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Abstract 
Recent evidence has shown that adult neurogenesis is sustained in the 

hypothalamus, a region of the ventral diencephalon that is the central regulator 

of homeostasis. While studies support a role for adult neurogenesis in energy 

balance, as yet, the identity of the neural stem/progenitor cell niche remains 

contested. Tanycyte cells, a unique population to the hypothalamus, present a 

possible candidate due to their diverse roles, radial-glial like morphology and 

position adjacent to the 3rd ventricle. Here, I provide in-vivo, in-vitro and ex-vivo 

data that together support alpha-tanycytes as a neural stem/progenitor cell 

population.  

 

My studies show that the embryonic neural stem/progenitor characteristics of 

radial glia, including expression profile, a basal process and an apical primary 

cilium, are maintained in alpha-tanycytes during adulthood. In addition, alpha-

tanycytes are multipotent in-vivo and contribute to the other tanycyte 

populations, suggesting a lineage relationship of cells within the hypothalamic 

ventricular zone. A neurosphere assay adds further validity to the idea that 

there is heterogeneity in progenitor status within tanycyte subpopulations. 

Furthermore, alpha-tanycytes are responsive to Fgf-signalling in-vivo, a crucial 

regulator of proliferation and differentiation during embryogenesis, as well as 

being required for neurosphere formation.  

 

In order to further interrogate alpha-tanycytes, I developed and optimised an 

organotypic slice culture protocol, a technique that has not yet been used to 

study hypothalamic neural stem/progenitor cell dynamics. This ex-vivo 

technique provides a number of advantages including efficiency, low-cost, and 

amenability to manipulation, while maintaining large parts of the niche. 

Exogenous addition of pharmacological agonists and inhibitors reveals that 

alpha-tanycytes undergo Fgf-dependent proliferation in response to 
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physiological stimulation, and implicates a role for the hypothalamic niche in the 

homeostatic control of stress. 

 

Together, these studies characterise the component cells of the adult 

hypothalamic neural stem/progenitor cell niche, providing a framework for future 

research to further explore the heterogeneity and physiological significance of 

alpha-tanycytes. 
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1.0 Introduction 

 
My thesis focuses on the identification and characterisation of neural progenitor 

cells within the adult mouse hypothalamus and their potential function in the 

organism. This introduction highlights the main features of adult neurogenesis 

from its discovery in canaries, through our current understanding of mammalian 

neurogenesis in the adult central nervous system and its physiological 

implications. I will then discuss the importance of the hypothalamus in 

maintaining homeostasis and the evidence for a local adult neural stem cell 

population. Finally, I will outline the specific aims of my study. 

 

Neurogenesis is defined as the production, migration and differentiation of 

neurons from stem and progenitor cells. Newborn neurons can take a fate 

choice between apoptosis or integrating to become a functional unit of the 

nervous system. In mouse the majority of neurogenesis occurs during 

embryogenesis between embryonic day (E) 12 and early postnatal life, with a 

peak period at E14 to E15 (Lemke, 2009). Adult neurogenesis can therefore be 

defined as neurogenesis that takes place in the post-juvenile, adult system, 

when neural networks are already established but where newborn neurons 

contribute to remodelling, refinement and replacement. 

 

Santiago Ramon y Cajal, widely thought of as the father of modern 

neuroscience, pioneered neural studies by defining classifications of neural 

cells and theorizing how networks function. The detailed histological studies he 

performed led Ramon y Cajal to describe the adult central nervous system as 

fixed, a central dogma that was accepted for a century (Colucci-D'Amato et al., 

2006). 

 

“Once the development was ended, the fonts of growth and regeneration of 

the axons and dendrites dried up irrevocably. In the adult centres, the nerve 

paths are something fixed, ended, and immutable. Everything may die, 

nothing may be regenerated. It is for the science of the future to change, if 

possible, this harsh decree.” -1893 
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Almost one hundred years later, in 1980, Nottebohm published evidence of 

newborn neurons in the brain of the adult songbird (Nottebohm, 1980) that 

slowly began to change the scepticism that had been faced by early advocates 

of adult neurogenesis, and laid the foundations for the emerging field of adult 

neurogenesis. 

 

1.1 Evidence of neurogenesis in the adult central nervous 

system 

1.1.1 Neurogenesis defined in the High Vocal Centre of the 

adult songbird. 
 

The central nervous system of the bird develops in the same way as all 

vertebrates, albeit that the organisation of the adult brain does differ from that of 

mammals. Within the telencephalon of the forebrain exist specific nuclei that are 

responsible for producing sound, a feature that is of great importance for food-

begging in chicks and for identifying mating partners in adulthood. Of interest is 

the observation that while all songbirds appear to have innate, unlearned 

vocalisations that do not change, some species of songbird are additionally able 

to produce many different repeatable units of sound: song syllables 

(Nottebohm, 2002). 

 

Song-learning in male canaries first caught the attention of scientists when it 

was discovered that the repertoire of songs that a canary boasts could increase 

over time. Moreover, when juvenile male canaries were housed with more 

mature males, the juveniles began to imitate the mature birds’ songs. Studies 

into the nature of this learning proposed that de-novo juvenile/adult song-

learning would confer an evolutionary advantage as it could testify to the 

individual’s other attributes, such as intelligence and ability-to-provide; further, 

imitating song could increase the chance of mating by making a cuckold of 

rivals (Nottebohm and Liu, 2010). To determine the nuclei responsible for 

particular features of song-learning, early studies caused lesions to particular 
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regions of the brain in order to dissect out the pathways mediating this 

phenomenon. 

 

Analysis of the brains of songbirds reveals a hierarchical circuitry and four 

modules that are required for song (see figure 1.1) (Nottebohm and Liu, 2010; 

Alvarez-Buylla, 1992). Module 1 consists of brain stem nuclei (TS), controlling 

the syrinx (the vocal organ in birds) and rate of respiration in order to physically 

produce sound. Module 2 consists of two premotor telencephalic nuclei, the 

hyperstriatum ventrale pars caudalis (HVc or high vocal centre) and 

archipallium (AP), which give instruction to module 1. Module 3, also receives 

input from the HVc and projects axons from basal ganglia (X) via the thalamus 

(DLM) and then anterior cortex (LMAN) to module 1. Module 4 relays 

information from auditory circuits (Aud) about songs produced and those 

audible in the vicinity. The HVc sits at the centre of this song circuitry, being part 

of two modules as well as receiving input from module 4 and supplying 

information to module 1. Bilateral lesions to the HVc and AP disrupt the ability to 

produce new song but do not disturb learned songs (Alvarez-Buylla, 1992). 

These results supported a significant role for the HVc in adult learned songs. 

 

The ability of male canaries to seasonally add and adjust components of songs, 

while females generally do not sing (Nottebohm, 1980), prompted Nottebohm to 

perform more focused analyses. In 1981 he measured the volume of the male 

canary HVc compared to the female HVc, in comparison to overall brain 

weights, and compared the results to song repertoire. He discovered that an 

increase in song repertoire correlated with an increase in HVc volume; 

furthermore, males had an increased volume of HVc and AP compared to 

females, with significance in excess of the sexual differences in brain weight 

(Nottebohm et al., 1981). Intriguingly, the size of the males’ testes did not 

correlate with song repertoire, although it did correlate with the volume of the 

HVc and AP. This suggested that seasonal changes in testosterone could 

influence the size of the high vocal centre, further supported by the HVc and AP 

expression of androgen receptors (Nottebohm et al., 1987). In support of this, 

when female canaries are treated with testosterone, the volume of the HVc  
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increases and they develop male-like singing characteristics (Nottebohm, 

1980). 

 

Subsequent experiments by Goldman and Nottebohm used female canaries 

treated with testosterone to determine whether the increase in volume of HVc in 

response to androgens could be attributed to adult neurogenesis (Goldman and 

Nottebohm, 1983). Tritiated [3H] thymidine (3HT) was injected into canaries, 

where it was incorporated into the DNA during S-phase, labelling cells that are 

undergoing proliferation (Cavanagh et al., 2011). During and after injection of 

3HT, the birds were continuously treated with testosterone and analysed five 

weeks later, in comparison to controls (3HT-only females). Independent of 

testosterone-administration, all female canaries showed extensive 3HT labelling 

in the HVc and adjacent ventricular zone of the lateral ventricles (Goldman and 

Nottebohm, 1983). The majority of newborn cells were found to be neurons, as 

assessed using nissl staining or electron microscopy imaging, which revealed 

extensive rough endoplasmic reticulum and processes indicative of dendrites 

and axon hillocks (Goldman and Nottebohm, 1983; Paton et al., 1985). 

Sacrificing the birds 48 hours after 3HT injection revealed no 3HT-positive 

neurons in the HVc, but large numbers of 3HT-positive glia and endothelial cells 

in the ventricular zone. Testosterone can increase the number of 3HT-labelled 

ependymal cells in the VZ overlying the HVc (Goldman and Nottebohm, 1983), 

and periods of neuronal addition occur as seasonal testosterone levels rise 

despite a neurogenic mechanism independent of testosterone (Alvarez-Buylla 

and Kirn, 1997; Goldman and Nottebohm, 1983), suggesting androgens 

increase recruitment and survival of newborn neurons (Nottebohm et al., 1987; 

Yamamura et al., 2011). Importantly, these results show that the ventricular 

zone of the canary lateral ventricles harbour constitutively proliferating neural 

progenitor cells, which generate newborn neurons that migrate into the HVc. In 

addition, seasonal changes in androgens alter the number of newborn neurons 

recruited to the HVc. 

 

These experiments provided evidence that newborn neurons are generated in a 

restricted region of the adult songbird brain and are then integrated into the 

vocal control nuclei. Such results inferred that adult-born neurons could promote 
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the learning and modification of song repertoire, actively remodelling networks 

within the HVc song nuclei (Nottebohm, 2004). Subsequent 

structural/morphological analyses suggested that newborn neurons integrate 

into active circuits, and electrophysiological recordings indicated that such 

integration resulted in function: they were able to respond to auditory stimuli, 

evoking action potentials (Goldman and Nedergaard, 1992; Alvarez-Buylla and 

Kirn, 1997). Half of newborn neurons were projection neurons, and the other 

half were interneurons (Alvarez-Buylla, 1992; Alvarez-Buylla and Kirn, 1997), 

supporting the notion that adult neurogenesis ensures connectivity, as well as 

having behavioural significance. 

 

Interestingly, neuronal addition is inextricably linked with cell death in the HVc of 

the adult canary. The volume of the HVc reaches its peak within four months 

post-hatching; however neurons are continually generated and incorporated 

throughout life (Alvarez-Buylla and Kirn, 1997). Therefore there is a mechanism 

that ensures that cells undergo programmed cell death and that the volume of 

the nuclei does not continually increase with age. This relationship is heavily 

influenced by seasonal changes, with peak cell death in summer and winter, 

and peaks of neurogenesis in spring and autumn. As previously eluded to, 

seasonal testosterone-level fluctuations precede the recruitment of newborn 

neurons (Nottebohm et al., 1987), while recent studies support androgenic 

regulation of neuronal recruitment (Yamamura et al., 2011). These observations 

suggest the preferential loss of old neurons, perhaps to ensure the system 

maintains its plasticity. Indeed, when the HVc to AP projection neurons are 

labelled in spring, up to half of these neurons have been replaced by autumn 

(Alvarez-Buylla and Kirn, 1997). If the amount of old neurons in the vocal 

control nuclei was kept high, the stability of such networks could limit how much 

the circuitry may be modified and may result in an inability to adapt compared to 

rivals.  

 

The adult zebra finch provides an intriguing contradiction to the results found in 

the canary. These songbirds do not change their song throughout life; however 

neurogenesis in this species leads to a net increase in the number of HVc to AP 

projection neurons with age (Walton et al., 2012), indeed HVc to AP projection 
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neurons are absent at birth and present in adulthood (Alvarez-Buylla, 1992). 

Furthermore, birth-dating studies reveal that these projection neurons can 

survive for at least four years (Walton et al., 2012), in stark contrast to the 

seven-month turnover of HVc to AP projection neurons in the canary (Alvarez-

Buylla and Kirn, 1997). This apparent lack of replacement in comparison to the 

canary supports adult neurogenesis as a mechanism that can exhibit species-

specific modifications.  

 

Unlike canaries, whose breeding pattern is dependent on seasonal changes in 

photoperiods, the wild zebra finch mates upon arrival of the rains in Australia 

and must therefore be ready to breed according to environmental conditions, 

which can show yearly changes (Walton et al., 2012). While the relationship 

between neurogenesis is strongly linked to song learning and breeding in 

canaries, zebra finches do not produce new song; thus neurogenesis is likely 

linked to a different telencephalic role that increases chance of survival and 

breeding. It is possible to speculate that the addition of neurons to the high 

vocal centre in zebra finch could be associated with the individual’s perception 

of song and its ability to recognize previous mating partners. This species can 

live in colonies of a thousand individuals; developing a ‘phonebook’ that 

increases with age could result in a selective advantage when the rains 

spontaneously arrive (Walton et al., 2012). Canaries, conversely, are able to 

produce a new ‘phonebook’ and ‘songbook’ seasonally to increase chance of 

breeding. 

 

For adult neurogenesis to be optimised to a species, a careful balance between 

energy cost to the individual and the chance of reproduction must be 

maintained. The canary and zebra finch present two opposing examples where 

modification to the neurogenic mechanism: birth; migration; survival, has 

ensured maximum efficiency and likelihood of genetic information being passed 

to progeny. In this case, being able to learn a variety of songs and go through 

periods of low energetic cost is beneficial to seasonal breeders, while having 

one song and continuously using energy to recognise individuals in a society 

benefits spontaneous breeding. This argument introduces the idea that the main 

influential factor for the success of adult neurogenesis is the chance of 
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reproduction, and supports the notion that modifications to neurogenesis that 

can improve survival are instrumental to an individual’s ontogeny and the 

phylogeny of a species. It follows that adult neurogenesis has a strong 

relationship with an organism’s ability to adapt to environmental challenges, 

with external stressors modifying the neurogenic outcome over time, resulting in 

the evolutionary selection of an adaptation that provides the best chance of 

survival. 

 

Though there is still much to discover about the function of adult neurogenesis 

in songbirds, it is clear that neurogenesis influences the replacement of neurons 

and remodelling of networks to adapt behaviour. Despite paradoxes between 

species, they continue to be an excellent model to study how the relationship 

between cell death and neurogenesis influences a measurable and definable 

behavioural outcome. Such studies have pioneered further investigation into 

adult neurogenesis, a feature previously thought to be limited to fish, reptiles 

and amphibians (Colucci-D'Amato et al., 2006; Chapouton et al., 2007).  

 

1.1.2 Neurogenesis in the subventricular zone of the 

mammalian adult lateral ventricles 

 
Many of the studies into adult mammalian neurogenesis have utilised rodent 

models because they provide an evolutionarily closer representation of human 

brain organisation than avian models. Evidence of adult neurogenesis found in 

mammals is more pertinent, from the perspective of biomedical science, as it 

provides a crucial link, tantalising clues, and potentially an understanding of 

function and regulation of neurogenesis that may exist in the human adult brain. 

Furthermore, recent advances in genetic manipulation and control of gene 

function have generated invaluable tools to study cell behaviour and genetic 

influences on a more precise scale than ever before (Dhaliwal and Lagace, 

2011)(see box 1).  
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Much of our understanding of adult neurogenesis has arisen from 

developmental studies that analyse neurogenesis within the embryonic 

environment. Such studies have demonstrated that multipotent neuroepithelial 

cells aquire neuronal fate through the action of proneural transcription factors of 

the basic Helix-Loop-Helix (bHLH) class, conserved in invertebrates (Lemke, 

2009). Vertebrate proneural genes, such as Neurogenins and Mash, initiate a  

 
 

Box 1.1: The Cre-lox system 
A widely used genetic approach involves cre-recombinase mediated 

recombination of loxP sites to control the expression of genes of interest (see 

figure 1.2). By restricting cre-recombinase expression to specific tissues and 

in particular conditions, genomic sequences can be inverted, translocated 

and excised to allow great control over gene function (Sauer, 1987; Novak, 

2000). This is particularly useful for developmental studies in adult systems, 

where temporal control of recombination ensures embryonic and postnatal 

development is not affected by gene deletion and/or an adult cell can be 

lineage-traced. A common technique is the use of a cre-recombinase, fused 

to a modified oestrogen receptor, expressed under the control of a 

cell/tissue-specific promoter (Mori et al., 2006). The fusion protein is 

restricted to the cytoplasm of the specific cell type until administration of 

tamoxifen, a pharmacological antagonist of the oestrogen receptor, resulting 

in translocation to the nucleus and recombination of loxP sites. There are 

many modifications and alterations to this framework, but the principle has 

become an integral technique in the field of adult somatic stem cells. 

Furthermore, recent advances allow researchers to follow the fate of 

individual cells within an identical population based on their reporter-colour 

prolife, such as in the confetti and brainbow mice (Livet et al., 2007; Simons 

and Clevers, 2011; Bonaguidi et al., 2011), while conditional expression of 

light-responsive channelrhodopsin protein has led to the novel and invaluable 

‘optogenetics’ tool, in which cells and circuitry can be experimentally 
activated by light (Fenno et al., 2011; Sternson, 2013).  


















































































































































































































































































































































































































































































































































