain, this tissue was dissected 

like for Her5-GFP cells, but in addition the valvula cerebelli was completely removed.   

Dissection of the GFP-positive cells was always performed while monitored under a 

Zeiss fluorescent Stereomicroscope (Zeiss, Stereo Lumar V12).  

The dissected tissue was kept in 10ml-Facon tubes on ice in HBSS containing Mg2+ 

and Ca2+ (GIBCO, 14025). Dissociation of the tissue was performed with 

Trypsin/EDTA (GIBCO, 25300-054) for 15 minutes, giving better dissociation but 

being more hazardous for the cells, or a mixture of Papain (Roche, 10 108 014 001), 

DispaseII (Roche, 1 276 921) and DNaseI (Roche, 10 104 159 001) in HBSS 

containing Mg2+ and Ca2+ for 20-25 minutes, giving a less complete dissociation but 

being less hazardous for the cells, in a water bath at 37°C followed by slow pipetting 

up and down with a Pasteur pipette (the tip was rounded up to avoid damaging the 

cells). The reaction was stopped by supplying D-MEM (GIBCO, 21 969 - 035) 

containing 10% FCS and harvesting the cells by centrifugation for 10 minutes at 

1100rpm and 4°C. In the case of neuron transplantation, the cells were labelled with 

red PKH26 (Sigma, PKH26-GL) in addition because the HuC:GFP is very faint and 
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hard to see. After two washes the dissociated cells were resuspended in 1:5 

Methylcellulose/HBSS.  

The chorion of wildtype embryos was removed and the embryos were carefully 

transferred to a transplantation plate covered with 1.2% agarose/embryomedium and 

kept in 1:5 Methylcellulaose/HBSS. The dissociated cells were put in the opposite 

corner of the transplantation plate. Transplantation was performed using a 10µl 

manual microinjector (Sutter Instruments Corp., #12578, mitutoyo micrometer and 

glass tight syringe) and a micromanipulator (narishige, MN-151) and monitored under 

a Zeiss fluorescent stereomicroscope. Needles were self-pulled using borosilicate 

glass capillaries (Harvard Apparatus GC 100-10) with a needlepuller (narishige, PC-

10) and grinded using capillary grinder (Bachofer, Typ 462). To smoothly move the 

cells with the syringe the whole system is filled with paraffinoil (Fluka, 76235). 

Transplanted embryos were transferred into embryomedium containing 1:100 

Penicillin/Streptomycin after transplantation and monitored the first and second dpt 

(days post-transplantation) and the following days for survival of the transplanted cell. 

Pictures of living fish were shot using the Zeiss Stereomicroscope and the 

corresponding Zeiss Axiocam HRc. After 5 and 10 days the transplanted larvae were 

fixed in 4% PFA for 4-6h at 4°C, transferred to 15% sucrose in phosphate buffer 

(SPB), incubated overnight, and embedded in 7,5% gelatine/SPB. Blocks containing 

the larvae were frozen in liquid nitrogen and cryocut in 25µm serial sections with a 

Leica Cryostat Microtom (Leica, 2800N Jung Frigocut Cryostat Microtome).   

 

Figure 14: Transplanting single GFP-positive cells into sphere stage wildtype embryos  
A dissociated GFP-positive green cells become transplanted into a sphere stage 

embryo and the transplanted fish is sacrificed and fixed at 5dpf or 10dpf. 
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2.3 Immunohistochemistry 

Antibody staining was performed on whole mount embryos up to 3dpf. For 

older larvae, stainings were performed on 25µm cryosections cut with a Leica 

Cryostat Microtom (Leica, 2800N Jung Frigocut Cryostat Microtome). Adult brains 

were embedded in 3% agarose/PBS and cut serially using a vibrating microtome (HM 

650V, Microm). Stainings for adult brain sections and for whole mount embryos was 

conducted in 24well plates. Tissue was fixed in 4% PFA/PBS for 4h - 6h at 4°C, 

washed with PBS containing 0,5% Triton (PBST) in case detergents are not 

destructive for the antigen. Whole mount embryos and adult brains were kept at least 

for one night in methanol at -20°C after a series of increasing methanol 

concentration. Before blocking, the tissue was brought back to PBST after a reverse 

series. After blocking for 45 minutes in PBST with 10% NGS tissue was incubated 

either for 2h at room-temperature or overnight at 4°C with the following primary 

antibodies: rabbit anti-BLBP (1:1500, Chemicon), chick anti-GFP (1:1000, aves lab), 

rabbit anti-GFP (1:1000, DAKO), mouse anti-HuC/D (1:600, molecular probes), 

human anti-HuC/D (1:8000, gift from B.Zalc), rabbit anti-MCM5 (1:1500, gift from 

S.Ryu, Ryu et al 2005), mouse anti-mnb (1:100, gift from Prof. Dr. E. Buchner), 

mouse anti-PCNA (1:300, DAKO), rabbit anti-phospho Histone H3 (1:200, Biomol), 

mouse anti-zrf-1 (1:50, ZFIN). The samples were rinsed with PBST and incubated for 

45 minutes at room-temperature with the following secondary antibodies: anti-rabbit-

Cy2 (1:1000, Jackson Laboratories), anti-mouse-Alexa 555 (1:1000, molecular 

probes), anti-human-alexa 647 (1:1000, molecular probes), anti-chick Alexa 488 

(1:1000, molecular probes), anti-mouse-Cy5 (1:500, Jackson Laboratories), anti-

rabbit-Alexa555 (1:1000, molecular probes). Additionally DAPI was supplied in a 

1:25000 concentration for at least 15 minutes at room-temperature and intensively 

washed before mounting. Sections were mounted in Aqua Polymount (Polyscience), 

whole-mount embryos were kept in 80% Glycerol/PBS. Confocal laser scanning 

microscopic analysis of immunolabeling was performed on a Zeiss confocal 

microscope (LSM 510 META).  
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2.4 Fish strains 

Embryos were staged according to Kimmel et al 1995. Wild-type fish were 

obtained from the AB strain. Adult brains were dissected at an age of 3-7months.  

 

Table 9: transgenic fish lines used for experiments 

Transgenic fish lines references 

gfap:gfp  Bernardos et al 2006 

H2A.F/Z:gfp (histone:gfp) Pauls et al 2001 

her5PAC:gfp Tallafuß et al 2003  

HuC:gfp Park et al 2000 

 

2.5 Aphidicolin treatment 

Embryos were incubated for 3h (from 75%epiboly until 3somites, compared to 

an estimated 4-hour cell cycle length at this stage in the neural plate, Kimmel et al 

1994) in embryo medium containing 5µg/ml Aphidicolin (Alexis, ALX-350-016-M001, 

final concentration contains 0,5% DMSO). Mock-treated embryos were incubated for 

the same time in embryo medium containing 0,5% DMSO. The embryos were then 

washed in embryo medium, fixed and processed for in situ hybridisation and 

immunohistochemistry. 

 

2.6 In situ hybridisation 

To generate riboprobes for btg1, 2, 3 and 4, minibrain 1a and 1b, prominin-

like1, 2, 3 EST clones from the rzpd gene library were sequenced and compared with 

GenBank and SwissProt database using Basic Local Alignment Search Tool BLAST 

(National Center for Biotechnology Information, USA, Altschul and Koonin 1998) for 

sequence homology with the mouse genes. Btg2 rzpd EST clone was PCR amplified 

with primers designed with Primer3 (http://frodo.wi.mit.edu/), 
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forward primer: 5’-CTTTGCCGGACGGATAATAA-’3,  

reverse primer: 5’-CCGACACCAACCAATAAACC-’3 .  

 

For phylogenetic analyses, we aligned the protein sequences with ClustalW 

(http://www.ebi.ac.uk/Tools/clustalw2/index.html, EMBL-EBI, Thompson et al 1994), 

used the Paup* program for phylogenetic analyses (version4.0b10, David L. 

Swofford, Florida State University, Sinauer Associates, Inc. Publishers) and Treeview 

PPC (version 1.6.6 http://taxonomy.zoology.gla.ac.uk/rod/treeview.html ) to illustrate 

the performed phylogenetic trees. After linearization DNA was purified either with 

PCR Purification kit (Qiagen, 28104) or illustraTM ProbeQuan G-50 micro columns 

(GE Healthcare, 27-5335-01), to synthesize dig-RNA probes with the DIG-RNA 

labelling mix (roche,112 770 739 10), precipitated probes were resuspended in a 

volume of 40µl and used in a 1:100 concentration and the hybridisation temperature 

was 70°C.  

Whole mount in situ hybridisation was done following the standard protocols 

(Hauptmann and Gerster 1994) using digoxigenin-labeled antisense RNA probes. In 

situ on adult brains was done as for whole mount, starting with whole-mount brains. 

Following hybridisation and rinsing the brains were embedded in 3% agarose/PBS 

and cut serially using a vibrating microtome (HM 650V, Microm) at 80-100µm before 

blocking and incubation in anti-digoxigenin antibody (roche, 110 932 749 10), as 

described for embryos.  

For double ISH/immunohistochemical detections, juvenile fish and brains were first 

processed for ISH, then for immunohistochemistry. Sections were embedded in Aqua 

Polymount (Polyscience), whole mount embryos were stored in 80% Glycerol/PBS. 

 

ISH on cryosections for mnb1a was performed with the same buffers and procedure 

as for whole mount ISH, the only difference was an acetylating treatment (acetylating 

buffer: 250ml H2O with 2,5ml triethanolamine and 625µl acetic anhydride) for 10 

minutes at room-temperature before prehybridisation. Hybridisation was performed at 

69°C in a humid chamber in an incubator. The stained embryos were photographed 

using a Zeiss axioplan microscope (zeiss, Axioplan imaging 2) corresponding zeiss 

software (Zeiss, AxioVs40) and AVT-Horn colour camera (model: MC-3255).  
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Chapter 3 

3. Results 

 

3.1. Part 1: Potentialities of adult her5-
expressing cells 

Nomenclature: as mentioned, the population of cells expressing the fusion 

protein Her5-GFP in the adult brain of her5PAC:egfp transgenic animals is a mixture 

of (at least) two cell states: (i) cell expressing the her5mRNA and (ii) cells no longer 

expressing her5 but having maintained the Her5-GFP protein due to its stability. In 

the following sections, I will call “Her5-GFP-cells” the mixed population, and “her5-

cells” specifically the cells expressing the her5 RNA. The later cells compose the 

stem cell population that I directly aimed to study here.  

 

3.1.1. Setting up the transplantation technique  

Adult her5-positive cells were characterised as a stem cell population. 

However, the question remained whether adult her5-cells behave also as neural 

stem cells at the single cell level. To answer this question, it is necessary to see 

whether single adult her5-cells are able to give rise to all cell types of the brain, 

namely to neurons and glia cells (including oligodendrocytes, astrocytes and radial 

glia cells). Hence, single adult her5-cells have to be extracted and analysed for their 

properties. How can this be done experimentally? There are two different ways, 

either in vitro or in vivo. In vitro analyses based on the “neurosphere assay” are a 

commonly used technique in the neural stem cell field. However it remains unclear to 

which extent the results reflect the in vivo situation. For instance growth factors are 

used to simulate the cells´microenvironment, and examples of marker combinations 

not existing in vivo have been found in the neurosphere cells. To avoid this problem 
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we decided to use an in vivo approach. The zebrafish is an ideal model organism for 

this, since it is easily amenable to cell transplantation at embryonic stages. Hence 

our strategy was to transplant single adult her5-expressing cells into the embryonic 

neural tube, a likely permissive environment to reveal a cell’s potentials since all 

neural cell types will develop from it. The technique however is delicate and needed 

to be tightly controlled, along the lines described below.  

a. cell dissociation 

Two different dissociation solution were used, Trypsin (GIBCO, 25300-054) or a 

mixture of Papain and Dispase (see methods). The second dissociation proved less 

harmful for the cells, and it was used in most of the cases monitored below.  

 

b. Verification that a single cell was transplanted  

To verify that I was capable of always transplanting single cells, I first dissociated 

cells from 1 day-post-fertilisation (dpf) her5:GFP zebrafish, transplanted  them back 

into sphere stage embryos and fixed the transplanted embryos right after 

transplantation (most of the time by then the embryos have reached dome stage at 

the time of fixation, transplantation lasted 1h, meaning the embryos were approx. 4 

hours-post-fertilisation (hpf) ). In 15 monitored cases out of two transplantation 

experiments, transplantation of one cell only was successfully achieved in 100% of 

cases, see figure 15. Hence, it is possible to transplant single cells in a reliable and 

reproductive manner.   
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Figure 15:  Are always single cells transplanted? 

A-B Embryo transplanted with a her5-cell was fixed right after transplantation and 

stained with anti-GFP (green) and DAPI (blue). The transplanted GFP-positive cell is 

clearly a single transplanted cell (arrow).  

 
 

c. Culture conditions for zebrafish neural cells 

The culture of primary fish cells is not established, and we first tested the best 

conditions of medium and growth support. We started from primary cells extracted 

from adult histone:GFP (Pauls et al 2001)  transgenic fish brains, which can be 

followed by their GFP-positive nuclei. The cells were cultured for 1 hour in two 

different culture media, Leibowitz-15 and D-MEM, and at two different temperatures, 

28°C and 37°C on PDL-coated coverslips (Figure 16).  
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Figure 16: Optimal cell culture conditions for primary zebrafish cells 

The same amount (1·103 cells/ml) of primary cells dissociated from the brain of 

histone:gfp transgenic zebrafish were cultured for 1h under four different culturing 

conditions (two different temperatures and two different media were used, Leibowitz-

15 and D-MEM). The total cell number was determined with DAPI staining and bright 

field images, within this population, dad cells were idntifid as thos lost GFP staining.  

 
  

After 1 hour the cells were fixed and processed for immunostaining with anti-GFP 

antibody. We observed that cells survived best with Leibowitz-15 medium, a medium 

specifically used for fish cells (Kotecha et al 1997, Vallone et al , Connaughton and 

Dowling 1997  LDF: Sun and Bradford 1995, Fan et al 2004, Hinsch and Zupanc 

2006, Gosh et al 1997, Collodi et al 1992) , and under the fish normal living 

temperature of 28°C (figure 16). We also tested several coating conditions, such as 

several adhesives were tested for coating the cover slips, or a layer of the zebrafish 

pac2 fibroblast cell line as feeder layer (figure 17).  
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Figure 17:  Optimal coating conditions for primary zebrafish cells 

The same amount (1·103 cells/ml) of primary cells dissociated from the brain of 

histone:GFP transgenic zebrafish were cultured for 3d and 6d on differently coated 

cover slips under the optimal culturing conditions defined above. At 3d and 6d the 

cells were fixed and stained with anti-GFP and DAPI. Shown are the amount of cells 

visualized with GFP and DAPI still alive per one cover slip. Different coating conditions 

gave more or less the same amount of surviving cells. The lowered number of cells on 

double coated coverslips is due to detachment during processing of the 

immunostaining.  

 

 

d. choice of progenitor cells within the her5:GFP population 

  

Since GFP expression is stable in the her5:GFP fish line, and in particular is 

maintained even in cells differentiating from the IPZ (Chapouton et al 2006), we 

needed a way to select her5-positive cells from the Her5-GFP population. When 

dissociated Her5 cells are monitored under the microscope, a conspicuous 

observation was that they display different sizes: Some cells are tiny, while others are 

several times bigger. To find out which cells had to be used for transplantation, I 

briefly cultured dissociated Her5-GFP cells and tried to correlate size and 

differentiation.  
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We first used our cell culture system above to culture Her5-GFP cells for one and 

three hours and determine the differentiation status of the small and big cells. 

Because the Her5-GFP population in situ produces mainly neurons (and only few 

oligodendrocyte and astrocytes) (Chapouton et al 2006), we focused on the neuronal 

fate, revealed by the marker HuC/D. Since we know that the her5 RNA expressing 

cells do not express differentiation markers such as HuC/D (Chapouton et al 2006), 

we wanted to see whether the HuC/D-negative population correlates with the 

population of small or big cells. After one hour of cell culture, 83% (n=53) of the small 

cells were negative for the postmitotic neuronal marker HuC/D, whereas 50% (n=10) 

of the big cells were HuC/D-positive. After 3 hours, the amount of postmitotic neurons 

in the population of big cells had increased to 67% (n=24) while it remained 

unchanged (16%) within the population of small cells. Hence, most of the small Her5-

GFP cells are not postmitotic neurons (figure 18). Therefore it is very likely that the 

majority of the small cells are progenitors which have not left the cell cycle, and 

hence are the cells that I aimed to study.   
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Figure 18:  Most of the small Her5-GFP cells are not postmitotic.  

A shows a schematic section through a her5:GFP adult brain (Chapouton et al 2006), 

and B an enlarged view of the her5-positive area in such a brain, arrow points to cells 

with a morphology of progenitors, the arrowhead to cells with a morphology of 

differentiated cells. C+D Percentage of HuC/D-positive cells (purple) and –negative 

(blue) within dissociated Her5-GFP cells cultured for 1h (C) and 3h (D) in Leibowitz-15 

at 28°C, then fixed and stained with anti-GFP and HuC/D. Large cells are in a high 

percentage postmitotic, while small cells are in a high percentage negative for the 

postmitotic marker HuC/D.  

 
 

I next needed to directly assess the size of the small cells compared to that of the 

cells we would transplant. For this purpose, dissociated Her5-GFP cells were 

centrifuged-down on a coated coverslip, immediately fixed and stained for HuC/D. 

After monitoring them under the confocal microscope it was possible with the Zeiss 

software “LSM image examiner” to measure their surface. From two experiments, I 

observed that HuC/D-positive cells ranged from 13 to 30µm2, and that only the cells 
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that had a smaller surface than +/-10µm2 were HuC/D-negative. Finally to directly 

test whether transplanted small cells were below 10µm2, I prepared Her5-GFP cells 

for transplantation, selected small and big cells according to the size of my calibrated 

transplantation needle, embedded them on a microscope slide and monitored their 

size with the same confocal microscope I used for the experiment above. I found that 

the size of the Her5-GFP cells which I would normally use for transplantation had 

surface of 9.1µm2. As a final proof of the fact that all the small cells I transplant are 

HuC/D-negative I fixed a few embryos transplanted with purposely chosen either big 

or small cells immediately after transplantation and stained them with HuC/D. All 

monitored examples transplanted with small cells (n=10) were HuC/D-negative. 

Transplanted bigger cells were 8 out of 9 positive for the postmitotic neuronal marker 

HuC/D (table 10). Hence, my transplanted cells are largely derived from the 

subpopulation of progenitor cells within the Her5-GFP population. The cells are 

located at the ventricle and express her5-RNA.  

 

Table 10:  Transplanted Her5-GFP cells are not postmitotic 

Embryos transplanted either with small Her5-GFP cells (<10µm2) or big Her5-GFP 

cells (>10µm2) were fixed right after transplantation and immunostained with anti-GFP, 

anti-HuC/D and DAPI. The staining was monitored under the confocal microscope. All 

transplanted small Her5-GFP cells were not postmitotic while in the population of big 

Her5-GFP cells 8 out of 9 cells were postmitotic 

 

 HuC/D-positive HuC/D-negative 

Big Her5-GFP cells (>10µm2) 8 1 

Small Her5-GFP cells 

(<10µm2) 

0 10 

 

e. Choice of the transplantation target area in the recipient embryo 

Transplantation in zebrafish is best performed at the sphere stage (4 hpf), where 

cells are loose and mostly far from the yolk. Sphere stage is the developmental stage 

immediately preceding the onset of gastrulation (50%epiboly). The first precise brain 
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fate map was established by Woo and Fraser slightly later, at the shield stage (6 hpf) 

(figure 19A, Woo, Fraser et al 1995).  

 

Figure 19: Fate map of a zebrafish embryo.  

A Fate map of brain territories at the shield stage (from Woo, Fraser et al 1995). B 

wildtype sphere stage embryo 4hpf. C wildtype shield stage embryo 6hpf.  

 
  

No fate map was established at the sphere stage. However, at shield, the 

presumptive forebrain lies at the animal pole, and there is limited cell movement in 

this domain during early development (Ho et al 1992, Montero et al 2005, Wilson et 

al 1993+1995, Concha et al 1998). Hence we concluded that dissociated her5-cells 

that were placed at the animal pole at sphere stage should most probably end up in 

the forebrain. Other brain domains cannot be directly targeted, since the dorsal 

(neuroepithelium) and ventral (epidermis) side of the embryo are not recognizable at 

sphere stage.  

 

f. Permanent labelling of GFP cells 

Because Her5-GFP driven by the her5-enhancer, might eventually get switched-off 

upon differentiation, I needed a way to permanently label the transplanted cells. To 

this aim, I used a histone:gfp transgenic fish line which we crossed into the her5:gfp 

line. The two different origins of GFP can be distinguished because Her5-GFP is 

cytoplasmic while the Histone-GFP protein has a nuclear localisation. In addition in 

some experiments a red membrane staining dye was used (PKH 26), in which cells 

were soaked prior to transplantation. The dye is not disturbing any biological or 

proliferative activity of labelled cells (Ford et al 1996, Chawla et al 2006). 
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g. Live monitoring of the transplanted fish 

The transplanted embryos were monitored the next day for survival of the 

transplanted cell and assessment of the cell´s position. Cell division within one day 

was a very rare event (figure 20).  

 

Figure 20: Transplanted cells are able to survive and divide following transplantation 

Host embryos observed one day after transplantation A view from the side. B view 

onto the head of the fish. The transplanted cell has divided once. One cell is visible on 

each side of the ventricle (arrow).  

 

Monitoring the fate of the transplanted cells for longer than one day under living 

conditions was difficult due to extensive pigmentation starting after 1 dpf. We let the 

fish develop for five days a time that we estimated long enough for the transplanted 

cell to show its potential, since differentiation-markers normally become expressed 

shortly after the cell exits the cell cycle.  

 

i. assessment of the fate of the transplanted cell after 5dpf 

Table 11:  Markers that can be used for assessing the fate of the transplanted cell 

Cell type Marker 

Cells in  cell cycle PCNA / MCM5 
Neural stem cell Musashi 
neuron Hu C/D (mouse and human) 
oligodendrocytes O4, Quaking 
astrocytes S100β 
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To assess the fate of the transplanted cell at day 5, a combined set of markers has to 

be used (table 11). I first aimed to determine to which extent some of the markers 

overlap.  Two markers of proliferation were available, PCNA (proliferating cell nuclear 

antigen) (DAKO, M0879, Waseem et al 1990, Rowlands et al 1991) and MCM5 

(minichromosome maintenance 5) (Ryu et al 2005). Both proteins have high 

expression in G1-phase and are progressively degraded thereafter, but since G1 and 

S-phase together cover most of the cell cycle, nearly all cells that are in cycle should 

be stained with these markers. To determine whether PCNA and MCM5 really stain 

the same cells, we performed double stainings at 10 dpf (figure 21). Most of the cells 

(70% - 75%) appeared co-stained with the markers, although some cells were only 

positive for one proliferation marker. 25% of the cells were stained only with MCM5 

and 30% were stained only with PCNA. We nevertheless used both markers 

indiscriminately as markers of proliferation.  
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Figure 21: Are MCM5 and PCNA marking the same cells? 

Wild type brains were stained with anti-MCM5 and anti-PCNA A cross-section through 

the forebrain of a 10 dpf-old zebrafish. Green staining shows expression of MCM5, red 

staining expression of PCNA. B-E enlarge view of the area boxed in A. B merged, C 

PCNA only D MCM5 only. E schematic representation of the overlap between PCNA 

and MCM5 staining from cells.     

 

 

To identify neurons we used the marker HuC/D. HuC/D protein is believed to be a 

postmitotic marker (Mueller and Wullimann 2002, Akamatsu et al 1999 + 2005, 

Wakamatu and Weston 1997, Kasashima et al 1999, Okano and Darnell 1997, 
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Barami et al 1995, Kim et al 1997, Park et al 2000b, Perrone-Bizzozero and 

Bolognani 2002 (review) Pascale et al 2007 (review)), however this point remains 

controversial (Marusich et al 1994, Ratti et al 2005). To clarify this issue in our 

system, we performed double staining with the proliferation arker PCNA. Using the 

mouse anti-HuC/D (molecular probes, A21271, Marusich et al 1994) we found indeed 

that HuC/D is never overlapping with PCNA in none of the brain regions examined. 

HuC/D cells lie next to the proliferating cells but they never overlap. Hence, in the 10 

day-old brain, positivity for the mouse anti-HuC/D antibody signs postmitotic neurons 

(figure 22). 

 

Figure 22: Mouse anti-HuC/D antibody is a marker of postmitotic neurons.  

10dpf old zebrafish were stained with mouse anti-HuC/D and a proliferative marker 

(anti-PCNA). Shown are several sections through the brain (A+B forebrain, C+D 

midbrain, E+F hindbrain, G midbrain section H shows the boxed area from G in an 

enlarged view.) 
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Using another available anti-HuC/D antibody raised from human (gift of B.Zalc), the 

situation was different, with a slight overlap between HuC/D and PCNA staining over 

a few cell rows at the transition between the proliferation and postmitotic zones 

(figure 23). Hence, the human anti-HuC/D antibody stains the neuronal cells earlier 

compared to the mouse anti-HuC/D antibody, revealing the stage where they are 

either immediately postmitotic (and PCNA still persists) or on their way to become so, 

and I used the human anti HuC/D antibody in combination with PCNA in triple 

staining not only to assess the fate of the transplanted cell but additionally to get 

some information about its differentiation stage i.e. newly-born versus early 

differentiated neuron.  

 

Figure 23: HuC/D (human) is a marker of postmitotic neurons and of differentiating 

neurons.  
By comparing adult brains stained with mouse anti-HuC/D (A) and human anti-HuC/D 

(B) , more stained cells are found labelled by the human antibody. C midbrain cross-

section of a 12dpf old fish stained with human anti-HuC/D and anti-PCNA. D shows an 

enlarged view of the midline region of a midbrain section. E Diagram shows the 

proportion of anti-PCNA-positive cells within the human anti-HuC/D-labelled cell of 

forebrain, midbrain and hindbrain regions.  
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3.1.2. Potentialities of single adult Her5-GFP cells 

In the adult zebrafish, the her5-expressing cells reside like in the embryo and juvenile 

fish at the midbrain-hindbrain boundary between the valvula cerebelli, torus 

semicircularis and tegmentum (Chapouton et al 2006). The brain material I used to 

dissect the midbrain-hindbrain area derived from her5:GFP fish that were 3-5 month-

old and contained these regions (figure 24). Since differentiated Her5-GFP cells in 

the adult fish brain can be found in the tegmentum and the hypothalamus, I removed 

as much as possible from these territories for the preparation of the cells for 

transplantation.  
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Figure 24: Brain domain used to isolate the adult Her5-GFP cells.  

A view from the dorsal side on the brain of a her5pac:GFP fish, anterior to the left. 

Arrowheads point to two spots at the midbrain-hindbrain boundary that contain the 

GFP-expressing cells. B shows in a scheme a lateral section through the adult fish 

brain. To prepare the cells for transplantation, only a small region from the midbrain-

hindbrain boundary that contains the Her5-GFP cells was used (valvula cerebelli, the 

posterior part of the tegmentum and sometimes anterior parts of the cerebellum). C 

enlarged view from the side, D top view on the dissected MHB area which was used 

for preparation of the Her5-GFP cells. Ob: olfactory bulb, Mb: midbrain, Cb: 

cerebellum, Fb: forebrain, Hy: hypothalamus, Teg: tegmentum, TeO: tectum opticum, 

V: valvula cerebelli.  

 
 

The number of successful transplantations (i.e. where progeny cells from the 

transplanted cell were found at 5dpf) is presented in table 12. The adaptation of the 

cell to the new environment between the time-point of transplantation until the fish is 

1 dpf appeared to be the most critical time for the cell. After the transplanted cell had 

successfully survived one day, living progeny cells could be found back after 5dpf in 

34% of cases. Since the her5-cells were transplanted long before the functionality of 

the immune system, they should be recognized as self and not be rejected 

(Magnadottir 2006, Lam et al 2004, Zapata et al 2006, Peter Medawer 1953, 
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Medawar et al 1961, Simpson 2004). Hence, the low proportion of successful 

transplants at day one is likely because cells become damaged during dissociation 

and suffer from this treatment. Finally, in cases were a cell was visible at 1 dpf this 

cell´s progeny was found at later stages in the same area as it resided at 1 dpf. 

 

Table 12: Embryos transplanted with adult her5-cells 

 

No. of embryos transplanted with adult her5-cells 301 

No. of embryos with GFP-positive cells at 1 dpf 51 (17%) 

No. of embryos with GFP-positive cells at 1 dpf in the brain  32 

 

No. of embryos showing transplanted cells at 5 dpf, among 

those that possessed a GFP-positive cell in the brain at 1dpf  

11 (34%) of 32 

 

Table 13 summarizes the fate of all transplanted adult her5-cells. In 3 cases, the 

adult her5-cell remained a radial glia cell. In 5 cases, the adult her5-cell gave rise to 

neurons. One case suggests that her5-cells additionally can give rise to 

oligodendrocytes. In 4 cases, it was not possible to determine the fate of the single 

cell. All cases are detailed below:   

 

1. The transplanted cell remained a radial glia cell:  

The cells were still found at ventricles of the juvenile brain, and normally had the 

morphology of radial glial cells with one long process spanning to the “pial” surface, 

reminiscent of the morphology that the mother cell had at the time of transplantation. 

Cells of radial glia morphology were never found to be marked with neuronal 

postmitotic markers. Transplanted cells generating radial glia cells never gave rise to 

another fate in addition, during the time-frame of the experiment. Most of these cells 

divided at least once during the 5 dpf (figure 25). 
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Figure 25: Examples of her5 cells that divided and gave rise to radial glia cells and divide 

Two transplanted cells that remained or gave rise to radial glia cell(s). A transplanted 

fish approximately 20h after transplantation, the fish is 1 dpf. The transplanted cell 

was transplanted to a forebrain region. The arrow points to the mid-hindbrain 

boundary and the arrowhead to the boundary between forebrain and midbrain B the 

same fish from an anterior top view. C+D The fish shown in A and B was fixed at 5dpf 

and stained with the neuronal marker anti-HuC/D (Ms) in red and with anti-GFP in 

green. Arrows in C point to the two GFP-positive cells. Arrowhead in D point to the 

end of the process from one of the cells at the ventricle. A second example is shown 

in figures E-K where the transplanted cell was not dividing but remained a cell of radial 

glial morphology. E Transplanted fish 1 dpf. The arrow indicates the MHB, the cell 

stayed in the midbrain close to the ventricle. F Midbrain section, 5 dpf. G-K enlarged 

view on the cell. A third example is shown in figure L-M. L midbrain section of a 5dpf 

old brain, boxed area is enlarged in M. Two cells with processes lie at the ventricle.    
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2. The transplanted cell became a neuron:  

These cells had a typical neuronal morphology; they had a round cell body with a 

dendritic tree. Sometimes the dendrite went through several sections or nearly 

through a whole brain territory. We found neurons which had their cell body in the 

forebrain and were able to follow a dendrite until hindbrain sections. Typically they 

were found in areas where their neighbours mainly expressed neuronal markers, not 

in known areas of proliferation and they expressed the neuronal marker HuC/D. 

Transplanted her5-cells which gave rise to a neuronal cell never gave another fate in 

addition. If neuronal cells were found the transplanted cell had in most cases not 

divided, but this is not a rule since in one case a transplanted cell gave rise to four 

neurons (figure 26).  
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Figure 26:  Example of a her5 cell that became a neuron.  

A bright light view of a forebrain section from a 6dpf transplanted zebrafish, and stained with anti- GFP 

(green) and anti-PCNA (blue). The boxed area is enlarged in B. One of the dendritic processes is 

touching a PCNA-positive cell (arrow). C and D show the consecutive sections where the dendritic tree 

is proceeding.  
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3. The transplanted cell acquired another fate (not neuronal and not radial glia): 

This cell had a quite large cell body with several thick processes in several directions, 

spanning the whole “nose epithelium”. This cell was negative for proliferation and 

neuronal markers and it had not divided (figure 27). Hence, this cell must correspond 

to a postmitotic cell type in the brain that is not neuronal. From its morphology, it is 

possible that this cell became an oligodendrocyte.  

Figure 27:  Examples of a her5-cell that possibly acquired the oligodendrocytic fate 

A and B show consecutive sections from the same fish through the anterior head 

region (human anti-HuC/D (blue) anti-PCNA (red although weak in this experiment)). 

The transplanted cell resides within the nose epithelium in between neuronal cells. C-

E Arrowheads point to the same cell. Figures show the same cell in bright field (C) 

without bright light (D) and without bright light and without GFP (E).  

 

 



 76 

Table 13: Summarized fate of adult her5 transplanted cells 

13 transplantations were found to be successful, that is with at least one cell found in 

the brain after fixation and staining of the transplanted fish.  

 

Position of the 

transplanted cell at 1 

dpf 

Age fixed No. cells PCNA Hu C/D 
Fate determined by staining 

or morphology 

midbrain 5 dpf 1 n.d. - radial glia 

Forebrain 5 dpf 2 n.d. - radial glia 

Nose 5 dpf 2 n.d. - ? 

midbrain 5 dpf 3 n.d. - radial glia 

Dorsal root ganglion 5 dpf 3 n.d. - ? 

eye 4 dpf 2 n.d. n.d. ? 

Nose 6 dpf 1 - n.d. neuron 

forebrain 8 dpf 1 - n.d. neuron 

Forebrain 5 dpf 1 - n.d. ? 

Forebrain 5 dpf 4 - 4 neuron 

Forebrain 5 dpf 1 - + neuron 

forebrain 5 dpf 1 - - neuron 

Forebrain 5 dpf 1 - - oligodendrocyte ? 

 

 

In conclusion, we were able to show that:  

- single her5-expressing cells are able to survive in the embryonic environment,  

- some are able to divide , 

- each cell gives rise to only one fate (radial glia / progenitor, neuron or 

oligodendrocyte)  

- Hence, at last within the frame of this analysis, single her5-positive cells 

appear to be fate restricted.  

 

I next needed to compare the adult her5-population with other cell types to find out, 

among the conclusion above, which ones are characteristic of adult her5-cells only. I 

chose to focus on two other adult brain cell types (postmitotic neurons and radial glia 

cells) and on embryonic her5-cells.  
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3.1.3. Tranplantation of postmitotic neurons (HuC/D-      

positive) 

For these transplantations, we made use of a fish line expressing GFP under 

HuC enhancer elements, and where neurons express GFP (Park et al 2000a). We 

isolated GFP-positive cells from the medulla oblongata (figure 28), after 

demonstrating that these cells were all postmitotic (PCNA-negative). Because GFP 

from the huC:GFP line is hard to detect under the stereomicroscope used for doing 

the transplantation, we added a permanent marker (PKH26-GL, sigma) to detect the 

transplanted cell prior to transplantation.  

 

Figure 28: Postmitotic adult HuC-GFP cells used for transplantation.  

A scheme showing which sections are presented in B (big box) - C - D (small box). B 

sagittal section through the brain of an adult huC:GFP fish stained with anti-GFP and 

anti-PCNA. C-D medulla oblongata, all GFP cells are postmitotic neurons, since they 

are not labelled with PCNA. E dissociated HuC cells marked with the PKH26 Dye 

(red).   
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We found that HuC-GFP cells were able to adapt for a short time to the new 

environment, since it was possible to find in a few cases transplanted cells after 1day 

(table 14). However, in only one case was a cell found at 5 dpf (8%). This cell 

however was not positive for GFP, and might have resulted from the wrong 

transplantation of a non-HuC/D cell in the first place. Indeed, we transplanted cells 

from a region where nearly no cells in cycle could be found, but we were unable to 

detect the HuC-GFP under the stereo microscope (figure 29). From the staining it is 

clear that the cell is not a neuron (it is anti-HuC/D negative). Globally, we conclude 

that no HuC-GFP cell was able to survive the 5-day period following transplantation.  

 

Figure 29: Fate of the only cell transplanted from a HuC:gfp brain and that survived until 

5dpf  
A 1 dpf old fish transplanted with a cell from a HuC:gfp brain and made visible due to 

PKH26 Dye. B The progeny cells of the transplanted cell are recognizable because of 

membranous PKH26 (red membrane staining). There are two cells detectable with 

membranous PKH26. Hence the transplanted cell has divided, but it is not positive for 

anti-GFP, anti-PCNA (red nuclear staining although weak in this experiment) or 

human anti-HuC/D. The transplanted cell was likely not a postmitotic neuron.  

 
 

 

Table 14: Embryos transplanted with adult neuronal cells 

 

No. of embryos transplanted with adult HuC-GFP cells 56 

No. of embryos with GFP-positive cells at 1 dpf 12 

No. of embryos with GFP-positive cells at 1 dpf in the brain  3 

 

No. of embryos showing transplanted cells at 5 dpf, among 

those that displayed a transplanted cell at 1dpf.   

1 (8%) of 12 
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3.1.4. Transplantation of radial glia (GFAP-positive) 

Adult her5-cells have radial glia morphology and in part are expressing 

markers of radial glial cells. Not all adult zebrafish radial glia cells are progenitors, 

however, hence I aimed to compare the general behaviour of radial glial cells with 

that of her5-cells. To this aim I transplanted adult gfap:gfp (Bernardos et al 2006) 

cells under the conditions I used for adult her5-cells.  

gfap is expressed in all proliferative regions of the zebrafish brain, but to be able to 

compare gfap cells with her5-cells I wished to use the same brain area for extracting 

the cells for transplantation. Hence, I extracted the same part of the midbrain as for 

her5-transplantations, but in addition removed the valvula (where gfap is expressed 

as well), tectum opticum, anterior part of tegmentum and hypothalamus (figure 24).  

 

Nature of the GFAP-GFP cells: 

To precisely determine the state of the GFAP cells used at the time of 

transplantation, I stained the area in gfap:gfp transgenic brains with anti-GFP, anti-

BLBP, anti-zrf-1, anti-HuC/D and a proliferation marker (anti-MCM5). All the GFP-

positive cells were in addition positive for the radial glia marker anti-BLBP (figure 

30a) and anti-zrf-1 (data not shown), proving that these cells are radial glia cells. 

However, only a minor fraction was positive for MCM5 (figure 30a). Additionally I 

found no GFAP cell that was overlapping with the early neuronal marker HuC/D 

(figure 30b).  Thus most of the radial glia cells used for transplantation are postmitotic 

glia.   

   

Figure 30a: Nature of adult GFAP-GFP midbrain cells  
A GFP expression in a cross section through the midbrain of a gfap:gfp fish. Boxed 

areas are enlarged in B and C. D-F midbrain cross-section stained with anti-GFP and 

the radial glia marker anti-BLBP. gfap:gfp is marking radial glia cells since both 

markers are found to label the same cells. G the boxed area is enlarged in H. Cells 

stained in red show expression of the proliferation marker MCM5. Only very few 

GFAP-GFP cells of the region highlighted in blue in I are proliferating.  
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Figure 30b: GFAP-GFP cells are not postmitotic neurons 

A cross section of a 3 month old gfap:gfp midbrain stained with anti-GFP (green) and 

human anti-HuC/D (blue). Boxes in A show the position of the areas enlarged in the 

other panels. B, C, D, E neuronal cells reside close to the GFAP-GFP cells but the 

staining is never overlapping. Hence, most GFP-positive cells in this area are 

postmitotic glia.  

 

Transplantation of GFAP-GFP cells: 

The dissociated GFAP-GFP cells did not survive as well as her5-cells (table 15), a 

phenomenon likely due to their fragility: many were dying during dissociation or 

transplantation. One reason for this might be their large size. Some of the GFAP-

GFP cells were seen to span the entire midbrain domain from ventricular regions to 

the ventral parts of the midbrain. If the cell is not able to retract its process, its 

membrane most probably will be damaged during dissociation. Nevertheless three 
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transplanted GFAP-GFP cells were found again after 5 days and are shown in figures 

31 a-c.  

 

Table 15: Embryos transplanted with adult GFAP-GFP cells 
 

No. of embryos transplanted with adult GFAP-GFP cells 205 

No. of embryos with GFP-positive cells at 1 dpf 26 (13%) 

No. of embryos with GFP-positive cells at 1 dpf in the brain  20 

 

No. of embryos showing transplanted cells at 5 dpf among 

those that displayed a GFP-positive cell in the brain at 1 dpf 

3 (15%) of 20 

 

a. Fate of transplanted GFAP-GFP cells 

The transplanted GFAP-GFP cells were stained for neuronal (HuC/D) and radial glia 

(zrf-1) fates. In all three cases, the transplanted cell was positive for anti-zrf-1 and 

thus maintained the radial glia fate. Hence, within the limits of our analysis, the 

GFAP-GFP cells appear never to change their initial fate (figures 31a, 31b and 31c).  
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Figure 31a: Transplanted GFAP-GFP cells: example 1  

A and B show a forebrain cross-section from a 5 dpf old fish that was transplanted 

with a single GFAP-GFP cell. (A brightfield, B without brightfield). The box in A is 

enlarged in figures C-F. C and F The transplanted cell is positive for the radial glia 

marker zrf-1 and negative for the neuronal marker HuC/D. E and F The transplanted 

cell has not divided.  

 
 

b. Division properties of transplanted GFAP-GFP cells 

Because transplanted GFAP-GFP cells are much larger than Her5-GFP cells, we 

carefully assessed the number of GFP-positive cells at 5 dpf, and the co-staining with 

anti-zrf-1 and GFP helped in this task.  Zrf-1 is only detectable in the process of a 

radial glia cell in zebrafish but never stains the cell body (Marcus, Easter 1995). 

Accordingly, all three transplanted cells showed a GFP-positive cell body and a GFP-

positive, zrf-1-positive process (figure 31b, 31c). We only found a nucleus in the part 

of the cell that is unstained by anti-zrf-1 (31b figure F), either using DAPI staining or 

bright field optics (figure 31b, 31c). Based on these arguments, we could in all cases 
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find only one GFP-positive cell at 5 dpf, and therefore concluded that the GFAP-GFP 

transplanted cells were not able to divide following transplantation.  

 

Figure 31b: Transplanted GFAP-GFP cells: example 2  

A  Another example of a fish transplanted with a single GFAP-GFP cell. The cell was 

transplanted into the nose epithelium. The cell was only visible within this one section 

(25µm). B The transplanted cell is negative for neuronal markers and positive for zrf-1. 

The transplanted cell did not divide. C-D Anti-zrf-1 overlaps with nearly the whole 

GFP-positive area. E-F Only in the part of the GFP-positive cell that is devoid of anti-

zrf-1 a nucleus can be found in the bright field (arrowhead).  
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Figure 31c: Transplanted GFAP-GFP cells: example 3 

Another example of a transplanted GFAP-GFP cell. It is possible to follow the cell 

trough three consecutive sections A, B and G (25µm). A-B The cell is never positive 

for the neuronal markers HuC/D, rather it remained a radial glia cell expressing zrf-1. 

Only one part of the cell is devoid of anti-zrf-1 staining (A- arrowhead). C-D, single 

confocal plane from section shown in A; E-F single confocal plane from section B; G 

single confocal plane of a third section containing the rest of the cell.  
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3.1.5 Transplantation of embryonic Her5-GFP cells 

Adult and embryonic stem cells differ in some of their behaviours. The most 

obvious difference is that the embryonic stem cells have a much faster cell cycle. 

Because the embryonic Her5-GFP cells were also defined as neural stem cells 

(based on the fact that they are long lasting and are at the origin of most midbrain-

hindbrain neurons and glia (Tallafuss et al 2003)), we wanted to see if the behaviour 

of embryonic neural stem cell was comparable or different to that of the adult her5-

cells.   

For the embryonic transplantations, we used 1dpf-old her5:GFP fish that were 

crossed into the histone:gfp line, to mark the cells permanently. At 1 dpf, the cell 

cycle speed of Her5-GFP cells is still not different from that found in adjacent brain 

areas (C. Stigloher, unpublished). At this stage, in addition, embryonic cells have a 

rapid turnover of their proteins and the GFP is degraded fast. Thus picking the strong 

GFP-expressing cells ensured selecting cells from the her5-progenitor population 

(figure 32).  

 

Figure 32: Tissue used to isolate embryonic her5-cells 

In all figures are sections through the brain of a 1 dpf-old her5:GFP fish stained with 

anti-GFP (green), mouse anti-HuC/D (red), human anti-HuC/D (blue). A schematic 

view of the embryo with section planes. B-D shows the same section of anterior Her5 

cluster in the midbrain. E-F lateral section through the brain. G-H oblique/horizontal 

section trough the brain. The strong Her5-GFP expressing cells show no overlap with 

the neuronal marker HuC/D (E-H), only the weak GFP-expressing Her5 cells have a 

slight overlap with the neuronal marker HuC/D (B-D). Hence the strong Her5-GFP-

expressing cells are the her5 progenitor cells.  
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Many cells were lost during the one day following transplantation, in a manner 

comparable to the numbers found with adult her5-cells (compare table 16 with table 

12). After this, cells could be found again at 5 dpf in 34% of cases, again in a manner 

identical to adult cells (compare table 16 with table 12).  

 

Table 16: Embryos transplanted with embryonic her5 cells 

 

No. of embryos transplanted with embryonic her5-cells 308 

No. of embryos with GFP-positive cells at 1 dpf 56 (18%) 

No. of embryos with GFP-positive cells at 1 dpf in the brain  35 

No. of embryos showing transplanted cells at 5 dpf among 

those that displayed a cell in the brain at 1 dpf 12 (34%) of 35 

 

The big distinction between embryonic and adult her5-cells became obvious when 

analysing cell fate (table 17).  First, embryonic her5-cells were able to divide much 

more than their adult counterparts (average number of progeny cells: 2,7 when adult 

cells were transplanted, against 26,6 when embryonic cells were transplanted). In 

figure 15 an example is shown where a single embryonic her5-cell gave rise to 75 

GFP-positive cells that spread out throughout the forebrain. Not all transplanted cells 

gave rise to high number of cells, however. This might relate to their position of origin 

relative to the MHB, or to heterogeneity within the MHB population. Second, single 

her5-cells could generate progeny cells of distinct fates. In the example above, all 

progeny cells were postmitotic and had lost the Her5-GFP expression (they are 

followed here using nuclear Histone-GFP). The population of 75 GFP-cells is 

composed of neurons and other postmitotic cells not expressing neuronal markers. 

The later cells are likely postmitotic glia (figure 33). Neurons originated from nearly 

every transplanted embryonic Her5-GFP cell.    
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Figure 33: A single embryonic her5 cell can give rise to neurons and other postmitotic cell 

types 

A bright field, B dark field of a forebrain section where boxes indicate the areas 

enlarged in C and D. The fish was stained with anti-GFP (green), anti-PCNA (red), 

human anti HuC/D (blue). C and D show single confocal planes with transplanted cells 

(green, arrow) that are negative for the neuronal marker HuC/D and negative for the 

proliferative marker PCNA. E and F show single confocal planes of sections from the 

same fish where the transplanted cells are positive for the neuronal marker HuC/D 

(arrow). G, H sections where both type of cells could be found. The single Her5-GFP 

transplanted cell in this fish gave rise to 75 cells out of which 35 cells could be 

detected to be neuronal. The other 40 cells had acquired a postmitotic fate different 

from a neuronal fate. 
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Table 17: Fate of embryonic her5 transplanted cells 

n.d.-not determined  

 

Position of the 

transplanted her5-

gfp cell at 1 dpf 

Age fixed No. cells PCNA Hu C/D 
Fate determined by 

staining or morphology 

n.d. 5 dpf 10 n.d. 8 Neuron and ? 

epiphysis 5 dpf 106 ? 61 Neuron and 

undetermined postmitotic 

cells 

MHB 5 dpf 8 - 8 neurons 

Ventral midbrain 5 dpf 5 - 5 neurons 

Eye 5 dpf 1 - 1 Ganglion cell 

Dorsal midbrain 5 dpf 1 - 1 neuron 

Nose 5 dpf 1 - 1 neuron 

Forebrain 5 dpf 3 n.d. - ? 

Behind eye 5 dpf 75 ? 35 Neuron and 

undetermined  postmitotic 

cells   

Forebrain 5 dpf 1 - 1 neuron 

Midbrain 5 dpf 2 1 1 Neuron and progenitor 

Nose 5 dpf 3 - 3 neuron 

forebrain 5 dpf 22 n.d. 14 neuron 

 

In conclusion, embryonic her5-cells, in striking contrast to adult her5-cells, have the 

potential to give rise to progeny with several fates. Hence, they are multipotent, 

which characterises them as true neuronal stem cells in contrast to adult her5-cells, 

which rather appear as fate restricted progenitors.  
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3.1.6. Comparing Transplantation results  

Among the different types of transplantations I want to compare following 

properties: a. survival of the transplanted cell  

 b. division rate of the transplanted cell 

 c. multipotency of the transplanted cell 

 

a. Survival 

Within the time frame of 5 days, the survival behaviour differed a lot between the cell 

types (table 18). Neurons were not able to survive following transplantation, while 

GFAP-GFP cells were able to do so. Hence, it is not the postmitotic state that per se 

is incompatible with survival, but rather the neuronal state. The survival of adult her5- 

cells was the best, which may relate to their progenitor state. Embryonic and adult 

her5-cells displayed identical survival behaviour.  

  

Table 18: Survival rate of different cell types following transplantation 

The number n is the number of cases where a cell could be detected at 1 dpf. The 

Percentage reflect the percentage of cases where the cell was able to survive until 

fixation at day 5.  

 

 Adult her5 Embryonic 

her5 

Adult HuC-

GFP 

Adult GFAP-

GFP 

Total No. (n) 47 54 12 27 

survival after 5d 30% 24% 0% 11% 

 

b. Division rate 

Postmitotic cells, no matter from which cell type (neuron or glia) were unable to divide 

following transplantation (table 19). Both adult and embryonic her5-cells were 

capable of dividing following transplantation, but they strikingly differed in their 

division rate:  embryonic cells gave rise to many more cells than their adult 

counterparts. It is known that embryonic neural progenitors in situ have a much faster 

cell cycle than to adult cells. Our experiment therefore demonstrates that this 



 94 

property is intrinsically encoded and independent of the environment, once it is 

acquired.  

 

Table 19: Compared division rates of transplanted cells 

The number n is the number of cases where the transplanted cell was found at 1 dpf. 

b: percentage of cases where the cell had divided during the period of 5 days. c: 

percentage of cases where no division happened. d: mean number of clones that the 

single transplanted cell was able to give rise to.  

 

  Adult her5 Embryonic 

her5 

Adult GFAP 

a Total No. (n) 14 13 3 

b % division happened  50% 69% 0% 

c % no division happened 50% 31% 100% 

d Mean No. of given cells 2,7 26,6 1 

 

c. Multipotentiality 

Radial glia cells stayed with the fate they had at the timepoint of transplantation and 

never acquired another fate (table 11). Embryonic her5-cells appear multipotent 

(table 20) giving rise to neurons and other differentiated cell type(s). In contrast adult 

her5- cells gave almost consistently rise to clones composed of only one cell type. 

 

Table 20: Fate acquired by he cells following transplantation 
The number n in the number of cases where it was possible to see the cell dividing 

after 5 dpf (only in these cases can multipotentiality truly be tested). The percentage of 

cases where the cell acquired only one fate and where it acquired more than one fate 

are shown.  

 Adult her5 Embryonic her5 

Total No. (n) 6 9 

% one fate 50% 33% 

% several fates  0% 67% 

Not determined  50% - 
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3.2.  Part 2: asymmetric division 

In addition to multipotentiality, a crucial component of neural stem cell 

properties is asymmetric division, which permits generating progenitors that will 

commit to further fates while at the same time maintaining the stem cell pool. Hence, 

another aspect of my Ph.D. project was to develop markers for asymmetric cell 

division in the zebrafish. Several such markers have been identified in rodents, such 

as btg2/tis21, minibrain/Dyrk and prominin. Hence, I cloned and studied the 

expression of the zebrafish orthologous genes in the embryonic, juvenile and adult 

brain, and tested for a correlation of this expression with the progenitor state.  

 

3.2.1. btg gene family 

Zebrafish harbours 4 btg (B-cell translocation gene) genes in its genome, 

named btg1, btg2 (tis21 TPA inducible sequence), btg3 and btg4, all were cloned 

from cDNA library (rzpd, Berlin). The BTG-Tob protein family is characterised by two 

domains (boxA, red and boxB, blue) which are highly conserved among different 

species. Except of BTG3 (maybe the prediction has to be improved since the 

sequence is very long and all family members normally have short sequences as 

shown) all predicted proteins from the zebrafish BTG-TOB family contain the two 

boxes.  

 

BTG1 (NP_956314.1) 

MHTLCARGTMKPEINAAVGFLSRFLRIKGHVNDRQLQTFSQTLQDILAEQYKHHWFP
DRPNKGSGYRCIRINHKMDPLVGQAGQRIGLSIQQLYLLLPSELTLWVDPFEVSYRIG
EDGSICVLYESHPGTNGNPSTTTGNSIPASSVTQVSAMVESHISCKEELLVLGRTSPAK
PYMMTVSS 

BTG2 (NP_570997.1) 

MTHGTGAEMTPEVSAAASFVCRLLRGRGRLSDAQLQVFRDGLAQALSEHYQHHWF
PDRPQKGSGYRCIRINHEMDPLIGRAAGRIGLTSGQLFSLLPRELTMWVDPYEVSYRI
GEDGSICVLYEAEPPTTSPAPSAYDQMANCKNTYMMSGRRSPPKNLLMMVSS 
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BTG3 (NP_001007352.1) 

MKKEIAAVVFFLKRLIKKAEKLDADKVDLFVERLTVALQEKYKGHWYPDNPSKGQA
FRCIRVNRFQKEDAELLRACAESGVQYKDLGLPKELTLWVDPGEVCCRYGEKNHGF
TVATFSSEDDDDKEDVTKKVTSAVERVTSDYHSGSSSDEDSMLVHRC 

BTG4 (NP_937754.1) 

MKEEIAATVFFIARLAKKHGKLDRVRREKFAVELTSVLFENYKCHWYPENPTKGQAF
RCLRMNRAQTRDPVIERACCQSDIVYEYLGLPKEMTIWVDPGEVSCRYGEKSTPFCV
TQFEGQKRDGEFSRRINNAVERASSDYHSGTSSDEEGGNTSMSSTLSSSNSSSISVPEP
KCIPTVSNPNSVYQFSEFGQPPPMQNWGTYPKRKPYATEGYQQQQQQHSYSSGGPY
QGHKSFKGYRPSYAFSGPRQDRYHWVSKNRS 

Tob2.1a (NP_938177.1) 

MQLEIQVALNFIISYLYNKLPRRRVNIFGEELERQLKQKYEGHWYPDKPYKGSGFRCI
HVGEKVDPVVEQAAKESGLDIEDVRNNLPQDLSVWIDPFEVSYQIGEKGPVKVLYVD
DSNDNGLELDKEIKNSFNPEAQVFMPISEPVGMSPTSSSPSPPFGQSAAVSPTFMRRST
QPLTFTTATFAATKFGSTKMKSNGRNANKVTRNSPTNLGLNVNNLLKQKAMSTSMH
SLYGVGAQPQKPSALSPNAKEFVFPNLQGQGSPSAMFPGETSLNLSPLPYNNAFDVFA
AYGGLNEKSLMDSLNFSLSNMQYSNQQFQPVMAN 

Tob2.1b (NP_998139.1) 

MQLEIQVALNFIISYLYNKLPRRRVNIFGEELERQLKKKYEGHWYPDKPYKGSGFRCI
HVGEKVDPVVEEAAKESGLDIEDVRNNLPQDLSVWIDPFEVSYQIGEKGAVKVLYID
DNSENGSELDKEIRNSFNPEAQVFMPISEPVGVSSESSSPSPPPFGQSASVSPSFMPQRS
AQPLTFTTASFAATKFGSTKMKNSGRNGGKVARTSPTNLGLNVNSLLKQKAISSSMH
SLYGFGLGSPQPQKPSALSPNAKEFVFPNLQGSSAAFASENALSPLPYGNAFDVFTAY
GNVNDKSLIEGLNFSLGNMQYSNQQFQPVMAN 
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By comparing the cloned btg genes with the btg genes from other species in a 

phylogenetic tree I could assign the cloned genes to the right groups. 

  

   

As example the genomic structure of BTG2 is visualized in the scheme in figure 34.  

Figure 34:  genomic structure of BTG2 

Light yellow band indicates the genomic sequence (3548bp), the yellow bars show the 

transcribed exons, BTG2 is a very short protein with 165aa (blue bar). The whole 

sequence necessary for protein translation are encoded within the btg2 clone (green 

bar) 

 

I next performed an expression study for all the 4 zebrafish btg-genes to find the 

most appropriate candidate marker for asymmetric division in the adult brain.  
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a. btg1 

Expression of btg1 was detected in the 75%epiboly embryo. At 15-20somites it was 

found expressed in the notochord, in the neural crest and around the eye field (figure 

35a B-D). By 1dpf, the expression is detectable around brain ventricles and in the gut 

tube, albeit at decreased levels compared to earlier stages (figure 35a E-G). At the 

age of 5dpf btg1 expression is detected along the midline, in the forebrain, midbrain 

and hindbrain areas. The midbrain-hindbrain boundary area itself is devoid of btg1 

expression, btg1 is expressed anterior and posterior to the MHB. In the adult brain, 

expression was only detected in a few cells in the telencephalon, cerebellum and the 

hypothalamus (figure 35b). 
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Figure 35a: btg1 expression in the zebrafish embryo  

A-G Whole-mount in situ hybridisation analysis of btg1 expression. Stages of the embryos are shown 

in the bottom right corner of each figure.  A sagittal view, btg1 expressed ubiquitously at 75%epiboly B 

sagittal view at 15-20s, btg1 expression is found in the notochord (arrow, dorsal view in D) C and 

expression is found in the eye field (arrow), in neural crest cells (arrowhead) E sagittal view of btg1 

expression in an 1dpf zebrafish, F expression is found in the gut tube (view from the ventral side of the 

juvenile fish), G and around brain ventricles (dorsal view).  
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Figure 35b: Expression of btg1 in the juvenile (5dpf) and adult wildtype brain 

A-D Whole-mount in situ hybridisation analysis of btg1 expression in the juvenile brain 

(5dpf) (stages of the embryos are shown in the bottom right corner of each figure).  A 

dorsal view, expression is found along the midline, in the telencephalon, midbrain and 

the hindbrain B sagittal view, MHB is devoid of btg1 expression (arrowhead) C 

midsagittal cryosection D parasagittal cryosection from the brain shown in A, B, MHB 

cells are not expressing btg1 (arrowhead) E, F sagittal sections of adult brain stained 

in whole mount and sectioned afterwards, few cells in the telencephalon, cerebellum 

(arrowhead in E) and in the hypothalamus (arrowhead in F).  

 
 

 

b. btg2 (mouse tis21) 

 

At early stages, btg2 is expressed in the prechordal plate and weakly in the adaxial 

mesoderm (figure 36a). This expression is maintained until tailbud stage. Expression 

in the nervous system begins at 5somites in the hindbrain presumably in r3 (r-

rhombomeres) and r5. At this stage, expression is also found in the somites. At the 

12somite stage, expression in the neural tube extends to virtually all regions, with the 

exception of the MHB, the boundary between the fore- and midbrain, the presumptive 
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tectum, and hindbrain and spinal domain posterior to r5 (presumably). btg2 is also 

expressed in the eye and the heart. Expression then keeps increasing in intensity, 

spreading until the embryo reaches 15-20somites, where nearly the whole neural 

tube is stained with exception of the MHB, the boundary between forebrain and 

midbrain, and the midline. At 1dpf (figure 36b), btg2 expression in the CNS 

concentrates to the anterior neural tube, while only weak (or absent) staining is 

detected posteriorly. Parts of the forebrain, of the tectum, and the MHB are still 

devoid of expression. At 5dpf and in the adult brain, btg2 is found expressed around 

the MHB and close to other proliferative areas (Chapouton et al 2007, Adolf et al 

2005, Grandel et al 2006, Kaslin et al 2006, Ekström et al 2001, Hinsch and Zupanc 

2007, Wullimann and Rinke 2002, Müller and Wullimann 2002,).  

 

Figure 36a: btg2 expression in the zebrafish embryo  

A-L Whole-mount in situ hybridisation analysis of btg2 expression. Stages of the 

embryos are shown in the bottom right corner of each figure. A, B,C, btg2 expression 

at 75%epiboly (A, C sagittal, B anterior view) is found in the prechordal plate, where it 

is strongest (in weakly stained embryos only prechordal plate staining appears) and in 

the paraxial mesoderm. D sagittal, E, F dorsal, at tailbud stage the expression is found 

in the polster (Pol, D) and posterior mesodermal derivatives (E, F). G sagittal, at 

5somites the btg2 expression is found in the CNS, in r3 and r5 and in the somites (s-

somites). H (12somites), I (15-20 somites) expression increases during somite stages, 

becoming expressed additionally in the heart (black arrow in H), the eye field (white 

arrowhead in H), by 15-20somites the entire CNS is covered with btg2 expression 

sparing the MHB (arrowhead in J), the boundary between fore- and midbrain (arrow in 

J), the midline (K) and boundaries between somites (L).  
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Figure 36b: btg2 expression in the zebrafish larvae, juvenile (5dpf) and adult brain  

A-F Whole-mount in situ hybridisation analysis of btg2 expression followed by 

sectioning. Stages of the embryos are shown in the bottom right corner of each figure.  

A sagittal view of a 1dpf-old zebrafish, anterior CNS is strongly expressing btg2 

sparing the MHB (arrowhead) and weakly in a salt-and-pepper fashion in the posterior 

part of the CNS B dorsal view of a 5dpf old brain, btg2 expression is found in the 

telencephalon midbrain and hindbrain. Arrows point to the MHB where expression is 

not detectable (C-D parasagittal cryosections of brain shown in B). Only anterior or 

posterior to the MHB cells express btg2. E, F sagittal sections of adult brain stained in 

whole mount and sectioned afterwards, expression is found in the named areas. CCe 

– corpus cerebelli, CeP – cerebellar plate, Ctec – commisura tecti,  Dm - medial zone 

of  dorsal telencephalic area,  GC – griseum centrale, H – hypothalamus, Hp –

periventricular hypothalamus LVII - facial lobe, LX - vagal lobe, MLF– medial 

longitudinal fascicle, P – pallium,  PPa –anterior part of parvocellular preoptic nucleus, 

PPp - posterior part of parvocellular preoptic nucleus, PT – posterior tuberculum, T – 

Thalamus TeO – tectum opticum, V – ventral telencephalic area, Vv – ventral nucleus 

of ventral telencephalic area.  
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c. btg3 

Expression of btg3 was first detected at somite-stages (figure 37a), when salt-and-

pepper expression as apparent in the whole nervous system. At 1dpf, btg3 

expression is detected only along the tectal ventricle. In the juvenile brain (figure 37b) 

btg3 expression was undetectable. At adult stages, a few restricted expression 

domains were found, always in ventricular zones (Figure 37b).  

 

Figure 37a: btg3 expression in the embryo and the juvenile brain 
A-G Whole-mount in situ hybridisation analysis of btg3 expression. Stages of the 

embryos are shown in the bottom right corner of each figure.  A, B, E, F lateral views, 

C, D dorsal views, all views anterior left. A-C embryo at the age of 15-20somites show 

a salt-and pepper expression in the CNS and expression in the neural crest cells. D 

By 1dpf the expression is found along the tectal ventricle (enlarged in E). Expression 

in later juvenile stages was not detected.   
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Figure 37b: btg3 expression in the adult brain 

Whole-mount in situ hybridisation analysis of btg3 expression followed by sectioning 

A-G sagittal sections of the adult brain showing several areas where small population 

of cells express btg3 in ventricular areas. Ce – cerebellum, H – hypothalamus, MeO – 

medulla oblongata, Tel – telencephalon, TeO – tectum opticum, Tel - telencephalon,  
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d. btg4 

The expression of btg4 was detectable during the first day of embryonic 

development. Expression appears salt-and-pepper, and was strong in the eyes and 

at the edges of the neural tube (possibly in neural crests). At later stages of 

development and in the adult brain, expression of btg4 could not be detected (figure 

38).  
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Figure 38: btg4 expression in the embryo 

A-F Whole-mount in situ hybridisation analysis of btg4 expression. Stages of the 

embryos are shown in the bottom right corner of each figure.  A, B lateral view, C, D 

dorsal view. A btg4 expression at 75%epiboly. B-D btg4 during somite stages shows  

a salt-and-pepper expression in the CNS, it is a well detected in the eye (B+C) he rim 

of the neural tube (D). 

 

Since zebrafish btg2 is the closest related homolog to mouse btg2 (tis21), which is 

marking asymmetric divisions from neural progenitors, I specifically compared 

zebrafish btg2 expression in the adult brain with proliferation and neurogenesis 

zones. Specifically, I compared btg2 expression with the markers MCM5 and HuC/D 

(figure 39). I found that btg2 in part overlaps with proliferative areas, but in addition 

expends to neuronal areas. It may be that btg2 is expressed in cells transiting from 
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the proliferative to the postmitotic state, as supported by its expression at the 

interface of the MCM5 and HuC/D-positive zones.     

 

Figure 39: btg2 is expressed in proliferating and in differentiated cells 

Whole-mount in situ hybridisation analysis of btg2 expression followed by sectioning 

and immunohistochemistry A-F sagittal sections of the adult brain showing several 

proliferative regions marked with proliferation marker anti-MCM5 (green). btg2 

expression is detectable sometimes within these regions but mostly surrounding them, 

marked with the neuronal marker HuC/D (red). Boxed areas in A, C and E are 

enlarged in G, H, I arrowheads point to cells that express btg2 within the proliferating 

zones.  
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During early development at the onset of neurogenesis, mouse btg2 marks cells that 

will undergo a neurogenic division, either asymmetric-neurogenic in neural stem cells 

or symmetric-neurogenic in basal progenitors (Iacopetti et al 1999, Götz and Huttner 

2005). her5-expressing cells at the MHB are neural progenitors giving rise to 

midbrain and hindbrain neurons (Tallafuss et al 2003), but the type of division that 

these progenitors undergo remains unknown. In particular whether they directly 

produce neurons or first give rise to transient progenitors located outside the MHB. 

To address this question, I analyzed in detail whether MHB progenitors express or 

not btg2.   

For this purpose I analysed btg2 expression in the her5PAC:gfp transgenic line, 

where MHB progenitors and their progeny are marked by GFP expression from the 

her5 promoter. Analysing btg2 expression in the transgenic line and comparing it to 

the GFP-positive progeny should show when the embryo starts to produce neurons 

and when the MHB progenitors are switching to a neurogenic division. However, btg2 

is detectable at 12s within a few cell rows that are expressing Her5-GFP in the 

midbrain and hindbrain (figure 40a, 40b).  
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Figure 40a:  btg2 expression at tailbud and 5s compared to Her5-GFP in her5:gfp transgenic 

zebrafish 

A-D Whole-mount in situ hybridisation analysis of btg2 expression and 

immunohistochemistry for GFP on sagittal cryosections of her5:gfp embryos. The age 

of the embryos is indicated at the bottom of each figure. Arrowhead in all figures is 

pointing to the MHB. A at tailbud stage btg2 expression is not detected but Her5-GFP 

is already expressed (enlarged in B). C At 5somites btg2 expression starts in the 

hindbrain presumable r3 and r5 (see also figure 21a). The expression spots in the 

hindbrain are not overlapping with Her5-GFP expression (enlarged in D).  
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Figure 40b: btg2 expression at 12s compared to Her5-GFP in her5:gfp transgenic zebrafish  

A-G Whole-mount in situ hybridisation analysis of btg2 expression followed by 

sectioning and immunohistochemistry for GFP on cryosections of her5:gfp embryos. 

The Arrowhead is pointing to the MHB A-G showing the same parasagittal 

cryosection. btg2 expression at 12s is more widespread than at 5s and is partially 

overlapping with Her5-GFP expression (B, C), but not at the MHB (indicated by the 

arrowhead) only in areas where the Her5-GFP becomes downregulated. E-G show a 

midsagittal cryosection from the same fish. The MHB is devoid of btg2 expression but 

an overlap is found in regions of Her5-GFP expression anterior to the MHB, in the 

midbrain, and posterior to the MHB, in the hindbrain.  
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To test whether zebrafish btg2 might be indeed labelling neurogenic divisions, we 

studied its expression in conditions where neurogenesis might be increased. In the 

mouse, lengthening the cell cycle induces premature neurogenesis (and increases 

btg2 expression (Calgari et al 2003). To induce cell cycle lengthening, we used the 

cell cycle inhibitor Aphidicolin at a low concentration, as reported (Calegari et al 

2003). In these conditions, I observed that cell cycle is not completely blocked but 

occurs more slowly, as revealed by a lower number of cells expressing the M-phase 

marker phospho-histone H3 (p-H3) (figure 41 E,F). Embryos that were treated in 

such a manner had a stronger expression of btg2 in comparison to mock-treated 

embryos that were fixed after the same incubation time (figure 41).  

It seams that lengthening of the cell cycle in zebrafish induces comparable to 

Calegari et al 2003 the expression of btg2. Thus zebrafish btg2 might have the same 

function in zebrafish as reported for other species.  

 

Figure 41:  btg2 expression is increased in Aphidicolin-treated embryos.  
Zebrafish embryos where treated with Aphidicolin from 70%epiboly until fixation (B, D, 

F, I, J, L) as a control mock-treated embryos were incubated for the same time in 

5%DMSO/fishwater (A,C, E, G, H, K). Treated embryos were whole-mount immuno 

stained (E-L), flat mouted (A-D, K-L) and cryosectioned (G-J). A and B show untreated 

and treated 3s whole flatmounted zebrafish, treated zebrafish show an increased btg2 

expression (compare enlargement D with C). E, F Anti-phospho Histone H3 (pH3) 

staining of the same fish as shown in A and B. Staining with M-phase marker 

phosphor-Histone H3 is decreased in treated embryos. G-J confocal planes of 

cryosections of treated fish from the same batch show decreased anti-pH3 staining in 

treated embryos. Enlarged view on the MHB area of 3s zebrafish in untreated (K) and 

treated (L) flat mounted embryos. 
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3.2.1. minibrain (mnb) gene family  

4 mnb-genes (sometimes alternatively named dyrk genes: dual-specific 

tyrosine-phosphorylated and regulated kinase or dual-specific YAK1-related kinase) 

were predicted from the zebrafish genome. Two (mnb1a N-term, mnb1a C-term, 

mnb1b) of these four genes (dyrk1, dyrk2, dyrk3, dyrk4) were confirmed by cloning 

from a cDNA library (rzpd, Berlin).    

 

  

Expression study was performed for 2 zebrafish mnb-genes to test whether one of 

these might label asymmetrically dividing cells, in particular in the adult brain. Two 

closely related clones for mouse Dyrk1a were found in the zebrafish genome 

database, mnb1a N-term and mnb1a C-term. Another related clone was found in the 

zebrafish genome (mnb1b) that after sequencing showed closer relationship to the 

mouse Dyrk1b gene.  
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Figure 42: clones found for mouse Dyrk1a 

For the annotated mnb1 cDNA (3982bp) two clones were found in a cDNA library 

named mnb1a and mnb1b. The mnb1a clone covers the first half of mnb1 sequence 

but is not containing the ATG start codon, mnb1b clone covers the second half of the 

mnb sequence but is not containing a poly-A tail and thus not reaching the end of the 

mnb mRNA. Most probably the predicted mnb sequence is not complete since the 

mnb1b clone aligns to the end of the annotated mnb1 sequence.  

 

 

a. mnb1a N-term (minibrain, mnb) 

The expression of mnb1a N-term was first detected in the 15-20 somite embryo 

(figure 43a) in a salt-and-pepper manner in the whole nervous system. Expression at 

1dpf became very strong in the anterior part of the nervous system. By 2 dpf (figure 

43b) mnb1a N-term is primarily expressed along brain ventricles, in the retina, in the 

otic vesicle, and the branchial arches. Staining at ventricles overlaps with regions of 

proliferation (anti-phosphoHistone green, figure 43b K). In the 5dpf larvae, 

expression is detected at high levels in the midbrain and hindbrain and more weakly 

in the rest of the brain. Expression in the adult brain was very broad (figure 43c) and 

found in the telencephalon (Dm, OB, PPa, PPp, V, Vv), diencephalon (Cpost, CM, 

Ha, Hp, T, TP), midbrain (PGZ, TL, around ventricles) hindbrain (CCe, GC, LC, 

above MLF, around hindbrain ventricles, around LX). These regions are partially 

overlapping with proliferative regions (figure 44).  
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Figure 43a: mnb1a N-term expression in the embryos and in the larvae 

A-F Whole-mount in situ hybridisation analysis of mnb1a expression. A sagittal view of a 10-20s 

embryo, B dorsal view of 15-20s embryo. mnb1a at 15-20s shows a salt-and-pepper expression in the 

whole CNS and the eye. C At 1 dpf mnb1a expression is strongest in anterior areas of the CNS, is 

also found presumably in ventral mesenchymal cells (D). E dorsal view of mnb1a expression in the 

head, cells in the eye and brain are stained, and in the spinal cord (F).  
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Figure 43b: mnb1a N-term expression in the larvae 

A-M Whole-mount in situ hybridisation analysis of mnb1a N-term expression F-K 

followed by cryosectioning and immunohistochemistry for anti-pH3. A mnb1a N-term 

expression at 2 dpf is found mainly in the anterior part of the zebrafish, B it is found 

along brain ventricles, in the otic vesicle, C, D, E in branchial arches (arrow), (B, E) 

and the retina.  F-K cryosections of a 2 dpf-old zebrafish, mnb1a N-term expression at 

the brain ventricle (F forebrain cross section, G, H midbrain cross section, J, K 

forebrain cross section), neural crest (F, I hindbrain cross sction) around the lens (G) 

and in cells a few cell rows far from the brain ventricle (aroowheads in H, J). In the 

forebrain mnb1a N-term expression overlaps with M-phase marker anti-phospho-

Histone3 in dorsal ventricular region (white arrow) but not in ventral ventricular regions 

and the cells inside the tissue expressing mnb1a N-term are either postmitotic or in G-

phases of the cell cycle. L dorsal M sagittal view on a whole mount 5 dpf zebrafish 

brain, mnb1a N-term expression is dispersed in the brain with high levels in the 

midbrain.  
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Figure 43c: mnb1a N-term expression in the adult brain 

A schematic drawing of a dorsal view on a adult zebrafish brain, lines indicate plane of 

the sections shown in B-D Whole-mount in situ hybridisation analysis of mnb1a N-

term expression on sagittal sections of the adult brain (anterior left). CCe – corpus 

cerebelli, CeP – cerebellar plate, Cpost –commissura posterior, CM - Ctec – 

commisura tecti,  Dm - medial zone of  dorsal telencephalic area,  GC – griseum 

centrale, Ha – habenula, Hp –periventricular hypothalamus, LC – lobus caudalis 

cerebelli, LVII - facial lobe, LX - vagal lobe, MLF– medial longitudinal fascicle, P – 

pallium, PGZ – periventricular grey zone of optic tectum, PPa –anterior part of 

parvocellular preoptic nucleus, PPp - posterior part of parvocellular preoptic nucleus, T 

– Thalamus, TeO – tectum opticum, TL – torus longitudinalis,  TP – periventricular 

nucleus of posterior tuberculum, V – ventral telencephalic area, Vv – ventral nucleus 

of ventral telencephalic area.  

 
 

 
Figure 44: mnb1a N-term expression overlaps with proliferative regions 

A-F Whole-mount in situ hybridisation analysis of mnb1a N-term expression and 

immunohistochemistry for MCM5 on sagittal sections of the adult brain section shown 

in figure 27c D. A anterior telencephalon with olfactory bulbs, B posterior interception 

between telencephalon and midbrain, C preoptic area, D hypothalamus, E MHB 

region, F posterior hindbrain. In some areas mnb1a N-term expression overlaps 

(arrowheads in the figures) or is neighboring (arrows in the figures) the proliferating 

zones. Ce – cerebellum, Hy – hypothalamus, LX – vagal lobe,  OB – olfactory bulb, Po 

– preoptic area, Tel – telencephalon, TeO – tectum opticum.  
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b. mnb1a C-term 

Expression of mnb1a C-term was nearly never detectable, very weak expression was 

seen in the head region of the 1 dpf embryo, at 2 dpf no detectable expression could 

be found and in the adult there was weak expression in the cerebellum (crista 

cerebellaris CC, corpus cerebelli CCe), habenula, forebrain (ventral telencephalic 

area V, dorsal telencephalic area d), hypothalamus (dorsal zone of periventricular 

hypothalamus Hd) and in the optic tectum (periventricular grey zone of optic tectum 

PGZ) (figure 45).  

 

Figure 45: mnb1a C-term expression in zebrafish 

A-C Whole-mount in situ hybridisation analysis of mnb1a C-term b expression, sagittal 

view. Stages of the embryos are shown in the bottom right corner of each figure. CCe 

- corpus cerebelli, Dm- medial zone of dorsal telencephalic area, Ha - habenula , Hp - 

periventricular hypothalamus, LC - lobus caudalis cerebelli, LX - vagal lobe, PGZ - 

periventricular grey zone of optic tectum, TL - torus longitudinalis, V – valvula cerbelli.  

 

 

c. mnb1b 

Expression of mnb1b could not be detected during epiboly stages (figure 46a). It 

started weakly during somite stages in the neural tube, eye field and neural crest 

cells. Expression in the brain became stronger by 1 dpf, still in a spotty pattern. In 

addition expression was detected in the somites and in the endoderm.  By 2 dpf 

(figure 46b), expression became concentrated to the brain ventricles and to migrating 

neural crest cells. It is also found in the otic vesicle, the somites and the heart. At 
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5dpf the expression covers the whole brain sparing the midline and parts of the 

telencephalon (commissure, figure 46b). Expression in the adult brain was detected 

in several regions, including the olfactory bulb, telencephalon (Dm, PPa, PPp, V, Vv), 

diencephalon (CM, Ha, Hp, T, TP,), midbrain (IPZ, PGZ, around midbrain ventricles), 

hindbrain (CCe, LC, around LX and LVII, around hindbrain ventricles, above the 

MLF, Va). These regions are partially overlapping with proliferating regions (figure 

47a,b). 

 

Figure 46a: mnb1b expression in the zebrafish embryo (75% epiboly, 15s, 1 dpf, 2 dpf) and 

the juvenile brain (5 dpf) 

A-M Whole-mount in situ hybridisation analysis of mnb1b expression. A sagittal view 

of an embryo at 15-20 somites, salt-and-pepper expression of mnb1b is found in the 

neural tube, and expression is detected in the eye field and the neural crest cells (B), 

in the somites (C). D at 1 dpf expression is dominant in the head region where the 

salt-and-pepper expression (E front view) manner is still maintained. Additional 

expression is found in the endoderm (arrowhead), in the lens and around the eye (E) 

and in the somites (F sagittal). G dorsal view of a 2dpf old larvae, expression in the 

brain is located at the brain ventricles, in the otic vesicle (arrowhead, see also H) and 

the branchial arches (arrow, see in sagital view in I and enlarged in J), H in mesoderm 

(arrow) and in the heart (arrowhead in I). K sagittal view on a whole mount 5 dpf old 

brain, L anterior dorsal view M posterior dorsal view on a 5dpf old brain, mnb1b 

expression is dispersed in the whole brain sparing MHB cells, cells at the junction 

between forebrain and midbrain. 
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Figure 46b: mnb1b expression in the adult zebrafish brain 

A-F Whole-mount in situ hybridisation analysis of mnb1b expression on sagittal 

sections of the adult brain. A parasagittal section of the adult brain B, C sagittal 

section arrow pointing to the IPZ where expression is detectable. D IPZ (arrowhead) in 

an enlarged view. E sagittal section with expression in the olfactory bulb. F midsagittal 

section. CC – crista cerebellaris, CCe – corpus cerebelli, CeP - cerebellar plate, Cpost 

–commissura posterior, CM – corpus mamillare, Ctec – commisura tecti,  Dm - medial 

zone of  dorsal telencephalic area,  DP – dorsalposterior thalamic nucleus, GC - 

griseum centrale, Ha – habenula, Hp –periventricular hypothalamus, IPZ – isthmic 

proliferation zone, LC – lobus caudalis cerebelli, LVII - facial lobe, LX - vagal lobe, 

MLF– medial longitudinal fascicle, NLV - ,nucleus lateralis valvulae, PGZ – 

periventricular grey zone of optic tectum, PPa –anterior part of parvocellular preoptic 

nucleus, PPp - posterior part of parvocellular preoptic nucleus, PPv – ventral part of 

parvocellular pretectal nucleus,T – Thalamus, TeO – tectum opticum, TL – torus 

longitudinalis, TP – periventricular nucleus of posterior tuberculum, Va – valvula 

cerebelli, V – ventral telencephalic area, Vv – ventral nucleus of ventral telencephalic 

area.  
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Figure 47a: mnb1b expression in adult zebrafish brain overlaps partially with proliferative 

regions.  

A-F Whole-mount in situ hybridisation analysis of mnb1b expression and 

immunohistochemistry for MCM5 on sagittal sections of the adult brain. A, B forebrain 

and olfactory bulb, C, D Hypothalamus E, F anterior midbrain and diencephalon. Ce – 

cerebellum, Dm - medial zone of  dorsal telencephalic area, Ha – habenula, Hp –

periventricular hypothalamus, OB – olfactory bulb, Po – preoptic area, PPp - posterior 

part of parvocellular preoptic nucleus , PPv - ventral part of parvocellular pretectal 

nucleus , T – thalamus, TeO – tectum opticum, V – ventral telencephalic area.  
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Figure 47b: mnb1b expression in adult zebrafish brain overlaps partially with proliferative 

regions. (next page) 

A-F Whole-mount in situ hybridisation analysis of mnb1b expression and 

immunohistochemistry for MCM5 on sagittal sections of the adult brain. A, B, C, D, E, 

F MHB area with tectum opticum  and cerebellum, G, H posterior hindbrain with vagal 

lobe CCe – corpus cerebelli, Cpost - commissura posterior, IPZ – ithmic proliferation 

zone, LX - vagal lobe, PGZ - periventricular grey zone of optic tectum, T – thalamus, 

TeO – tectum opticum.  
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In chicken, minibrain (mnb) has been reported to be expressed in progenitors one 

cell cycle earlier than btg2 (Hämmerle et al 2002), in single ventricular cells of the 

embryonic neural tube. I observed a similar pattern for zebrafish mnb1a (in the 

following the N-terminal probe was used and called mnb1a) (figure 46). The 

transcription of chicken minibrain starts during mitosis (cell at the basal side of the 

neural tube) is maintained during G1-phase and stops before S-phase (analysis in 

chicken of HH 10, HH13, HH19, Hämmerle et al 2002). In zebrafish at older stages (1 

dpf and 2dpf), the expression observed in the chick is not as dispersed between 

apical and basal areas as in the chicken embryonic neural tube (figure 48). This is 

probably due to the fact that, at these stages the tissue is also thicker and 

proliferating cells are not undergoing obvious interkinetic nuclear migration. Hence, 

M-phase nuclei are found in ventricular regions at 1dpf (figure 43bK).  

 

Figure 48: mnb1a expression in a subset of cells in the brain 

A-I in situ hybridisation analysis of mnb1a expression on cryosections of 1dpf and 

2dpf larvae. A-F,H, I cross sections, A, G horizontal sections anterior to the left. A, B 

in the forebrain mnb1a expression is found at the ventricle in medial and at the outer 

(pial) surface of the brain. C midbrain section, D, E hindbrain setions, G horizontal 

section of midbrain and hindbrain, H, I spinal cord. mnb1a is expressed as dots in 

single cells.  
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The Minibrain protein has been described to be distributed asymmetrically in cells 

that will undergo an asymmetric division, and to be inherited by the progenitor that, 

two cell cycles later will become the neuron (Hämmerle et al 2002). Using an 

antibody directed against GST-mnb fusion protein from Drosophila melanogaster and 

that likely cross react with zebrafish minibrain (mnb1a and mnb1b), I analyzed the 

distribution of Mnb protein in cross sections of the early neural tube. The Minibrain 

protein could be detected at the 12 somite-stage (figure 49) but not before (at 

5somites). It showed nicely the reported localisation to only one part of the nucleus in 

a cell that will undergo cell division. The Mnb-positive cells that were found are 

mainly localised at the basal side of the neural tube where proliferative cells are 

undergoing mitotic phase, but a few cells are found in intermediate positions (figure 

49 D +F).    
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Figure 49: Localisation of Mnb in zebrafish embryonic neural tube.  

A-F immunohistochemistry on (cross-) cryosections (25µm) of her5:gfp transgenic 

zebrafish embryos.. A/B, C/D, E/F show the same section either with or without GFP 

in confocal single planes. A-B at 5somites it was not possible to detect anti-Mnb. C-F 

at 12 somites in each section a few cells are found Mnb-positive, as a dot on one side 

of the cell. The protein resides in the cytoplasm since it is not overlapping with MCM5 

which is located in the nucleus.  
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3.2.1. prominin gene family 

Three prominin-like genes can be predicted from the zebrafish genome. All 

three (proml1, proml2 and proml3) were confirmed by cloning from a cDNA library 

(rzpd, Berlin). 

  

 

To determine whether one of these genes could be a marker of neural stem cells, I 

performed expression analyses in the embryonic, juvenile and adult brain. 

 

a. proml1 

Expression of proml1 was first detected at 15-20 somites (figure 50a) where it stained 

the otic vesicle. At 1dpf proml1 is expressed in the epiphysis, the lens, neural crest 

cells, the otic vesicle and the endoderm. At 2dpf, proml1 is detected at the midline 

along the whole nervous system, in ventricular regions. It was also expressed in the 

optic tecum, the otic vesicle and the lens. At 5dpf (figure 50b) the expression is 

detected in the whole brain with strongest expression in the midbrain. In contrast to 

mnb3a, expression is found in the midline of the 5dpf brain, a region where gfap 

could be detected (figure 50b D+E). Expression in the adult brain is found in the 
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telencephalon (V, PPa, PPp), diencephalon (CM, Hp, PTN, TP), midbrain (IPZ, PGZ, 

PPv, TL) and hindbrain (above the MLF, corpus cerebelli, around LX, Va).  

 

Figure 50a: proml1 expression in the zebrafish embryo (75%epiboly, 15-20s, 1dpf, 2dpf) 

A-K Whole-mount in situ hybridisation analysis of proml1 expression. A,B,D,E, H, I,  

lateral view, C,F,G,J,K dorsal view, L anterior view. A, B proml1 expression at 

15somites is found in the otic vesicle. C-F expression at 2dpf is found in the lens (C, 

E), in the epiphysis (C, E), in the otic vesicle (F) and in the midline. G-K proml1 

expression at 2 dpf is detected in the midline (I), along the tectal ventricle (G, H, J) 

and in midbrain ventricle (H), in the nose epithelium (G, J), in the lens (G-K).  
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Figure 50b: proml1 expression in the zebrafish juvenile (5dpf) and adult brain 

A-C Whole-mount in situ hybridisation analysis of proml1 expression on 5dpf-old 

larvae. Expression is found in every brain part, very prominent in the midbrain. In 

contrast to minibrain expression and btg2 it is detecable in the midline, an area where 

GFAP-positive radial glia cells can be found (compare to D dorsal view and E sagittal 

view) F-I whole-mount in situ hybridisation analysis of proml1 expression followed by 

sectioning in the adult zebrafish brain. F, G midsagittal section of the adult brain. H-I 

lateral sagittal sections of the adult brain. CCe – corpus cerebelli, DP – dorsalposterior 

thalamic nucleus, Hp –periventricular hypothalamus, IPZ – isthmic proliferation zone, 

LX - vagal lobe, MLF– medial longitudinal fascicle, PGZ – periventricular grey zone of 

optic tectum, PPa –anterior part of parvocellular preoptic nucleus, PPp - posterior part 

of parvocellular preoptic nucleus, PPv – ventral part of parvocellular pretectal nucleus, 

TL – torus longitudinalis, TP – periventricular nucleus of posterior tuberculum, Va – 

valvula cerebelli, V – ventral telencephalic area.  
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b. proml2 

Expression of proml2 could only be detected at 2dpf in the otic vesicle (figure 51) 

 

Figure 51: proml2 expression in 2dpf old zebrafish  

Whole-mount in situ hybridisation analysis of proml2 expression. A sagittal view on a 

2dpf old zebrafish, proml2 expression is found in the otic vesicle.  
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c. proml3 

Expression of proml3 could only be detected at 15somites in the Kupffer´s vesicle 

(figure 52) 

 

 

Figure 52: proml3 expression in 15somite old zebrafish 

Whole-mount in situ hybridisation analysis of proml3 expression. A sagittal view of a 

15somite-old zebrafish, proml3 expression is detected in the Kupffer´s vesicle. 
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Chapter 4 

Discussion 

4.1. Part 1: Potentialities of adult her5-
expressing cells 

In stem cell neuroscience an important question is to determine whether adult 

neural stem cells are multipotent. Multipotency of a neural cell is defined as its 

potential to give rise to all the cell types of the nervous system, namely in the adult 

mammal, to neurons, oligodendrocytes and astrocytes. In the mouse model system, 

this question has essentially been addressed by means of viral infection at clonal 

dilution (hence labelling only one progenitor cell and its progeny clone) or using 

neurospheres. The first technique permits determining the capacities of a single 

progenitor cell in situ, i.e. in its normal environment, but this environment might not 

permit it expressing the whole of its potentialities. The second technique is in vitro 

and hence subject to caution.  

Viral transfection approaches are used to achieve high gene transfection rates and 

improving the technique increased the transgene capacity and decreased 

immunogenicity. One can choose between three different types of viruses: retrovirus, 

adenovirus or lentivirus, which has different advantages. Retroviruses are used to 

transfect cells with high efficiency when cells are undergoing cell division; these 

viruses are not infecting postmitotic cells since they need S-phase transition for their 

infection. The primary uses of retroviruses are the transfection of NSCs with genes 

modifying their behaviour (to create cell lines) or with reporter proteins (e.g. for 

lineage mapping of cortical neurogenesis) (Cepko et al 1998). In a study where 

retroviruses were used for fate transformation, fibroblasts were transformed into 

pluripotent ES-cells by forced expression of the oct4 and nanog genes (Wernig et al 

2007). Further, retroviruses were used to transfect NSCs in the E9.5 mouse 

telencephalon with an active form of Notch1, and showed that Notch promotes a 

radial glia identity in the embryo and postnatally these cells became periventricular 
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astrocytes, confirming the idea that radial glia cells are produced from neuroepithelial 

cell. Further, these infected cells were found in GFAP-expressing clusters at the 

lateral ventricle, previously described as NSCs in the adult (Doetsch et al 1999a), 

showing that they possess stem cell potential (Gaiano et al 2000). 

In a study where an avian leukosis retrovirus was used in a tracing study, the infected 

mice, which expressed the retrovirus attachment receptor under control of GFAP, 

viral infection in astrocytic B-cells was achieved (Doetsch et al 1999a). Noctor et al 

2001 were able, by injecting retroviral vectors expressing GFP into the cerebral 

ventricle, to label radial glial precursor cells in vivo and could show that these cells 

were generating neurons in the neocortex. 

In contrast, adenoviruses infect dividing and non-dividing cells, but they do not 

integrate into the genome, therefore they become diluted in dividing cells but remain 

strongly expressed in non-dividing cells. First generation adenoviruses have the 

capacity to take up 8kb, but recently generated adenoviruses can tale up more than 

30kb. The newly generated adenovirus show less immunogenicity and toxicity in 

vivo, and have a transfection rate in mouse in vivo of 68% (Falk et al 2002). But 

recently it was reported that NSCs from cultured mouse brain were resistant to 

adenovirus transfection and it was suggested that this is due to a lack of coxsackie-

adenovirus receptor expression by these NSCs (Schmidt et al 2005). Further the 

transduction of NSCs with adenoviral vectors in vitro lead to differentiation of the 

NSCs (Falk et al 2002, Hughes et al 2002). In vivo experiments have been 

successful when the viral vectors were introduced into the ventricle and the 

experiments could follow cells that differentiated into neurons (Hashimoto et al 2004). 

Merkle et al used GFP-expressing adenovirus to identify adult radial glia cells as 

adult SEZ neural stem cells (Merkle et al 2004). Further by infecting at different 

positions into the telencephalic ventricle with diluted virus concentrations labelling 

restricted small patches of NSCs, the group suggested that NSCs are restricted in 

fate since distinct groups of NSCs gave rise to distinct neuronal populations (Merkle 

et la 2007).  

Lentiviruses are retroviruses that infect dividing and non-dividing cells, offer long-term 

expression of the transfected transgene, low toxicicty, high capacity of transgene size 

and low immunogenicity even after repetitive administrations. Recently the efficiency 
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of lentiviral mediated manipulations of NSCs was improved (Szulc et la 2006, 

Capowski et al 2007).  

Neurosphere-assays are performed by dissecting tissue which harbours NSCs, 

dissociating it into single cells and plating these cells at clonal density. Typically, 

mitogens (FGF2 or EGF) are also added. When NSCs were present in the dissected 

tissue, floating clusters are formed, called neurospheres (Marshall et al 2007, 

Reynolds and Rietze 2005). Much has been argued about the physiological 

relevance of the neurosphere-assay (Gage 2000), but it is used as a tool to elucidate 

the potential of certain stem cell populations in regard to proliferation and self-

renewal (Hartfuss et al 2001, Tropepe et al 2001, Theriault et al 2005, Bull et al 2005, 

Young et al 2007, Shen et al 2006,Rao et al 1997, Li et al 2004) or to find stem cell 

populations in tissue where they were not known before (Zhao et al 2003).  

Here we make use of the zebrafish model system and specifically of a transgenic line 

where a neural stem cell population is identified by GFP expression, to assess the full 

range of potentialities of single neural stem cells. Specifically, I transplanted single 

adult GFP-positive cells into the zebrafish embryonic neural tube, an environment 

rich in growth factors and from which all CNS cell type can develop. I compared their 

fate with that of other cell types (neurons, glia) and with embryonic neural 

progenitors.  

 

4.1.1 Surviving transplantation is a specific feature of 

progenitor cells 

Strikingly, I found that only progenitor cells (adult and embryonic Her5-GFP cells) or 

cells that may have the capacity to act as progenitors (GFAP-GFP cells) are able to 

adapt to the embryonic neural tube environment for 5 days or longer (until 8 days). In 

contrast to these progenitor cells, neurons from the adult brain did not survive until 5 

days upon transplantation. Although it is possible to transplant embryonic dopamine 

(DA) neurons in monkeys (Collier et al 2002), this is not possible for zebrafish adult 

neurons, maybe because they are more specified than embryonic DA neurons. It is 

possible that differentiated neurons require specific survival cues (such as for 

instance LIF (Bauer et al 2003), GDNF (glial-cell-line-derived neurotrophic factor, Lin 

et al 1993, Lucini et al 2008), CDNF (conserved dopamine neurotropphic factor, 
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Lindholm et al 2007), TGF-β (Roussa et al 2004), NGF (discovered by Levi-

Montalcini and Hamburger 1951, Frielingsdorf et al 2007), Neurothrophin-3 (NT-3, 

Maisonpierre et al 1990), neurotrophin-4/5 (NT-4/5, Ip et al 1992) or BDNF (for 

review Binder and Scharfman 2008, Kirschbaum and Goldman 1995, Kamei et al 

2007)) that are not present in the embryonic neural tube at the time of 

transplantation. Alternatively, the presence of embryonic growth factors (such as FGF 

or EGF) might be deleterious to cells that have left the cell cycle and cannot re-enter 

cell division. The influence of such factors, which contradicts the cell program, might 

lead to cell death. Both FGF and EGF are expressed in the embryonic zebrafish 

neural tube at the time of our experiments.  

The greater adaptability of progenitor cells has already been noticed in a number of 

studies in different species and is used as a potential avenue towards cell 

replacement therapy in neurodegenerative disorders or after lesion (Rosser et al 

2007). For instance, embryonic neural precursor cells from the pig ventral 

mesencephalon were transplanted into the striatum or substantia nigra location of 

adult rats, and were observed to integrate and give rise to neurons (Armstrong et al 

2003). In mice the best morphological integration and differentiation was achieved 

after transplantation into the youngest-aged host (van Hoffelen et al 2003, McMahon 

et al 2007). In most studies however, embryonic cells were transplanted into the adult 

CNS. Our experiments therefore permit extending the property of adaptability to adult 

neural stem cells.  

 

4.1.2 Slow proliferation is a cell-intrinsically and stable 

character of adult progenitor cells  

As expected, single postmitotic cells (neurons and glial cells) were never 

responding to mitogens present in the embryonic neural tube to divide after 

transplantation (for neurons this could be followed until day 1 and in one case until 

day 5).  

In contrast, single adult and embryonic her5-expressing cells were both capable of 

dividing upon transplantation. However the number of progeny cells that they 

generated within the 5 days of observation was strikingly different. Adult Her5-GFP 
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cells gave rise in average to 2-3 cells, corresponding to one or 2 cell divisions. In 

transplantation of embryonic Her5-GFP cells, the mean number of cells was 26-27. 

Hence embryonic neural progenitor cells were able to divide many more times than 

their adult counterparts within the same time frame, indicating that they have a much 

faster cell cycle than the adult Her5-GFP cells. This is in fitting with their properties in 

situ. Using cumulative BrdU incorporation experiments over 5 days only 30% of adult 

Her5-GFP-positive stem cells could be labelled (Chapouton et al 2006), indicating a 

cell cycle length of more than 5 days for most cells of this population. In contrast, the 

embryonic Her5-GFP-positive population at 24 hpf has a much faster cell cycle 

(Stigloher unpublished). Because embryonic and adult cells were transplanted into 

the same new environment, our results indicate that the cells keep their endogenous 

division rate upon transplantation. From this result we suggest that the cell cycle 

speed is intrinsically encoded and stable. Several factors have been reported to 

influence the length of the cell cycle and it would be interesting to look for these 

factors in zebrafish and at their influence on her5 expression. For example, IGF-I 

regulates progenitor cell division in the ventricular zone by reducing G1-phase 

(Hodge et al 2004). Another factor is Pax6, it was reported that in the absence of 

Pax6 a shortening of the cell cycle could be observed and it was suggested that 

Pax6 is required to control the duration of the cell cycle (Estivill-Torrus et al 2002).  

 

Within the transplanted embryonic Her5-GFP cells themselves, we observed large 

variations in the division rate, with some cells dividing a lot (e.g. 106 progeny cells 

from a single transplanted cell) and some cells dividing only a few times. In embryos 

at 24 hpf, Her5-GFP expression marks the MHB progenitor cells but also, because of 

the perdurance of GFP protein, some of their progeny cells in the midbrain. Many of 

these are still proliferating, and might differ from MHB cells in their cell cycle 

characteristics. In fact, we found that MHB cells tend to divide more slowly than their 

neighbours in the midbrain. This transition occurs at 27 hpf and may also play a role 

slightly earlier at 24hpf (C. Stigloher, unpublished). It is also possible that progenitors 

located in the midbrain, although dividing faster, undergo fewer divisions than MHB 

progenitors because they are prone to differentiate sooner. We cannot know at 

present which of these hypotheses account for our results.  
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Figure 53:  embryonic MHB area in her5PAC:gfp transgenic fish (Stigloher in process) 

Cells at the MHB still expressing the RNA (red arrow) are the cells with a slow cell 

cycle and Her5-GFP cells not expressing the her5 RNA (green arrow) are fast dividing 

and leaving the cell cycle.  

 

 

4.1.3 Single adult her5-expressing cells are not 

multipotent  

In my analysis I found that each single adult her5-expresssing cells only gave 

rise to one fate. This fate was either to remain a progenitor cell (ventricular 

localization and radial glia morphology), or to become a neuron or rarely an 

oligodendrocyte. In contrast, most single embryonic her5-expressing cells were able 

to give rise to progeny cells of different identities. Hence, within the frame of my 

experiments, embryonic her5-expressing cells appear multipotent, while their adult 

counterparts are fate-restricted.  

One caveat remains the time frame of my analyses. Indeed, we cannot exclude that 

the adult transplanted cells that maintained a progenitor fate would not have given 

rise to progeny cells of several identities after a longer time period than 5 days. We 

tried to address this issue by letting transplanted fish survive longer (until 10 dpf), but, 

for reasons that are not understood, we were never successful at recovering the 

progeny of transplanted cells at this time. In rats, the survival of transplanted adult 

neural stem cells was increased after viral transfection with VEGF (Maurer et al 

2008), and it was shown that FGF-2 enhances the potential for cellular brain repair of 

transplanted NPCs (Dayer et al 2007). Maybe stimulating the cells with growth 

factors would increase the amount of transplanted cells that survive in zebrafish as 
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well. It remains, however, that in all cases where the transplanted cell acquired a 

differentiated fate within 5 days, this was of a single type. In this respect, adult Her5-

GFP-positive cells differ strikingly from their embryonic counterparts. From the 

literature a few authors come to the conclusion that adult neural stem cells are fate-

restricted and that this restriction is acquired during embryonic neurogenesis in 

rodents (Merkle et al 2007, Pinto and Götz 2007). A virus-mediated fate tracing study 

showed that Sox2 NSCs in the SGZ are composed of cells with different 

morphologies: radial glia (for 15% of the cells) and non-radial cells (for 85%). 

Whether these two types of Sox2-positive cells are of the same lineage remains 

unknown, but it was suggested that non-radial Sox2-positive cells are multipotent and 

self renewing NSCs, which give rise to radial Sox2-positive cells that are either 

quiescent or proliferative active (Suh et al 2007). Another viral-mediated fate tracing 

study in the forebrain of mice showed that infected radial glia cells of different 

location in the forebrain gave rise to a specific set of neurons. Anterior and dorsal 

regions produced periglomerular cells. Dorsal regions produced the highest 

percentage of TH-positive cells and ventral regions produced mainly calbindin-

positive cells. Thus radial NSCs of the forebrain are not a homogeneous group of 

cells but are heterogeneous according to their location (Merkle et al 2007). So maybe 

this is exactly what the adult her5-expressing cells are showing. The her5-expressing 

pool of cells is a heterogeneous population.  

 

Another observation was that the differentiated fate of transplanted adult Her5-GFP 

cells was mostly neuronal. In only one case do we postulate the generation of 

oligodendrocytes. These observations are in keeping with the fate of most 

progenitors of the zebrafish adult brain (Adolf et al 2006), and in particular with that of 

Her5-GFP progenitors: in situ in the adult fish brain, only very few oligodendrocytes 

derive from her5-expressing cells compared to the number of neurons that is 

generated (Chapouton et al 2006). In mice most generated cells after homotopic or 

heterotopic transplantation of embryonic or adult forebrain or cerebellar regions were 

found to be neuronal (van Hoffelen et al 2003). Interesting recent reports in rodents 

suggest that the generation of oligodendrocytes from neural stem cell zones in the 

forebrain is actively inhibited in particular by BMP signalling (Colak et al 2008).  
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The prominent generation of neurons raises an important question in the adult brain 

of the zebrafish, which grows and undergoes widespread neuronal addition 

throughout life, and one assumes, would need to match the number of neurons with 

that of glial cells. The major glial type in volume in the adult zebrafish brain seems to 

be the radial glia, and whether new radial glia are generated during adulthood 

remains to be studied in detail. In any case, it is interesting to see that the fate of 

single transplanted Her5-GFP cells parallels their normal fate in situ. Environmental 

cues (e.g. the niche) have been evoked in rodents to determine the fate of progenitor 

cells in the adult brain. For instance, spinal progenitors transplanted into the SEZ are 

capable of giving rise to neurons, although they are inert in situ. Additionally in mice it 

was suggested that NSCs from distinct regions of the brain maintain some aspects of 

their regional profile and differentiate into some but not all neuronal classes 

according to the region they derive from (Hitoshi et al 2002, Horiguchi et al 2004, 

Parmar et al 2002). This regional character became lost upon passaging the cells in 

vitro before transplantation (Gabay et al 2003, Hack et al 2004, Hitoshi et al 2002, 

Jensen et al 2004, Ostenfeld 2002, Parmar et al 2002). Raising the questions: which 

are the intrinsic cues and why are they changed upon passaging cells in vitro? When 

NSCs are transplanted heterotopically, e.g. forebrain NSCs from the ganglionic 

eminence into the cerebellum, or NSCs from the cerebellum into the forebrain, they 

often develop into astrocytes. If these cells are transplanted homotopically they show 

their regional repertoire (Klein et al 2005). In contrast, our results argue again for an 

intrinsic encoding of the neuronal fate of zebrafish adult neural stem cells, at least for 

the Her5-GFP population.  

The neurogenic potential of radial glia in rodents was shown to correlate with the 

expression of Pax6 (Heins et al 2002, Malatesta et al 2003, Götz et al 1998). It would 

be interesting to see if Pax6 is expressed in adult Her5-GFP cells and whether it is 

expressed in adult GFAP-GFP cells that are differentiating. Radial glia cells from the 

spinal cord of E14 mice that were transplanted into the lateral ventricle were able to 

leave the ventricular system and penetrated the host VZ, which is a feature of 

progenitor cells (McMahon et al 2007, Fishell 1995). The same group showed that 

radial glia cells were first capable of giving rise to neurons in host brains of P1 mice, 

suggesting that the timing is a major feature of differentiation for radial glia cells in 

rodents (McMahon et al 2007). It would be interesting to test the potential of 

proliferative active adult GFAP-GFP cells in comparison to the adult Her5-GFP cells 
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as the comparison between two groups of progenitors, additionally from different 

regions of the brain.   

 

4.1.4 Outlook 

Although our experimental set-up has the incomparable advantage of being in 

vivo and following cells that were manipulated to a minimum, it has clearly limited our 

capacity to analyse a large number of cells and over long time periods. It would be 

interesting to see if stimulating transplanted her5-cells with growth factors (EGF,FGF) 

during a brief cell culture period prior to transplantation would increase the cell cycle 

speed and could help showing if these cells are fate-restricted or not. As another 

approach, we envisage to culture the her5-cells and follow their progeny with a video-

tracking software, using the cell culture conditions that we have developed (see p. 

45).  
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4.2.  Part 2: markers for asymmetric division    
of progenitor cells in zebrafish CNS 

4.2.1 btg-genes in zebrafish 

The zebrafish btg gene family was not enlarged due to gene duplication, unlike 

most other gene families of the zebrafish genome. We found four btg genes, which 

could each be associated with mouse and human orthologs by sequence homology. 

All zebrafish predicted Btg protein contains the characteristic boxes A and B, specific 

for the Btg protein family.  

btg1 is expressed during development and in the adult brain around  the MHB and in 

restricted areas of the telencephalon, cerebellum and hypothalamus. btg2 is also 

expressed during development but the ISH signals indicate stronger expression than 

for btg1. The expression of btg2 is already very strong during somite stages in the 

CNS and spares the boundary between forebrain and midbrain and the MHB, where 

a stem cell population is maintained until adulthood (Chapouton et al 2006). The 

latter point is interesting, as btg2 then appears expressed adjacent to this stem cell 

population and therefore in cells generated at the MHB but that are now undergoing 

differentiation (Tallafuss et al 2003). At early developmental stages in the neural 

plate, we could show that btg2 is prematurely induced when the cell cycle is 

lengthened, which is comparable to mouse btg2 (Calegari et al 2003, Calegari et al 

2005). In mouse it was shown that the premature induction of btg2 is accompanied 

with a premature induction of neurogenesis, without resulting in an enlarged number 

of neurons (Calagari et al 2003). This point remains to be verified in zebrafish. 

Nevertheless, our sequence analyses and expression data in wildtype embryos and 

in embryos with altered cell cycle length argue that btg2 is a true functional homolog 

of mouse btg2. btg3 and btg4 are both expressed early during development; in the 

adult brain, btg4 was undetectable and btg3 was only detected in a few ventricular 

regions. This contrasts with the expression of mouse btg2 gene, which is found 

expressed around and in all the proliferative zones of the adult brain. 

Together, and by comparison with the mouse, our results identify the zebrafish btg2 

gene as a good candidate to mark asymmetric cell division of cells in the juvenile and 
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the adult brain. A detailed analysis will now be important to confirm this hypothesis by 

analysing more carefully on the cellular level the overlap of btg2 with proliferation 

markers and BrdU at the MHB and the other proliferative areas in the adult zebrafish 

brain.  

  

4.2.2 Homolog of mouse dyrk1a in zebrafish 

Two zebrafish genes share sequence similarity with mouse dyrk1a and dyrk1b 

genes. Zebrafish mnb1a is expressed during development in the otic vesicle and 

branchial arches. In the CNS mnb1a expression displays a salt-and-pepper pattern 

and is maintained until adulthood where it is expressed in all actively proliferating 

regions of the adult brain. This distribution was also confirmed by co-localisation with 

the proliferation marker MCM5.  

mnb1b is also expressed in salt-and-pepper pattern in the CNS during development 

and in the juvenile fish. In addition during development it is expressed in neural crest, 

otic vesicle and endoderm. Expression in the adult brain could be detected in all 

proliferating areas in a manner comparable to mnb1a, but the expression of mnb1b 

at the MHB is more intense. Interestingly the expression of both mnb clones is found 

in proliferating cells and focusing to the MHB in the IPZ area where btg2 expression 

was only found adjacent to the IPZ. It would be important to directly compare mnb 

and btg2 expression to assess conservation with the mouse system. In the mouse, 

mnb precedes btg2 expression of one cell cycle and is expressed as a dot on the 

side of the cell that will generate the differentiating cell. btg2, in contrast, does not 

show a dotted expression.  

In chicken it was shown that mnb RNA is restricted in proliferating cells to one side of 

the cytoplasm prior to division, and that the cell inheriting the transcript will become 

one cell cycle later the cell undergoing asymmetric division (Hämmerle et al 2002). I 

found that mnb1a transcripts in the neural tube at 1 dpf and 2 dpf are also located as 

a dot to one side of the cell. In addition, in chick, it was also shown that mnb starts 

being expressed during M-phase, and that expression is maintained in G1-phase but 

stops shortly before S-phase (Hämmerle et al 2002). In the neural tube, this 

corresponds to cells at the apical side and in intermediate areas of the neural tube, 

but not in the basal side of the neural tube. In zebrafish I mainly found expression 
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and the dotted mRNA distribution in cells of intermediate (cells between the apical 

and basal side) and basal sides of the neural tube, which is in contrast to the results 

in chick. One possible clue to this apparent discrepancy is the age of the embryos 

examined. Analyses in chick were performed at HH10, HH13 and HH19, 

corresponding to 10somites, 19somites and approximately 30h in zebrafish. The 

zebrafish embryos that I examined, at 1 and 2 dpf, are comparatively older and 

whether cells at different cell cycle phases are clearly segregated in space at this 

stage needs to be studied in detail.    

 

4.2.3 Homolog of mouse prominin1 in zebrafish 

Analysis of zebrafish prominin-like (proml) genes uncovered three genes. Two 

are closely related to mouse prominin1 (zebrafish proml1 and proml2) and one is 

more homologous to mouse prominin2 (zebrafish proml3). Expression of proml1 

during development is found in the CNS, the lens, neural crest, otic vesicle and 

endoderm. In the adult brain it is restricted to proliferating areas of the brain, where 

single cells are marked with proml1 expression. Because of the sequence homology 

to mouse prominin1 and the expression in a restricted number of cells within adult 

neural progenitor zones, proml1 seems to be a good candidate to stain the neural 

stem cell population in the adult brain. Additional studies are now needed to confirm 

whether proml1 is expressed in all stem cells or sparing the quiescent population and 

the progenitors undergoing their final divisions, e.g. with antibody-staining for 

proliferating cells and BrdU-analysis for example. Generating a transgenic line 

expressing GFP under control of proml1 then would be a nice tool for further 

analyses to monitor and analyse neural stem cells in the zebrafish brain. Generating 

an antibody against the big second loop of the protein or other conserved parts of the 

protein might also be good tools for further analysis.   

The other two proml genes in zebrafish show very time-restricted expression during 

development, proml2 is expressed only at 2 dpf in the otic vesicle and proml3 during 

somite stages in Kupffer´s vesicle. 
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