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Abstract 

The hypothalamus is crucial for maintaining homeostasis. It regulates energy balance, 

circadian rhythms and other processes through the activity of neuronal nuclei and 

specialised cells lining the third ventricle wall called tanycytes. Hypothalamic 

tanycytes are candidate neural stem/progenitor cells that give rise to neurons in 

appetite-regulating nuclei in adult hypothalamus. The fibroblast growth factor (FGF) 

system is emerging as an important regulator of hypothalamic neurogenesis and 

metabolism. However, the endogenous FGF/FGFR signalling partners in tanycytes 

and their exact functions remain unknown. In this study, three approaches were taken 

to address this. First, the expression of FGF ligands, receptors and signalling 

modulators in the hypothalamus were examined by using RT-PCR, in situ 

hybridization, immunohistochemistry and reporter mice. FGF receptors were found to 

be restricted to the β-tanycyte domain and multiple cognate FGF ligands were also 

expressed by tanycytes. Second, the in vivo function of FGF receptors in postnatal 

hypothalamic neurogenesis was assessed by conditionally deleting Fgfr1 and Fgfr2 

in Fgf10+ β-tanycytes and subsequent lineage tracing of these cells. This resulted in 

amplification of lineage traced cells, revealing a role for FGFR signalling in regulating 

the number of tanycytes and neurons generated in postnatal hypothalamus, likely by 

inhibiting proliferation. Recent reports showed that modulation of FGFR signalling in 

mediobasal hypothalamus, including tanycytes, results in hypophagia and greatly 

improved glucose homeostasis. Here, the metabolic functions of Fgfr1 and Fgfr2 were 

assessed by conditional deletion in β-tanycytes of lean and diet-induced-obese mice. 

Subtle effects on weight and glucose metabolism were observed, suggesting that 

endogenous FGFR signalling in tanycytes may not play a major role in regulating 

metabolism. Third, RNA-seq identified a downregulation of the orexigenic 

neuropeptide Agrp in FGF10 KO embryonic hypothalamus. Here, the importance of 

FGFR-independent FGF10 signalling for regulating Agrp expression and the potential 

molecular mechanisms were confirmed by in situ hybridization.  
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1.1 – Adult Neurogenesis 

Adult neurogenesis is the process whereby new neurons are generated in the adult 

brain and incorporated into existing networks. This process consists of many steps 

starting with the proliferation of neural stem/progenitor cells (NSPCs), migration and 

differentiation of intermediate progenitors and neuroblasts, apoptosis or survival of 

immature neurons and finally their maturation and functional integration. For long it 

was thought that such a phenomenon could not exist. Ramon y Cajal performed his 

seminal studies on the nervous system in the late nineteenth and early twentieth 

century and one of his conclusions was that no new neurons are born after embryonic 

development, pronouncing: ‘Everything may die, nothing may be regenerated’ 

(Colucci-D'Amato et al., 2006). Over the following century, this has been the dogma 

and the earliest findings contrary to it, such as the discovery of birth of new cells in 

the dentate gyrus of the hippocampus in the 1960s, were not received warmly and 

quickly forgotten (Altman and Das, 1965). Studies describing adult neurogenesis in 

songbirds had a more favourable reception (Goldman and Nottebohm, 1983), while 

the final coup de grâce to the dogma were the isolation of multipotent, neurosphere 

forming stem cells from the adult brain (Reynolds and Weiss, 1992) as well as 

experiments showing that some cells in the adult CNS are labelled by 5'-bromo-2'-

deoxyuridine (BrdU), a radioactive thymidine analogue that is incorporated into DNA 

during the S phase of mitosis and can be easily detected by immunolabeling  (Taupin, 

2007). Since the 1990s, research on adult neurogenesis has grown rapidly, many 

advancements and discoveries have been made as well promises of clinical 

applications for brain injury, psychiatric disorders and neurodegenerative diseases. 

 

1.1.1 - Canonical Adult Neurogenic Niches in the Mammalian Brain 

Adult neurogenesis does not occur throughout the whole brain and is thought to be 

limited to anatomically circumscribed zones, called neurogenic niches. These niches 

possess the cellular types and architecture, extracellular molecules and matrix that 

create a microenvironment permissive for sustained adult neurogenesis (Riquelme et 

al., 2008). The universally accepted neurogenic niches in the adult rodent brain are 

found in the subgranular zone (SGZ) of the hippocampus and the subventricular zone 

(SVZ) of the lateral ventricles. 
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1.1.1.1 – Subgranular Zone 

The subgranular zone niche is positioned between the granule cell layer and the hilus 

in hippocampus dentate gyrus. The neural stem/progenitor cells (NSPCs) that reside 

here generate granule cell neurons throughout rodent life (Kempermann et al., 2015). 

Type I radial-glia like neural stem cells have the signatures of 

GFAP+/Nestin+/BLBP+/Sox2+ and are largely quiescent and can give rise to neurons 

and astrocytes (Bonaguidi et al., 2011). They first give rise to transient amplifying 

progenitors called Type II cells of which there are two subtypes – Type IIa (GFAP+/-

/Nestin+/BLBP+/Sox2+) and committed Type IIb cells which express markers of neural 

fate markers (Nestin+/DCX+/PSA-NCAM+/NeuroD+/Prox1+) (Steiner et al., 2006). 

Type IIb cells divide rapidly and give rise to Type III neurally committed neuroblasts 

(DCX+/PSA-NCAM+/NeuroD+/Prox1+). Neuroblasts may still proliferate, albeit at a low 

rate under normal conditions (Jessberger et al., 2005). The majority of immature, 

postmitotic neurons (Calretinin+/NeuN+/DCX+/PSA-NCAM+/NeuroD+/Prox1+) in the 

granular zone undergo apoptosis (Cameron and McKay, 2001; Dayer et al., 2003). 

Surviving neurons extend dendrites and axons, making functional connections with 

the CA3 and entorhinal cortex. Further maturation steps are the development of 

dendritic spines and the establishment of mature membrane properties (Piatti et al., 

2011). 

Glial, immune, endothelial and neural cells, as well as the extracellular matrix, are 

also integral parts of the niche. Astrocytes provide signals that promote proliferation 

and neural fate commitment (Song et al., 2002), for example, IL-1β, IL-6, IGFBP6, 

decorin, Wnt and Ephrin-B2 (Lie et al., 2005; Barkho et al., 2006; Ashton et al., 2012). 

In addition, niche astrocytes, including Type I cells, are coupled via gap junctions, 

which seems to have an important role in regulating neurogenesis, as knockout of 

connexin 30 and connexin 43 in GFAP expressing cells strongly inhibits proliferation 

in the subgranular zone (Kunze et al., 2009). Microglia are important for phagocytising 

newborn cells that are undergoing apoptosis (Sierra et al., 2010). In addition, they 

may have a supportive role in subgranular zone neurogenesis during injury 

(McPherson et al., 2011). The Type I stem cells are in direct contact with endothelial 

cells through their end-feet and receive signals such as Vascular endothelial growth 

factor (VEGF) and Vascular endothelial growth factor-B (VEGFB) which stimulate 

neurogenesis (Filippov et al., 2003; Schanzer et al., 2004; Sun et al., 2006). 

Throughout this process, the stem cells, progenitors, and neuroblasts neurons receive 

GABAergic innervation which affects cell proliferation and differentiation (Tozuka et 
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al., 2005; Renzel et al., 2013; Giachino et al., 2014). Immature newborn neurons 

receive GABAergic inputs, important for their maturation (Ge et al., 2007). 

Additionally, cholinergic inputs may have a role in promoting survival (Cooper-Kuhn 

et al., 2004). 

The majority of newborn cells in the dentate gyrus die within 1 month of being 

generated (Cameron and McKay, 2001; Dayer et al., 2003). It has been shown that 

proliferation-related genes have a much lower influence than survival related genes 

in determining the total number of new neurons generated (Kempermann et al., 2006). 

Finally, there is a myriad of reported factors that influence progenitor cell proliferation. 

This has prompted the hypothesis that the main determining factors that control adult 

hippocampal neurogenesis are ones that modulate survival, while proliferation 

modulating factors are not as specific and may have a lesser influence on the final 

number of neurons generated (Kempermann et al., 2015). These survival-controlling 

influences come in the form of neurotrophic and growth factors such as BDNF and 

FGF2, neurotransmitters like GABA, glutamate, acetylcholine and serotonin and 

hormones such as glucocorticoids (Sairanen et al., 2005; Mirescu and Gould, 2006; 

Tashiro et al., 2006; Shih-Jen et al., 2007; Jagasia et al., 2009; Campbell et al., 2010; 

Werner et al., 2011). 

The newly generated, mature granule neurons are integrated into existing networks 

that are important for cognitive functions, among which are memory consolidation and 

behavioural pattern separation (Kitamura and Inokuchi, 2014; Lacar et al., 2014). In 

addition, disturbed hippocampal neurogenesis has been linked to psychiatric 

disorders such as depression and schizophrenia (Lee et al., 2013b) and 

neurodegenerative diseases like Alzheimer’s (Winner and Winkler, 2015), which 

underscores the importance of studying this process. 

There have been a number of studies that support the existence of hippocampal 

neurogenesis in the adult human brain. These include the analysis of post-mortem 

human tissue, including of cancer patients that received BrdU infusions (Eriksson, 

1998), immunohistochemical detection of proliferation, progenitors and mature 

neurons (Knoth et al., 2010). High levels of radioactive 14Carbon were released into 

the environment during cold war nuclear tests, which gets incorporated into DNA as 

it is synthesised replicating cells. This can be used to birthmark cells, as ones born 

during the peak of 14C in the environment will have also a signature of increased 

radioactive carbon in genomic DNA.  Such measurements have provided more 

evidence that adult hippocampal neurogenesis occurs in humans and roughly 700 
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new neurons are added per day (Spalding et al., 2013). However, some recent high-

quality histological studies have called into question whether this process occurs in 

humans after adolescence and if the subgranular zone in the anatomical form found 

in rodent brain even exists in the human brain at all (Spalding et al., 2013; Dennis et 

al., 2016). These studies reveal the methodological difficulties and limitations of 

studying adult neurogenesis in the human brain and a lack of consensus as to its 

existence in the human hippocampus. 

 

1.1.1.2 – Subventricular Zone 

The neural stem cells of the subventricular zone neurogenic niche are present along 

the walls of the cerebrospinal fluid (CSF)-filled lateral ventricles (Fig. 1.1). These 

astrocytic, GFAP+/Nestin+/BLBP+/Sox2+ cells are referred to as Type B1 cells and 

are located adjacent to ependymal cells that form the ventricle walls (Lim and Alvarez-

Buylla, 2016). They can either be in a quiescent or activated state, and expression of 

Nestin and EGFR is a signature of the active state (Codega et al., 2014; Mich et al., 

2014). Activated Type B1 cells divide symmetrically to self-renew or asymmetrically 

to also produce Mash1+/Dlx2+ transit amplifying cells termed Type C cells (Aguirre et 

al., 2004). Type C cells expand and give rise to Dlx2+/DCX+/PSA-NCAM+ 

neuroblasts named Type A cells (Doetsch et al., 1997). These cells may also 

proliferate while migrating to the olfactory bulbs (Smith and Luskin, 1998). Therein 

they mature and differentiate into various neuronal types, which can be categorised 

into granule cells found within the granule cell layer, and periglomerular interneurons 

within the glomerular layer. 

Radial-glia cells (RGCs) are embryonic NSCs that are in contact with the ventricles 

and give rise to glial and neural cells in the embryonic brain (Kriegstein and Alvarez-

Buylla, 2009). They also give rise to Type B1 cells in the adult subventricular zone 

(Merkle et al., 2004). Type B1 cells share qualities with radial glial cells: both are glial 

cell types that possess a primary cilium on the apical surface that is in contact with 

the CSF (Doetsch et al., 1999) and both are capable of self-renewal and generation 

of glial and neural lineages (Menn et al., 2006). The primary cilium of Type B cells is 

surrounded by multiciliated ependymal cells in a pinwheel fashion (Mirzadeh et al., 

2008). The primary cilium may be important for sensing and transducing signals in 

the CSF, such as IGF-2 (Lehtinen et al., 2011). 
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Figure 1.1 – Organization of the subventricular zone neurogenic niche. (A) 

Schematic shows anatomical location of the SVZ neurogenic niche, the rostral 

migratory stream (RMS) and olfactory bulb (OB).  Neuroblasts born in the SVZ niche 

migrate rostrally through the RMS in glial tubes formed by astrocytes. Once the 

neuroblasts reach the olfactory bulbs they migrate tangentially into the granule and 

glomerular layers, where they mature into granule or periglomerular neurons 

respectively. (B) Schematic representation of the subventricular zone adult 

neurogenic niche. Multiciliated ependymal cells line the lateral ventricle, while 

multipotent NSPCs (B cells) reside in the next cell layer. Each B cell contains a single 

apical primary cilium that reaches the lateral ventricle CSF and extends a basal 

process that forms a contact with the niche vasculature through its endfeet. B cells 

can divide symmetrically and asymmetrically to self-renew and give rise to transit-

amplifying cells (C cells). C cells divide rapidly to produce neuroblasts (A cells) or 

cells of glial lineage. Glial cells such as astrocytes modulate the niche by secreting 

factors that regulate proliferation and differentiation. CSF – cerebrospinal fluid; LV – 

lateral ventricle; OB – olfactory bulb; RMS – rostral migratory stream. Adapted from 

Song et al., (2011). 
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Ependymal cells are important for regulating SVZ neurogenesis. They release 

Noggin, blocking BMP signalling in Type B cells, therefore promoting neurogenesis 

and suppressing gliogenesis (Lim et al., 2000). Their beating cilia are also important 

for regulating the flow of CSF signals and neuroblast migration (Sawamoto et al., 

2006).  

Type B cells also extend a basal process which terminates on blood vessels 

(Mirzadeh et al., 2008). This gives access not just to the many signals that endothelial 

cells secrete (Goldman and Chen, 2011), but also contact-dependent cues such as 

ephrinB2 and Jagged1, which maintain stem cell quiescence (Ottone et al., 2014). In 

addition, the SVZ blood-brain-barrier (BBB) is modified and more permissive, 

increasing NSPC access to circulating signals (Tavazoie et al., 2008). 

As in the SGZ, astrocytes are involved in the regulation of neurogenesis by secreting 

various factors that influence cell proliferation and differentiation (Morrens et al., 

2011). For example, NSC and microglia co-culturing experiments indicate that 

microglia can secrete factors important for neurogenesis (Walton et al., 2006). 

The proliferation of progenitors and neuroblasts is controlled by neurotransmitters 

such as serotonin and GABA (Brezun and Daszuta, 1999; Banasr et al., 2004; Liu et 

al., 2005; Fernando et al., 2011). Proliferation stimulating neurotrophic and growth 

factors include CNTF, BDNF and FGF2 (Kuhn et al., 1997; Zigova et al., 1998; Emsley 

and Hagg, 2003a). Ephrins and their ligands are negative regulators of proliferation 

(Holmberg et al., 2005). Interestingly, acetylcholine also increases proliferation and 

may do so in part by synergising with FGFR signalling (Paez-Gonzalez et al., 2014). 

Additionally, ATP was shown to promote the proliferation of rapidly dividing type C 

cells by binding to their P2Y1 receptors, a mechanism that may have similarities to 

ATP-mediated regulation of radial-glial cell proliferation (Weissman, Riquelme et al. 

2004, Suyama, Sunabori et al. 2012). 

Among factors that influence the decision between glial and neuronal fates of newborn 

cells are PDGF, Olig2, Pax6, BMP, LIF, Wnt-3a and Wnt-5a, Notch, histone 

deacetylases, chromatin modifying factor Mll1, long non-coding RNA Dlx1as, 

microRNAs miR-124 and miR-137 (Gaiano and Fishell, 2002; Bonaguidi et al., 2005; 

Hack et al., 2005; Marshall et al., 2005; Menn et al., 2006; Yu et al., 2006; 

Siebzehnrubl et al., 2007; Colak et al., 2008; Silber et al., 2008; Lim et al., 2009; 

Ramos et al., 2013). 

From their site of birth, over 30,000 Type A neuroblasts per day start their journey 

migrating rostrally into the rodent olfactory bulb (Lois and Alvarez-Buylla, 1994). One 
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of the ways that neuroblasts interact with each other is through gap junctions, formed 

by hemichannels, each composed of six connexin43 or connexin45 proteins 

(Yamamoto, Ochalski et al. 1990, Miragall, Albiez et al. 1997)(Marins et al., 2009). 

These gap junctions are involved in the long-distance migration of neuroblasts along 

the rostral migratory stream (RMS) (Marins, Xavier et al. 2009) (Fig. 1.1 A). Astrocytes 

form a glial tube, surrounding chains of migrating neuroblasts (Lois et al., 1996) and 

the disruption of its formation leads to severely impaired migration and therefore 

arrival of new neurons in the OB (Kim et al., 2007). However, the glial tube is absent 

in neonatal brain (Law et al., 1999). Extracellular matrix molecules such as laminin 

are important for the directionality of neuroblast migration (Murase and Horwitz, 2002; 

Emsley and Hagg, 2003b). Other molecular determinants of migration include PSA-

NCAM (Chazal et al., 2000) and chemorepulsive Slit-ROBO signalling (Hu, 1999; 

Kaneko et al., 2010). Once Type A cells reach the olfactory bulb, they migrate radially 

to reach their distinct destinations in granule and glomerular layers guided by olfactory 

activity-dependent signals such as Tenascin-R (Saghatelyan et al., 2004). 

Newborn granule and periglomerular cells are GABAergic interneurons (Lledo et al., 

2006). However, new evidence suggests that some glutamatergic juxtaglomerular 

interneurons are also generated during adult SVZ neurogenesis (Brill et al., 2009). 

Newborn cells start expressing NeuN 10 days after birth (Winner et al., 2002), granule 

cells in the olfactory bulb elaborate their dendrites and assume mature morphology 

within two weeks (Petreanu and Alvarez-Buylla, 2002) whilst periglomerular cells 

assume mature properties in around 4 weeks (Belluzzi et al., 2003). Around half of 

the newborn neurons undergo apoptosis, while neurons that have survived the first 3 

months remain for at least 19 months (Winner et al., 2002). The critical period for the 

survival of newborn cells is between day 14 and 28 after birth and their survival 

depends on sensory inputs (Yamaguchi and Mori, 2005). Though not fully understood, 

the function of the SVZ neurogenesis may be to improve the plasticity of networks 

involved in olfaction and to facilitate learning (Lledo and Valley, 2016). 

SVZ neurogenesis takes place in foetal and infant human brain, the RMS with 

migrating DCX+ neurons leads to the olfactory bulbs and in addition, to the prefrontal 

cortex (Sanai et al., 2011). However, this process is highly reduced in specimens older 

than 18 months. In the human adult brain, there is a ribbon of GFAP+ astrocytes 

associated with the lateral ventricles, but no RMS (Sanai, 2004).   Radioactive carbon 

analysis showed that there are no, or a very minimal number of new neurons 

generated in the adult olfactory bulb (Bergmann et al., 2012). This apparent lack of 

olfactory bulb neurogenesis may be due to the relatively diminished importance of 
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olfaction in humans compared to rodents, although recently the notion that the human 

sense of smell is inferior has been called into question (McGann, 2017). 

 

1.1.2 – Non–Canonical Neurogenic Niches 

There have been many reports of adult neurogenesis occurring in other regions of the 

brain (Fig. 1.2), such as the, substantia nigra, and the amygdala neocortex (Gould et 

al., 2001; Bernier et al., 2002; Zhao, 2003; Dayer et al., 2005; Shapiro et al., 2009; 

Zhao and Janson Lang, 2009). These niches are controversial and in some adult 

neurogenesis might only occur in the postnatal brain or post-injury as a repair 

mechanism (Feliciano and Bordey, 2013). Some of the difficulties in studying these 

niches are the low rates of cell proliferation, the lack of knowledge of what the 

precursor cells may be and the stimuli that may impact it. For example, the presence 

of PSA-NCAM+/DCX+ cells in the piriform cortex has been interpreted as a sign of 

adult neurogenesis in this region, but more recent studies have shown that these are 

not newborn neurons, but ones that retain immature characteristics throughout life 

(Gomez-Climent et al., 2008; Klempin et al., 2011), highlighting the need for careful 

interpretation of marker expression. Despite these limitations, non-canonical 

neurogenic niches remain a promising area of research. 

Of particular interest is striatal neurogenesis. This process may occur in the rat, mice, 

rabbit and monkey brain (Bedard et al., 2002; Dayer et al., 2005; Bedard et al., 2006; 

Luzzati et al., 2006; Shapiro et al., 2009). Through a combination of iododeoxyuridine 

(IdU, a thymidine analogue) supplied to cancer patients, neuronal markers and 

radioactive carbon dating, it was recently shown that new calretinin and NPY-

expressing neurons are generated in the adult human brain (Ernst et al., 2014). The 

location of progenitors and origin of DCX+ neuroblasts that were found in the striatum 

is unknown. It is possible that this source is the SVZ, due to its close proximity to the 

striatum. However, in mice, downregulation of Notch1 in striatal astrocytes by stroke 

or by deletion of its transcription factor RBP-Jκ stimulates these astrocytes to produce 

new neurons (Magnusson et al., 2014).  Adult human striatal neurogenesis was also 

found to be reduced in Huntington’s disease and therefore this might be a promising 

new area of investigation with potential clinical applications for neurological disease 

(Ernst et al., 2014). 

The most comprehensively studied and most widely accepted non-canonical 

neurogenic niche resides in the adult hypothalamus (Feliciano et al., 2015). 

Increasing evidence suggests that this neurogenic niche consists of putative NSPCs 
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called tanycytes that line the 3rd ventricle and constitutively give rise to neurons in the 

abutting parenchyma. Neurogenesis in the hypothalamus will be discussed in greater 

detail in the following sections. 

 

 

Figure 1.2 – Non–canonical niches in the rodent brain. Schematic shows the 

anatomical location of canonical (orange) and non-canonical (green) neurogenic 

niches in adult rodent brain. LV – lateral ventricle; OB – olfactory bulb; RMS – rostral 

migratory stream; SGZ – subgranular zone. Adapted from (Gould, 2007). 

 

1.2– Hypothalamus Structure and Function 

1.2.1 – Anatomy and Homeostatic Functions of the Hypothalamus 

The hypothalamus is a small brain structure that constitutes less than 1% of the adult 

human brain weight (Saper and Lowell, 2014). It is positioned just above the pituitary 

and below the thalamus. Its rostral boundary is defined by the optic chiasm, lamina 

terminalis and anterior commissure and it continues caudally up to the vertebral 

peduncle and interpeduncular fossa (Lechan and Toni, 2000). Various hypothalamic 

neuronal nuclei and fiber tracts are symmetrically distributed along and on either side 

of the third ventricle, which runs along the midline. The median eminence is located 

at the base of the hypothalamus and forms a connection with the pituitary gland 

through the hypophysial portal system (Yin and Gore, 2010). 
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The hypothalamus is often categorised into three areas along the rostrocaudal axis: 

preoptic, tuberal and posterior (Saper and Lowell, 2014)(Fig. 1.3). 

 

 

Figure 1.3 – Neuronal nuclei located in the hypothalamus. A schematic displaying 

hypothalamus anatomy, neuronal nuclei and their relative locations in rat brain in a 

sagittal section. Adapted from (Saper and Lowell, 2014). AC - anterior commissure; 

AHA - anterior hypothalamic area; ARC - arcuate nucleus; DHA - dorsal hypothalamic 

area; DLPO -  dorsolateral preoptic area; DMN - dorsomedial nucleus; Infundibulum 

– INF; LHA - lateral hypothalamic area; MAM - mammillary nuclei; MNPO - median 

preoptic nucleus; MPO - medial preoptic area; OC - optic chiasm; PHA - posterior 

hypothalamic area; PVN - paraventricular hypothalamic nucleus; SCN - 

suprachiasmatic nucleus; SON - supraoptic nucleus; SUM - supramammillary 

nucleus; TMN - tuberomammillary nucleus; VLPO - ventrolateral preoptic nucleus; 

VMN - ventromedial nucleus. 

Preoptic, paraventricular, suprachiasmatic and supraoptic nuclei are located in the 

preoptic area. The preoptic nuclei are involved in sexual motivation (Balthazart et al., 

2013) and thermoregulation (Boulant, 2000). The paraventricular nucleus is important 

for the regulation of stress-related glucocorticoid hormone release (Herman et al., 

2016) as well as the release of the multifunctional neuropeptide oxytocin (Jezova et 

al., 1993). The suprachiasmatic nucleus is vital for circadian rhythms (Musiek and 

Holtzman, 2016). Cells in the supraoptic nucleus release oxytocin and vasopressin, a 

neuropeptide that regulates water homeostasis (Armstrong and Stern, 1998). 
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The tuberal hypothalamus is composed of arcuate, ventromedial and dorsomedial 

nuclei. These nuclei are important for maintaining energy balance, and this role will 

be further discussed in the next section. In addition to this role, neurons in the arcuate 

also regulate cardiovascular function (Sapru, 2013), while the ventromedial nucleus 

is involved in sexual function and behaviour (Matsumoto and Yamanouchi, 2000). The 

dorsomedial nucleus has an additional role in modulating emotional stress response 

(Ebner et al., 2013). 

 In terms of the posterior hypothalamus, the posterior nucleus regulates aggressive 

behaviour (Sano et al., 1970), the tuberomammillary nucleus is important for 

wakefulness (Parmentier et al., 2009) and appetitive behaviours (Contreras et al., 

2016), while the mammillary bodies are crucial for encoding episodic memories 

(Vann, 2010). 

The lateral hypothalamic area is important for feeding behaviour (Stuber and Wise, 

2016). 

It is evident that the hypothalamus is a complex structure involved in a wide range of 

homeostatic functions. 

 

1.2.2 – Energy Balance Regulating Centres 

The hypothalamus contains neural circuits that are essential for maintaining energy 

homeostasis. Many of the neurons that regulate this are present in the arcuate (ARC), 

ventromedial (VMN), dorsomedial (DMN), paraventricular (PVA) nuclei and the lateral 

hypothalamic area (LHA). 

The arcuate nucleus contains two main populations of neurons that are crucial for 

regulating appetite – anorexigenic (appetite-suppressing) POMC expressing and 

orexigenic (appetite-stimulating) NPY/Agrp expressing neurons. POMC (pro-

opiomelanocortin) is a precursor peptide, which produces α-melanocyte-stimulating 

hormone (α-MSH). α-MSH released by POMC neurons can bind to melanocortin 

receptors 3 and 4 in the hypothalamus, reducing food intake, and PVN neurons are 

one of the main targets (Krashes et al., 2016). Agrp (agouti-related peptide) is an 

antagonist of melanocortin receptors (Ollmann et al., 1997), although recent studies 

show it is a biased agonist of these receptors as it causes a decrease in cAMP activity 

while increasing phosphorylation of ERK1/2 (Yang and Tao, 2016). NPY 

(neuropeptide Y) is an orexigenic neuropeptide that stimulates appetitive behaviours 

(Seeley et al., 1995). NPY is an agonist for Y receptors, of which Y1 and Y5 are 
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implicated in the control of food intake (Nguyen et al., 2012). Germline knockout of 

Npy and Agrp in mice does not cause overt changes in energy balance, suggesting 

that the roles of these neuropeptides are subtle (Qian et al., 2002). Instead, the main 

mechanism by which these neurons affect appetite seems to be the inhibition of 

POMC and PVA neurons through their release of GABA (Tong et al., 2008; Atasoy et 

al., 2012). 

Due to the proximity of the arcuate nucleus to fenestrated capillaries (Ciofi, 2011), 

neurons in the arcuate nucleus may receive hormonal and metabolic cues from the 

circulation. Among these are the satiety signal leptin, which stimulates POMC 

neurons and inhibits NPY/Agrp neurons (Cowley et al., 2001), and ghrelin, a stomach 

peptide hormone, which is produced during hunger and has the opposite effect 

(Cowley et al., 2003). 

The PVN receives inputs from the arcuate nucleus in the form of NPY, AGRP and 

GABA. These cues then influence the release of thyrotropin-releasing hormone (TRH) 

(Fekete et al., 2000; Fekete et al., 2004) and corticotropin-releasing hormone (CRH) 

(Lu et al., 2003) from PVN neurons. 

The dorsomedial nucleus contains NPY-expressing neurons, whose role has been 

researched in OLETF (Otsuka Long-Evans Tokushima Fatty) rats (Bi, Ladenheim et 

al. 2001). Hailing from an outbred colony of Long Evans rats, the strain develops 

spontaneous obesity and hyperglycaemia, thus serving as a rodent model for these 

disorders (Kawano, Hirashima et al. 1992). These rats lack functional receptors for 

the satiety hormone CCK (cholecystokinin) and exhibit elevated expression of NPY in 

the DMN, leading to increased food intake (Moran, Katz et al. 1998, Bi, Ladenheim et 

al. 2001). Intriguingly, knockdown of NPY specifically in the dorsomedial nucleus of 

OLETF rats by AAV-mediated RNAi abolishes the hyperphagia, obesity and diabetes 

phenotypes, suggesting the importance of this neurotransmitter in DMN neurons 

(Yang et al., 2009). Further studies showed that NPY expressed in the DMN 

influences food intake, physical activity, thermogenesis and the development of brown 

fat in a rat strain (Sprague Dawley) that is metabolically normal (Chao et al., 2011). 

The VMN is home to neurons that express steroidogenic factor 1 (SF1) and BDNF. 

SF1 expressing neuron activity is regulated in part by leptin signalling, and the 

conditional deletion of leptin receptor (Lepr) in these neurons causes increased body 

weight and adiposity (Dhillon et al., 2006; Bingham et al., 2008). The conditional 

inactivation of SF1 itself exacerbates diet-induced obesity by increasing body weight 

and adiposity and reduced thermogenesis (Kim et al., 2011). BDNF is also important 
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for controlling feeding behaviour and body weight. A de novo mutation of the gene 

encoding the BDNF receptor Tropomyosin receptor kinase B (TrkB) caused 

hyperphagia and obesity in the case of an 8-year-old male child (Yeo et al., 2004), 

while intraventricular injection of BDNF prevents hyperphagia in MC4R mutant mice 

fed a high-fat diet (Xu et al., 2003). 

The lateral hypothalamus contains Orexin A and Orexin B expressing neurons. 

Intracerebroventricular administration of these peptides leads to increased feeding 

behaviour (Sakurai et al., 1998). Melanin-concentrating hormone (MCH) neurons are 

also orexigenic, as the overexpression of Mch in the lateral hypothalamus increases 

food intake and leads to obesity, while mice deficient in melanocortin-concentrating 

hormone 1 (MCH1R) are hyperphagic, but at the same time exhibit increased activity, 

leading to a lean phenotype with reduced adiposity, even when fed high fat diet 

(Marsh et al., 2002). 

Thus, the hypothalamic neurons in these nuclei form complex energy balance 

regulating networks within and outside of the hypothalamus (Timper and Brüning, 

2017). 

 

1.2.3 – Hypothalamus-Pituitary Axis 

The hypothalamus and pituitary gland are intimately connected and serve as master 

regulators of the endocrine system. The hypothalamus integrates central and 

peripheral information and then releases hormones that reach the pituitary and from 

there to the bloodstream. To understand the function of the hypothalamus-pituitary 

axis, its anatomy must be discussed. 

The pituitary is composed of the anterior and posterior lobes and an intermediate 

zone. The posterior lobe receives axons from the PVN neurons expressing oxytocin 

and vasopressin through the hypothalamohypophyseal tract. The stimulation of these 

PVN neurons (Veenema and Neumann, 2008) results in the release of oxytocin and 

vasopressin into the capillary plexus to then be distributed throughout the body. 

The anterior lobe does not directly receive inputs from hypothalamic neurons. Instead, 

the axons of hypothalamic neurons release hormones into portal capillaries that are 

present in the median eminence. These hormones then travel through the 

hypophyseal portal veins into the anterior pituitary. Here, these hormones trigger or 

inhibit the production of hormones in the pituitary. The hormones produced in the 

anterior pituitary are released into the secondary capillary plexus and enter the 
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bloodstream, either acting directly on the target tissues (growth hormone and 

prolactin) or triggering the production and release of hormones in other glands in the 

body (thyroid-stimulating, adrenocorticotropic, luteinizing and follicle-stimulating 

hormones). 

Based on the hormones involved, there are a few neuroendocrine axes that act 

through the anterior pituitary. These include the hypothalamic-pituitary-adrenal (HPA) 

(Smith and Vale, 2006), hypothalamic-pituitary-gonadal (HPG) (Plant, 2015) and 

hypothalamo-pituitary-thyroid (HPT) axes. A short description of the hypothalamo-

pituitary-thyroid axis follows as an example of how these systems function. 

Thyrotropin-releasing hormone (TRH) is synthesised by TRH neurons in the PVN and 

released in the median eminence, entering the anterior pituitary through the 

hypophyseal portal system (Lechan and Fekete, 2006). Here, TRH stimulates the 

production and release of thyroid-stimulating hormone (TSH) into the circulation 

(Geras and Gershengorn, 1982). In turn, TSH stimulates the production and secretion 

of thyroid hormones triiodothyronine (T3) and thyroxine (T4) in the thyroid gland, 

which increase metabolism (Mullur et al., 2014). The heightened concentration of 

these hormones then acts as a negative feedback loop by inhibiting the release of 

TRH and TSH (Dietrich et al., 2012). 

This is a very simplified account of the HPT. The regulation of the HPT depends on 

other factors including circadian rhythms and feeding (Costa-e-Sousa and 

Hollenberg, 2012) as well as a crucial component of the neuroendocrine system – 

tanycytes. 

 

1.2.4 – Tanycytes 

Tanycytes are a modified ependymal cell type found in the circumventricular organs 

– structures of the brain associated with the ventricular system and fenestrated 

capillaries (Kaur and Ling, 2017). In the hypothalamus, they line the ventral parts of 

the third ventricle (3V) wall. Befitting their name (“tanos” means elongated or stretched 

in Greek), each tanycyte possesses a long basal process often in contact with blood 

vessels, while on the apical surface they are in contact with the CSF. During 

embryonic development of the hypothalamus, radial glial cells also reside in the 3V 

wall and due to their morphological similarities, their shared markers, such as GFAP, 

vimentin, nestin and GLAST as well as their neurogenic potential, tanycytes are 

thought to be either residual radial glial cells or their descendants with distinct features 
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(Rodriguez, Blazquez et al. 2005, Goodman and Hajihosseini 2015, Rizzoti and 

Lovell-Badge 2017). Additional cell markers that distinguish tanycytes from other cells 

lining the hypothalamic third ventricle wall include Rax, DARPP-32 and GPR50 

(Meister, Hokfelt et al. 1988, Batailler, Mullier et al. 2012, Miranda-Angulo, Byerly et 

al. 2014). 

Hypothalamic tanycytes are not a homogeneous population and they are usually 

classified into 4 subpopulations, arranged along the dorsoventral axis (Prevot et al., 

2018). β2-tanycytes constitute the floor of the 3V wall and their basal processes make 

contact with their endfeet on the portal capillaries of the median eminence. β1-

tanycytes are located in the ventrolateral walls of the 3V and extend their basal 

process that contact the lateral portal capillaries or nearby ventromedial-arcuate 

nucleus (vmARC) capillaries that exhibit variable permeability (Langlet et al., 2013). 

α2-tanycytes are more dorsal and project into the arcuate nucleus, while the most 

dorsal, α1-tanycytes, project into the ventromedial and dorsomedial nuclei (Rodriguez 

et al., 2005). These tanycytes populations also display differential gene expression 

and this is the basis of useful domain-specific immunohistochemical markers such as 

GFAP and S100β, which are expressed in the α-tanycyte domain and absent from 

the β-tanycyte domain, while FGF10 is only present in the β-tanycyte domain 

(Goodman and Hajihosseini, 2015). Finally, α-tanycytes are biciliated, while β-

tanycytes each possess only a primary cilium (Mirzadeh et al., 2017). While this is a 

useful and broad way to classify tanycytes, it has been recently suggested that it may 

not fully reflect the full diversity of tanycytes, calling for a more refined classification 

system (Prevot et al., 2018). 

β-tanycytes form a barrier that separates the median eminence with its fenestrated 

capillaries from the CSF, preventing the free flow of substances between these 

compartments. β2-tanycytes express tight junction proteins zonula occludens 1 (ZO1) 

and occludin, claudin 1 and 5 as a continuous belt around their cell bodies, thus 

forming an impermeable barrier between the CSF and the median eminence, while α-

tanycytes do not form such a barrier between the CSF and hypothalamus parenchyma 

(Mullier et al., 2010). The barrier is plastic at the level of β1 tanycytes. Intriguingly, in 

fasted mice lowered blood glucose levels cause tanycytes to upregulate and release 

VEGF-A, which binds to VEGF receptors on capillaries in the vmARC, inducing 

fenestrations (Langlet et al., 2013). β1-tanycytes that contact these newly fenestrated 

leaky capillaries increase their tight junction protein expression to match that of β2-

tanycytes. This allows for peripheral signals such as ghrelin to reach metabolically 

important POMC and NPY neurons in the vmARC while preventing their leakage into 
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the CSF (Schaeffer et al., 2013). Upon refeeding, this process is reversed and both 

the fenestrations in the vmARC capillaries and the barrier properties of tanycytes 

contacting them return to their previous state (Langlet et al., 2013). This may present 

a new plastic layer of metabolic regulation dependent on tanycytes (Prevot et al., 

2013). 

The barrier formed by β2-tanycytes prevents diffusion of blood leptin that enters the 

median eminence into the rest of the brain (Balland et al., 2014). Furthermore, 

circulating leptin is taken up by tanycytes and shuttled into the CSF in an ERK and 

leptin receptor-dependent manner, from where it may reach hypothalamic 

parenchyma as there is no barrier formed at the level of the arcuate, ventromedial 

and dorsomedial nuclei (Balland et al., 2014). Ghrelin is also internalised by tanycytes, 

suggesting their potential role in shuttling this hormone from the blood into the CSF 

(Collden et al., 2015). 

Tanycytes have important roles in regulating the hypothalamus-pituitary-gonadal and 

hypothalamus-pituitary-thyroid axes. Their processes surround the axon terminals of 

gonadotropin-releasing hormone (GnRH) neurons, preventing GnRH release into the 

portal capillaries (Prevot et al., 1998; Baroncini et al., 2007). Tanycytes retract their 

processes, allowing GnRH to reach the anterior pituitary, in an estrous cycle 

dependent manner (Prevot et al., 1999) based on signalling cues such as estradiol, 

nitric oxide, and TGFβ1 Semaphorin7A (Prevot et al., 2003; De Seranno et al., 2004; 

de Seranno et al., 2010; Parkash et al., 2015). Recently, tanycytes were also shown 

to block access to pituitary vessels by increasing their endfeet size in response to 

activation of thyrotropin-releasing hormone receptor 1 (TRH receptor 1) and therefore 

reducing the access of TRH into the hypophyseal portal system (Müller-Fielitz et al., 

2017).  

Another way tanycytes control the hypothalamus-pituitary-thyroid axis is through the 

activity of deiodinases 2 (DIO2) and 3 (DIO3). DIO2 converts T4 into the more 

biologically active T3, while DIO3 converts T4 and T3 into inactive reverse 

triiodothyronine (rT3) or 3,3'-Diiodothyronine (3,3'-T2) molecules. Tanycytes express 

these enzymes in a photoperiod and FGF signalling dependent fashion (Barrett et al., 

2007; Samms et al., 2015). In addition, they express thyroid hormone transporters 

OTP1c1 (Nakao et al., 2006) and MCT8 (Herwig et al., 2009), indicating a role for 

shuttling thyroid hormones across the blood-CSF barrier. Finally, they express PPII 

which inactivates TRH at the site of TRH neuron axon and tanycyte interactions near 

the portal capillaries (Sanchez et al., 2009). 
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Tanycytes express glucose transporter 2 (GLUT2) (Garcia et al., 2003), glucokinase 

(GK) (Millan et al., 2010) and K-ATP channels (Thomzig et al., 2005), therefore 

sharing the molecular machinery required for glucose sensing with pancreatic β-cells 

(Schuit et al., 2001). Indeed, application of glucose to tanycytes in live slice cultures 

causes an increase in intracellular Ca2+ and ATP release (Frayling et al., 2011; 

Orellana et al., 2012). Tanycytes can also sense non-nutritive sweeteners such as 

sucralose through sweet-taste receptor Tas1r2/Tas1r3 (Benford et al., 2017) and 

amino acids through the receptors Tas1r1/Tas1r3 and mGluR4 which are important 

for umami taste perception (Lazutkaite et al., 2017), in both cases resulting in 

increased intracellular Ca2+ and release of ATP. The exact significance of tanycytes’ 

ability to sense these nutrients remains unknown. 

Due to their similarities and potential descendancy from radial glia (Rodriguez et al., 

2005), tanycytes are a likely candidate as NSPCs of the adult hypothalamic niche and 

a growing body of evidence is in support of this notion. The following section 

discusses neurogenesis in the hypothalamus in greater detail. 

 

1.3 – Postnatal and Adult Neurogenesis in the Hypothalamus 

Many studies have reported cell proliferation and birth of new cells of neuronal and 

glial lineage in the postnatal and adult hypothalamus. However, the characterization 

of this niche is still in its early stages compared to the canonical subgranular and 

subventricular zone niches. As such, there is still a lack of information and consensus 

regarding the niche organisation, the identity of the NSPCs, intermediate steps and 

function of newborn cells. 

Proliferation and birth of new neurons in the hypothalamus has been assessed by 

detecting synthetic thymidine analogues like bromodeoxyuridine which are 

incorporated into DNA during the S-phase (Taupin, 2007), lineage tracing using 

inducible the transgenic inducible Cre-LoxP system or viral infection (Kretzschmar 

and Watt, 2012) and cell cycle markers like PCNA and Ki67 (von Bohlen und Halbach, 

2011). A few potential neurogenic sites were reported in the hypothalamus, which can 

be very broadly categorised into tanycytes and hypothalamus parenchyma. While 

tanycytes are now widely accepted to have NSPC qualities, the presence of NSPCs 

in the parenchyma is much more controversial (Yoo and Blackshaw, 2018). 

Tanycytes express many cell markers that are also present in NSPCs in the 

subgranular and subventricular zone, namely Nestin, BLBP, Musashi1, Sox2, GFAP, 
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GLAST, Vimentin, UGS148 and Prss56 (Haan et al., 2013; Ma et al., 2015; Jourdon 

et al., 2016). They also share the radial glia-like morphology of stem cells in the 

canonical niches (Kriegstein and Alvarez-Buylla, 2009). Self-renewing neurospheres 

that contain neurons, astrocytes and oligodendrocytes are formed from tanycytes 

cultures (Weiss et al., 1996; Bennett et al., 2009; Robins et al., 2013). Tanycytes give 

rise to both NeuN+ neurons and GFAP+ glial cells and may self-renew by generating 

other tanycytes (Haan et al., 2013; Robins et al., 2013). Parenchymal newborn cells 

are found in the arcuate, ventromedial, dorsomedial nuclei (Haan et al., 2013; Robins 

et al., 2013). Some studies also report their presence in the median eminence, 

posterior hypothalamus, preoptic area of the hypothalamus and lateral hypothalamus 

(Matsuzaki et al., 2009; Lee et al., 2012; Haan et al., 2013; Chaker et al., 2016) (Fig. 

1.4). This suggests a role for adult hypothalamic neurogenesis in regulating energy 

balance. 

As mentioned previously, tanycytes can be classified into α1, α2, β1 and β2 subtypes 

(Fig. 1.4). There is no agreement as to the which of these domains contains NSPCs 

of the hypothalamic niche. One study reported high proliferative activity of β2-

tanycytes in postnatal mice which generated new neurons mostly in the median 

eminence, but also much smaller numbers in the arcuate, ventromedial and 

dorsomedial nuclei (Lee et al., 2012). Some of these neurons respond to leptin 

injections as shown by their expression of pSTAT3, indicating that they are 

functionally integrated. In young adults, neurogenesis was dramatically increased 

when mice were fed high-fat diet for a month, compared to chow-fed animals, and 

irradiation of ventrobasal hypothalamus and therefore abrogation of neurogenesis led 

to reduced weight and fat gain, as well as increased energy expenditure in adult mice 

fed a high fat diet, indicating an energy homeostasis role for the newborn neurons. 

Fgf10 expression in the hypothalamus is restricted to β1 and β2 tanycytes and a study 

used Fgf10LacZ mice, which allows for transient lineage tracing, and 

Fgf10CreERT2::Rosa26tdTomato for inducible lineage tracing of these β-tanycytes (Haan et 

al., 2013). It was found that Fgf10+ β-tanycytes give rise to neurons and astrocytes 

mostly in the arcuate, but also ventromedial, dorsomedial and lateral nuclei and some 

of these express NPY and, upon fasting and injection of leptin, c-Fos and pSTAT3. In 

both studies, the proliferation of β-tanycytes was higher in postnatal ages compared 

to young adult, but significant numbers of proliferating cells were seen even in animals 

that were BrdU pulsed at P60, and only in the β-tanycyte domain (Lee et al., 2012; 

Haan et al., 2013). 
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The neurogenic potential of α-tanycytes has been assessed through lineage tracing 

of GLASTCreERT2::Rosa26RGFP or GLASTCreERT2::Rosa26RLacZ mice (Robins et al., 

2013). Lineage tracing of adult mice GLAST+ α-tanycytes revealed their potential to 

constitutively generate neurons and astrocytes at a low rate, as well as tanycytes, 

including β-tanycytes. In addition, intracerebroventricular injection of FGF2 caused a 

large increase in proliferation of α2-tanycytes, especially of GFAP- ventral α2-

tanycytes, but not of β2-tanycytes or α1-tanycytes. By isolating regions containing α1-

tanycytes, dorsal α2-tanycytes, ventral α2-tanycytes or β-tanycytes, they were able to 

demonstrate that only the GFAP+ population can form self-renewing neurospheres, 

although ventral α2-tanycytes show high proliferative potential. Collectively, this 

suggested that α2 tanycytes are FGF responsive NSPCs that can self-renew, give 

rise to neurons, astrocytes and other tanycytes subtypes. 

One important issue that needs to be mentioned here is the disparate ways the 

tanycyte domains are named. In the Robins et al., (2013) paper, tanycytes were 

classified into GFAP expressing α1-, dorsal α2-tanycytes, and GFAP- ventral α2- and 

β- tanycytes, instead of the widely used GFAP+ α1, α2 and GFAP- β1 and β2 

tanycytes classification (Goodman and Hajihosseini, 2015). Indeed, there is probably 

significant or complete overlap between the ventral α2 and β1 domains based on 

GFAP expression. It is possible therefore that by both using GLAST (Robins et al., 

2013) and FGF10 (Haan et al., 2013) Cre drivers, the same neurogenic ventral α2/β1 

population of tanycytes was detected. 

In one study, lineage tracing of Nestin expressing tanycytes showed that 

neurogenesis occurs even in mice as old as 9 months and that deletion of IGF-1 

receptors in Nestin expressing cells and their progeny enhances neurogenesis 

(Chaker et al., 2016). The authors conclude that in their study, α-tanycytes are the 

neurogenic cell population and that they are affected by IGF-1 receptor deletion, yet 

their criteria for distinguishing domains is based on anatomical location and 

morphology, following that of Robins et al., (2013), but not marker expression. As 

Nestin is expressed in both α- and β-tanycytes, it is difficult to distinguish the domains 

without markers and in this study, the α-domain seems to be restricted to the level of 

the arcuate nucleus and the β domain confined to the floor of the third ventricle. It is, 

therefore, possible that the neurogenic region identified here was overlapping with 

dorsal or ventral α2-tanycytes (Robins et al., 2013) and β1-tanycytes (Haan et al., 

2013). 
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While hypothalamic neurogenesis has been implicated in thermoregulation (Shido 

and Matsuzaki, 2015) and regulation of reproduction (Lévy et al., 2017), its most 

investigated potential role is in energy balance. An early study suggested that ICV 

infusion of CNTF into the lateral ventricles of high-fat diet fed animals causes long-

term reductions in body weight and increases the generation of new neurons, many 

of which were leptin-responsive and some of which expressed NPY and POMC 

(Kokoeva et al., 2005). When CNTF wa s infused with Ara-C, a mitosis blocking drug, 

the weight loss effect was short-lived and mice rapidly regained weight through 

increased food intake. Many studies that explored the link between hypothalamic 

neurogenesis and energy homeostasis followed. In some, high-fat diet was reported 

to reduce neurogenesis (Li et al., 2012; McNay et al., 2012), while in some high-fat 

diet increases neurogenesis (Lee et al., 2012; Gouazé et al., 2013). There are many 

factors that may lead to such discrepancies, for example, analysis after acute versus 

long-term high fat diet, or the sex of the animals analysed, as it has been shown that 

neurogenesis in the ME is affected by high-fat diet and has a role in weight gain only 

in female mice (Lee et al., 2014). Part of these sex-related differences may be due to 

the effects of oestradiol (Bless et al., 2014; Bless et al., 2016), underscoring the 

importance of analysing animals of the same sex. 

The occurrence of adult hypothalamic neurogenesis in humans using BrdU or 

analysis of radioactive carbon has not been directly assessed, unlike for the canonical 

niches (Eriksson, 1998; Bergmann et al., 2012; Spalding et al., 2013). However, 

Vimentin expressing tanycytes are found in the adult human hypothalamus and 

exhibit similar distribution and morphology as in other mammals (Koopman et al., 

2017). Furthermore, doublecortin (DCX), a marker expressed in neuroblast and 

immature neuron marker during adult subgranular and ventricular zone neurogenesis, 

is present in adult human median eminence, arcuate and ventromedial nuclei 

(Batailler et al., 2013). Human tanycytes also express NSPC markers Sox2 and 

Nestin, as well as GFAP and GLAST, and other cells in the adult human 

hypothalamus were found to express NSPC markers, namely tanycytes, ependymal 

cells, stellate cells in the suprachiasmatic nucleus and a ribbon of stellate cells near 

the third ventricle (Pellegrino et al., 2017). While this suggests the potential presence 

of NSPCs in the adult human hypothalamus, further studies are needed that more 

directly assess if neurogenesis does take place in the adult human hypothalamus. 

In summary, adult hypothalamic neurogenesis is a process with many unknowns in 

aspects such as age-related dynamics, anatomical destinations of new neurons and 

the molecular and physiological determinants, among others. However, there is much 
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interest in potential clinical interventions for metabolic disorders that would target 

hypothalamic neurogenesis and cause long-term modulation of homeostatic 

processes (Rojczyk-Golebiewska, Palasz et al. 2014, Recabal, Caprile et al. 2017). 

The work described in this thesis was performed to provide a better understanding of 

how the FGF signalling system, described in the following section, is involved in 

regulating the dynamics of adult hypothalamic neurogenesis and what role it may 

have in energy balance.  
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Figure 1.4 – Organisation of adult hypothalamus neurogenic niche. 

Representation of the hypothalamus neurogenic niche. Tanycytes line the 3V wall and 

are putative NSPCs in the postnatal and adult mammalian hypothalamus. The precise 

identity and lineage hierarchy have not been established in terms of tanycytes 

subtype, but likely NSPC candidates are β2-tanycytes, ventral α2/β1-tanycytes and 

dorsal α2-tanycytes. New neurons (represented as yellow cells) have been detected 

in the nearby parenchyma, including the median eminence, lateral hypothalamic area, 

arcuate, ventromedial and dorsomedial nuclei. White broken lines demarcate the 

neural nuclei. White solid lines represent tanycytic projections: β2-tanycytes 

projections terminate on portal blood capillaries in the median eminence; ventral 

α2/β1 tanycytes project onto laterally positioned portal capillaries or in the 

ventromedial part of the arcuate nucleus; dorsal α2-tanycytes extend their processes 

into the dorsal part of the arcuate nucleus, while α1-tanycyte projections terminate in 

the ventromedial and dorsomedial nuclei. 3V – third ventricle; ARC- arcuate nucleus; 

DMN – dorsomedial nucleus; GFAP – glial fibrillary acidic protein; LHA – lateral 

hypothalamic nucleus; ME – median eminence; VMN – ventromedial nucleus. 

Adapted from Goodman and Hajihosseini, (2015). 
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1.4 – Fibroblast Growth Factor (FGF) Signalling System 

1.4.1 – FGFs and FGF receptors 

The FGF signalling system is comprised of 22 FGFs, and 5 FGF receptors (Ornitz 

and Itoh, 2015). FGFs can be classified into 7 subfamilies based on their phylogeny 

(Itoh and Ornitz, 2004; Itoh and Ornitz, 2008) (Fig. 1.5 A). Fifteen FGFs (FGFs 1-10, 

15-18, 20, 22) act in a paracrine/autocrine mode of action and bind to FGF receptor 

and heparin sulphate proteoglycan (HSPG) complexes. Endocrine FGFs 15 (mouse) 

/ 19 (human), 21 and 23 act as hormones that bind to FGF receptor and α-Klotho / β-

Klotho complexes. FGFs 11-14 lack a signal peptide and act intracellularly in a 

receptor-independent fashion. 

FGF receptors 1-4 typically have two intracellular tyrosine kinase domains, a 

transmembrane domain and three extracellular immunoglobulin-like domains (Fig. 1.5 

B, C), while FGF receptor 5, also known as Fibroblast growth factor-like 1 (FGFRL1), 

lacks the tyrosine kinase domains (Sleeman et al., 2001) (Fig. 1.5 D). Upon ligand 

binding, FGF receptors dimerise, forming a 2:2:2 FGF:FGFR:HSPG (Schlessinger et 

al., 2000) or 1:2:1 FGF:FGFR:α/β-Klotho complexes (Ming et al., 2012). This brings 

their tyrosine kinase domains to close proximity, allowing transphosphorylation and 

activation of intracellular signalling pathways (Furdui et al., 2006). The major 

intracellular pathways activated by FGFR signalling are RAS-MAPK, PI3K-AKT, 

STAT and PLCγ  (Goetz and Mohammadi, 2013) (Fig. 1.6).  

FGFR5 has important roles in the development of the diaphragm, kidney and skull 

(Baertschi et al., 2007; Catela et al., 2009; Gerber et al., 2009; Rieckmann et al., 

2009). Its functions are likely mediated by the extracellular domains, as the global 

deletion of conserved intracellular motifs results in no obvious phenotype, apart from 

a small reduction in glomeruli number (Bluteau et al., 2014). Instead, FGFR5 and its 

extracellular domains may act as a cell adhesion molecule based on embryonic 

kidney cell culture experiments (Yang et al., 2016). 

Further complexity is added due to FGF receptor 1, 2 and 3 alternative splicing which 

generates the major IIIb and IIIc splice isoforms of these receptors (Fig. 1.5 B, C) with 

different ligand-receptor binding affinities (Zhang et al., 2006a) (Fig. 1.5 A). Multiple 

mechanisms exist to control FGF ligand and receptor activities and FGF signalling 

levels, making it an exceedingly complex signalling system with little or no functional 

redundancy among each of its members (Goetz and Mohammadi, 2013). 
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Autocrine/paracrine FGF signalling is essential for embryogenesis and fetal 

development, where it controls multiple processes such as epithelial-mesenchymal 

signalling in organogenesis and neural development (De Moerlooze et al., 2000; 

Dorey and Amaya, 2010; Guillemot and Zimmer, 2011). In adult tissues, it has multiple 

roles, notably paracrine FGFs control tissue homeostasis: angiogenesis, tissue repair, 

stem cell self-renewal and proliferation (Murakami and Simons, 2008; Coutu and 

Galipeau, 2011; Maddaluno et al., 2017). 

Intracellular FGFs do not interact with FGF receptors (Olsen et al., 2003), but instead 

associate with voltage-gated sodium channels in neurons (Goldfarb et al., 2007) and 

cardiomyocytes (Wang et al., 2011), influencing their excitability. FGF13 is also a 

microtubulin stabilizing protein, with a role in the migration and polarization of newborn 

neurons (Wu et al., 2012). Recently, FGF11 has been shown to be induced by hypoxia 

and interact with HIF-1α, stabilising it and in this way further regulating the expression 

of hypoxia-related genes in a line of human liver cancer cells (Lee et al., 2016). 

 

 

 

 

 

Figure 1.5 – Members of the FGF signalling system. (A) Table summarises the 

FGF subfamilies, their members and receptor binding affinities. Subfamily names 

coloured in blue denote paracrine FGFs, in green – endocrine FGFs and in red – 

intracellular FGFs. Note that members of the FGF4 and FGF19 subfamilies can only 

bind FGFR4 and IIIc splice isoforms of FGFR1-3, while FGFs in the FGF7 subfamily 

can only bind IIIb splice isoforms of FGFR1 and FGFR2. Table adapted from Zhang 

et al., 2006. (B, C, D) Schematic representations of FGF receptor structure, adapted 

from Ornitz and Itoh, (2015). FGF receptors typically contain a signal peptide, three 

immunoglobulin (IgG) -like domains and a transmembrane domain and a linker region 

between the second and first IgG-like domains (grey box). FGFR1-4 also have two 

intracellular tyrosine kinase domains (C, D), while FGFR5 lacks these domains (D). 

The third IgG-like domain of FGFR1-3 has 2 major splice isoforms: IIIb (B) and IIIc 

(C). I, II, III – IgG-like domains; TK1 – tyrosine kinase domain 1; TK2 – tyrosine kinase 

domain 2; TM – transmembrane domain; SP – signal peptide. S—S – disulfide bonds. 
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Endocrine FGFs have very low HSPG binding affinities and can diffuse into the 

bloodstream when released, and bind FGFR-Klotho α/β coreceptor complexes (Itoh 

et al., 2015). FGF15/19 is synthesised in the ileum and regulate bile acid homeostasis 

(Inagaki et al., 2005), and glucose metabolism through its effects in the liver (Kir et 

al., 2011). FGF23 is expressed by osteoblasts and osteocytes, binds to FGFR and β-

Klotho complexes in the kidney and regulates phosphate and vitamin D metabolism 

(Quarles, 2012). FGF21 is an endocrine ligand highly expressed in the liver 

(Nishimura et al., 2000), pancreas and adipose tissue (Fon Tacer et al., 2010). It has 

a wide range of metabolic functions, including regulatory roles in fatty acid and 

glucose metabolism (Fisher and Maratos-Flier, 2016). In addition, FGF21 can readily 

cross the BBB (Hsuchou et al., 2007) and the effects of FGF21 in the CNS have 

become an exciting area of research.  FGF21 increases glucocorticoid levels, reduces 

physical activity and changes circadian behaviour: features of adaptive starvation 

response (Bookout et al., 2013). Moreover, the suprachiasmatic nucleus, where β-

Klotho is expressed, is involved in mediating these effects of FGF21.  Infusion of 

FGF21 into the lateral ventricles of diet-induced obese mice for 2 weeks causes 

increased food intake, energy expenditure and insulin sensitivity (Sarruf et al., 2010). 

Conditional knockout of β-Klotho under the Camk2a Cre driver specifically in the brain 

of diet-induced obese mice showed that FGF21 in the CNS regulates energy 

expenditure through the modulation of sympathetic activity on brown adipose tissue 

and consequently thermogenesis (Owen et al., 2014). 

 

1.4.2 – Regulation of FGFR signalling levels 

FGF signalling levels determine its outcome. For example, development of the 

midbrain is specified by lower levels of FGFR signalling elicited by FGF8a, FGF17 

and FGF18, while higher levels of signalling induce cerebellar fate, evoked by 

FGFR8b and its higher affinity for FGFR3 IIIc isoform (Guillemot and Zimmer, 2011). 

Similarly, during coronal suture development, osteoprogenitor cells proliferate when 

low levels of FGF2 signals through FGFR2 and FGFR3, but differentiate to 

osteoblasts due to higher levels of FGF2 signalling through upregulated FGFR1 

(Teven et al., 2014). In vitro studies of human cortical NSPCs as well as adult rat 

hippocampal progenitors suggest that low levels of FGF signalling might induce 

neural differentiation, while high levels suppress this, and promote proliferation and 

self-renewal (Nelson and Svendsen, 2006; Chen et al., 2007; Keenan et al., 2012). 

Likewise, inhibition of MEK/ERK1/2 or PI3K/Akt pathways suppresses proliferation 
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while ERK1/2 inhibition prevents neural differentiation of adult rat spinal cord NSPCs 

(Chan et al., 2013). These FGF2 effects have been shown to be modulated by the 

presence of other growth factors which are likely to influence FGF signalling outcomes 

(Chen et al., 2007). 

Due to the importance of regulating FGF signalling levels, it is of no surprise that a 

complex, multi-layered regulatory system has evolved. 

Important elements of that system are extracellular molecules, particularly heparan 

sulphate proteoglycans (HSPGs). They are part of the FGF ligand-receptor complex 

as they stabilise their interaction (Yayon et al., 1991). They regulate FGF signalling 

by sequestering the ligand near the site of action and by create ligand gradients, which 

are important in embryonic development for processess such as collective cell 

migration (Venero Galanternik et al., 2015) (Yan and Lin, 2009). Due to these 

qualities, HSPGs play a vital role in the adult brain neurogenic niches by controlling 

growth factor activity (Mercier 2016). 

FGF receptor signalling itself induces expression of downstream intracellular 

regulators (Hajihosseini, 2008) (Fig. 1.6). These are mostly negative regulators of 

FGF receptor signalling and therefore act as part of negative feedback loop, 

preventing excessive FGF receptor activation.  These regulators include dual-

specificity MAP kinase phosphatase 6 (DUSP6/MKP3); similar expression to 

fibroblast growth factor (Sef); Ets variant 4 (ETV4) and the Sprouty family. 

 MKP3 acts by binding to and dephosphorylating ERK1/2 (Muda et al., 1996). 

 ETV4 is a transcription factor. Although its target genes are not fully defined, 

it might act on MKP3, mediating the induction of its expression by FGFR 

(Znosko et al., 2010). 

 Sef can inhibit FGFR induced activation of ERK/MAPK as well as pkB/Akt, but 

also increases phosphorylation of p38 MAPK, depending on Sef isoform and 

cell type (Kovalenko et al., 2003). 

 The Sprouty family of RTK signalling modulators includes 4 members (Sprouty 

1, Sprouty 2, Sprouty 3 and Sprouty 4). They are inhibitors of ERK but interact 

with many other molecules in a complex way to influence cell proliferation, 

differentiation and survival (Masoumi-Moghaddam et al., 2014).  

Their involvement in the regulation of cellular processes during development has 

been demonstrated (Mao et al., 2009; Newitt et al., 2010; Felfly and Klein, 2013) and 
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it can be hypothesised that they might continue to modulate stem/progenitor cell 

responses to FGF signalling in the adult CNS. 

 

 

 

 

 

 

 

Figure 1.6 – FGF receptor signalling pathways. Schematic representation of FGFR 

intracellular signalling pathways. Upon binding of FGF ligand to the receptor, the 

receptors dimerise forming a 2:2:2 FGFR:FGF:HSPG complex. Transphosphorylation 

of tyrosine kinase domains leads to activation of intracellular signalling pathways. The 

docking protein FRS2α is phosphorylated, leading to further recruitment of GRB2 and 

SOS and activation of the MAPK and PI3K-Akt pathways which affect gene 

expression. This includes the induction of genes such as Etv4, MKP3, SPRY and 

SEF, which then act to inhibit FGFR signalling. Activation of STAT1, STAT3 and 

STAT5 by FGF receptors also leads to changes in gene expression. PLCγ is recruited 

and activated by phosphorylated FGFR tyrosine kinases, leading to hydrolysis of 

PIP2, resulting in the formation of IP3 and DAG. IP3 causes the release of Ca2+ from 

intracellular stores, while DAG activates PKC which stimulates the MAPK pathway 

and phosphorylates other downstream targets. Adapted from (Yashiro and Matsuoka, 

2016) and (Ornitz and Itoh, 2015). Akt – protein kinase B; DAG - diacylglycerol; ERK 

- extracellular signal-regulated kinase; Ets - E26 transformation-specific; Etv4/5 -  ETS 

translocation variant 4/5;  FOXO1 - Forkhead box protein O1;  FRS2α -FGFR 

substrate 2α; GAB1 - GRB2-associated binding protein 1; GRB2 - growth factor 

receptor-bound 2; HSPG – heparan sulphate proteoglycan; IP3 - inositol triphosphate; 

MEK - mitogen-activated protein kinase kinase; MKP3 - mitogen-activated protein 

kinase phosphatase 3; PI3K - phosphoinositide 3-kinase; PIP2 - 2-

phosphatidylinositol-4,5-biphosphate; PKC - protein kinase C; PLCγ - phospholipase 

Cγ; RAF - rapidly accelerated fibrosarcoma; RAS – rat sarcoma; Sef -  similar 

expression to FGF; SOS - son of sevenless; Spry – sprout; STAT1/3/5 -  signal 

transducer and activator of transcription 1/3/5. 
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1.5 – The Roles of FGF Signalling in Adult Neurogenesis 

Multiple members of the FGF signalling family are present in the adult CNS in wide 

distribution. Studies investigating the localisation of certain FGFs and FGFRs found 

that different members of the FGF signalling family are present within neurogenic 

niches and that FGF2, FGFR1 and FGFR2 are present within the hippocampus, SVZ 

and hypothalamus. 

In the hippocampus, FGF2 is expressed by astrocytes within the DG, CA1, CA2 and 

CA3, although in CA2 it is also expressed by neurons. In the SGZ, doublecortin 

positive immature neurons do not express FGF2 but are surrounded by cells that do 

(Shetty et al., 2005). FGFR1, FGFR2 and FGFR3 are also expressed in the dentate 

gyrus (Mudò et al., 2009). 

FGF2 is expressed by ependymal cells as well as choroid plexus of the 3rd ventricle 

and lateral part of the lateral ventricles. These cells might release it to the CSF, 

thereby possibly having effects on hypothalamic and SVZ adult neurogenesis 

(Hayamizu et al., 2001). Cells lining the third ventricle also express FGF10, FGF18, 

FGFR1-IIIc and FGFR2-IIIc (Gonzalez et al., 1994a; Hajihosseini et al., 2008; Robins 

et al., 2013). 

 

1.5.1 – Subgranular Zone 

Genetic studies utilising transgenic mouse have been very informative in elucidating 

the role of endogenous FGF signalling. The effects on adult hippocampal 

neurogenesis of Fgfr1 conditional knockout under the Nestin Cre driver have been 

described (Zhao et al., 2007). The proliferation of Fgfr1 deficient SGZ NSPCs is 

greatly reduced compared to control mice, while cell death is unchanged (TUNEL 

assay). New neuron generation is also impaired as seen by the 73.9% reduction in 

new neuron numbers, while astrocyte numbers are also decreased, although to a 

lower degree. Moreover, LTP in the hippocampus and memory consolidation are 

greatly impaired. This, therefore, suggests that FGFR1 signalling in Nestin+ NSPCs 

and their progeny is important for proliferation and neuron generation. 

FGFR2 conditional knockout mice under the GFAP CreERT2 driver also show 

impaired proliferation and generation of new immature neurons in the adult 

hippocampus, correlated with short-term memory deficiency (Stevens et al., 2012).  
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Interestingly, FGF2-/- mice show no deficits in proliferation within the DG as pH3 

positive cell numbers are unchanged in these animals (Werner et al., 2011). However, 

newly-formed neurons expressing NeuroD were 65%, DCX ~50% and calretinin 38% 

less numerous in FGF2 knockout mice. Caspase-3 staining showed that there was no 

difference in cell death and double labelling with BrdU also suggested that 

proliferation was not affected, but neural differentiation was reduced. Therefore, it 

seems that endogenous FGF2 is required for neural differentiation but seemingly not 

for cell proliferation. It is possible that other FGF ligands signalling through FGFR1 

influence proliferation and that is why proliferation is disturbed in FGFR1 conditional 

knockout, but not FGF2-/- mice (Zhao et al., 2007). 

FGF2 levels in the DG and whole hippocampus decrease by middle age due to 

reduced numbers of astrocytes that express FGF2 (Shetty et al., 2005) and FGFR1 

expression is also reduced in aged DG (Bernal and Peterson, 2011). In line with this, 

following the same BrdU infusion paradigm, 20-month-old mice have BrdU/DCX 

positive cell numbers in the DG that are only 10% of that seen in 3-month-old mice, 

and a similar 50% reduction seen in the SVZ. Intracerebroventricular injection of FGF2 

returns neurogenesis levels in aged mice to young adult mice levels, indicating that 

exogenous application of FGFs is effective at increasing neurogenesis in the aged 

brain (Jin et al., 2003b). 

Conditional deletion of Fgfr1, Fgfr2 and Fgfr3 (loss of function, LOF) in NSPCs under 

the Nestin CreER driver causes reduced numbers of DCX or PSA-NCAM expressing 

immature neurons and NeuN+ mature neurons, while FGFR3 gain-of-function (GOF) 

in Nestin+ cells causes an increase in the numbers of these cells (Kang and Hébert, 

2015). GOF also stimulates proliferation and reverses the reduction of neurogenesis 

seen in older animals, bringing it to levels on par with ones seen in young adult mice. 

 

1.5.2 – Subventricular Zone 

Exogenous FGF2, chronically infused for two weeks into the lateral ventricle of adult 

rats, results in increased numbers of BrdU labelled cells in the SVZ (Kuhn et al., 

1997). No BrdU positive cells were observed in the RMS just after cessation of 

infusion. However, 4 weeks later, their increased numbers were detected in the 

granule cell layer in OBs, 96% of which were neurons. This might be due to FGF 

increasing cell proliferation at a high rate within the SVZ, disrupting migration, which 

can only occur after supplementation ceases.  No changes were observed in the DG, 

however, possibly due to inefficient FGF2 transport from the ventricles into the 
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hippocampus (Gonzalez et al., 1994b). Similar results are seen after single 

subcutaneous FGF2 injection. Mitotic cell numbers triple in the SVZ and olfactory 

tract, but again, no effects observed in the DG (Wagner et al., 1999). Mitotic effects 

are similar in neonates (P1, P7-21) and adults (P60) in SVZ. 

Another strategy to deliver FGF2 is intranasal administration. In healthy mice, this 

results in 70% increased BrdU labelling in the SVZ, while also increasing DCX positive 

neuroblast numbers, and a 40% increase in BrdU labelled OB cells (Jin et al., 2003a). 

However, no effects were seen in the DG, possibly due to lower availability of FGF2 

to the DG through intranasal administration. 

Intracerebroventricular (ICV) FGF2 injection has also been found to induce PDGFαR 

negative neural progenitors to differentiate into PDGFαR positive oligodendrocyte 

progenitor cells in the SVZ as well as increasing proliferation of both cell types and 

their migration from the SVZ (Azim et al., 2012). 

 

1.5.3 – Hypothalamus 

It is apparent that FGF signalling has important roles in regulating adult neurogenesis 

in the canonical niches. However, few studies have investigated the role of FGF 

signalling in adult hypothalamic neurogenesis, owing to the relatively recent 

emergence of the field.  

Injections of FGF2 into the third ventricle have been performed, dramatically 

increasing the usually low BrdU labelling in the ependymal lining, more so than EGF 

or BDNF injections (Xu et al., 2005). These injections induce numerous cells with 

astrocytic morphology and expressing BLBP, a radial glial cell marker. A month after 

injection, BrdU labelled astrocytes and neurons were also present, some expressing 

Orexin A, a peptide involved in appetite regulation.  

Intracerebroventricular injections of FGF2 for a week increase proliferation of ventral 

α2/β1 -tanycytes immediately after the treatment (Robins et al., 2013). Another study 

confirmed that intracerebroventricular FGF2 infusion causes proliferation of tanycytes 

in 3-month old mice, and lineage-traced Prss56 expressing GFAP- tanycytes were 

also co-labelled with BrdU (Jourdon et al., 2016). In a similar vein, a recent paper 

showed that adult hypothalamic neurogenesis is enhanced in stroke-prone 

spontaneously hypertensive rats that performed wheel running (Niwa et al., 2015). 

This enhancement was associated with increased FGF2 in subependymal GFAP+ 

cells and cerebrospinal fluid. 
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The expression of FGF10 in β-tanycytes and their neurogenic potential has been 

reported (Hajihosseini et al., 2008; Haan et al., 2013). However, while these tanycytes 

express FGF10, it is not clear what its function or mode of action is, considering the 

fact that only IIIc splice isoforms of FGF were detected in the hypothalamus by RT-

PCR, while FGF10 can only bind to IIIc splice isoforms (Hajihosseini et al., 2008). 

This suggests that FGF10 might have an intracellular, receptor-independent mode of 

action as postulated by (Mikolajczak et al., 2016). 

FGF18 is also expressed in GFAP- ventral α2/β1-tanycytes, although its role has not 

been described yet (Robins et al., 2013). 

FGF1 is released from rat ependymal cells lining the third ventricle after a meal or 

glucose injection into the third ventricle and acts on parenchymal neurons to reduce 

food intake (Oomura et al., 1992). Intriguingly, a single injection of FGF1 into the 

lateral ventricles of diabetic mice causes sustained remission of hyperglycaemia 

lasting at least 17 weeks (Scarlett et al., 2016). In this study, FGF1 activated tanycytes 

as evidenced by induction of c-Fos and HSP25, suggesting that tanycytes may have 

a role in mediating the long-term effects, potentially through stimulation of 

neurogenesis.  

 

1.6 – Aims 

It is evident that some tanycytes form a population of neural stem/progenitor cells in 

the postnatal and adult hypothalamus that proliferate in response to exogenous 

application of FGF2. Furthermore, tanycytic FGF signalling may have roles in 

metabolism. However, the lack of knowledge of which endogenous FGFs and FGF 

receptors are expressed in tanycytes and the nearby parenchyma and their exact 

location in these compartments are a hurdle to a fuller understanding of these 

processes and their regulation by FGF signalling. In addition, cellular and 

physiological responses to exogenous FGFs suggest important roles of tanycytic 

receptors, yet their endogenous signalling has scarcely been explored.  

The aims of this project and the approaches taken are detailed below: 

1. Current knowledge of FGF signalling system expression in the hypothalamic 

neurogenic niche is fragmented and incomplete. To discover previously 

undescribed expression patterns of endogenous FGF signalling components 

in the adult hypothalamus neurogenic niche and to determine the precise 
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tanycyte compartment of their expression, a gene expression survey was 

conducted. 

2. While exogenous application of FGF ligands has been shown to increase 

tanycyte proliferation, studies of other growth factors have reported differing 

tanycyte responses to exogenous and endogenous signalling modulation 

(Perez-Martin, Cifuentes et al. 2010, Chaker, George et al. 2016). This project 

aimed to determine if endogenous FGF receptor signalling in tanycytes has 

roles in regulating their proliferation, differentiation and other cellular 

processes, in this way impacting postnatal and adult hypothalamic 

neurogenesis. This was assessed by lineage tracing Fgf10 expressing 

tanycytes deficient in these receptors. 

3. Metabolic effects of modulating FGF signalling in the hypothalamus have been 

reported, but the interventions vary in their type, have widespread sites of 

action and the findings of different studies can be difficult to reconcile. To 

ascertain if β-tanycytes are mediators of the metabolic effects of hypothalamic 

FGF signalling found in these studies, FGF receptors were deleted specifically 

in Fgf10 expressing tanycytes and the impact on physiology measured in 

metabolically challenged animals. 

4. Initial investigations into receptor-independent FGF10 signalling in the 

embryonic hypothalamus have suggested that it is involved in regulating the 

expression of several genes, including the orexigenic molecule Agouti-related 

neuropeptide (Agrp). To confirm these preliminary findings and explore the 

molecular mechanisms involved, the downregulation of Agrp in FGF10 KO 

embryonic hypothalamus was validated along with other genes that may be 

involved. 
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Chapter 2 

Materials and Methods 
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2.1 - Transgenic mouse lines 

Mice were bred on a mixed C57BL6/129Ola background, under a 12-hour light/dark 

cycle. The studies were conducted in line with local regulations concerning work with 

transgenic animals. 

Brains of Fgf18CreERT2::Rosa26tdTomato and Fgf9LacZ animals were received from David 

Ornitz group (Washington University School of Medicine, St. Louis, Missouri, USA), 

and Etv4GFP animals from Saverio Bellusci group (Justus Liebig University, Giessen, 

Germany), therefore these mice were not bred in our animal facility. 

 

2.1.1 – Fgf10LacZ 

The Fgf10LacZ transgenic mouse line has the Mlc1v-nlacZ-24 transgene inserted into 

Fgf10 regulatory regions 114 kb upstream of the Fgf10 coding sequence (Fig 2.1 A) 

(Kelly et al., 2001). In these mice, expression of LacZ closely matches expression 

patterns of Fgf10 and can be used for transient lineage tracing of Fgf10 expressing 

cells due to the bacterial origin of the protein product β-galactosidase. Detection of β-

galactosidase in tissues collected from Fgf10LacZ mice was performed using 5-bromo-

4-chloro-3-indolyl-β-d-galactoside (X-gal).  

 

2.1.2 - Fgf10CreERT2 

To generate this mouse line, tamoxifen-inducible Cre recombinase (Cre-ERT2-IRES-

YFP) was inserted into the first exon of the Fgf10 locus (Fig 2.1 B) (El Agha et al., 

2012). This disrupts Fgf10 function, as Fgf10CreERT2 homozygous mice show near 

absent expression levels of Fgf10, have lung and limb defects. They are useful for 

studying the function of Fgf10 in embryonic development but do not survive after birth. 

However, heterozygous Fgf10CreERT2 mice are fertile and viable. When bred with mice 

carrying floxed alleles, tamoxifen administration causes recombination specifically in 

Fgf10 expressing cells. Therefore, these animals can be used for examining Fgf10 

expression, lineage tracing of Fgf10 expressing cells and deletion of genes in Fgf10 

expressing cells. 
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2.1.3 – Rosa26tdTomato 

The Rosa26 locus is a common target for insertion of transgenes for constitutive 

expression (Soriano, 1999). In the Rosa26tdTomato strain, tdTomato is inserted into the 

Rosa26 locus, downstream of a STOP cassette which is flanked by flox sites (Fig 2.1 

C) (Madisen et al., 2009). Crossing mice carrying these alleles with Fgf10CreERT2 mice 

allows to conditionally induce expression of tdTomato in Fgf10 expressing cells. 

 

2.1.4 – Fgfr1Flox 

In this mouse line, LoxP sites were incorporated into intron 7 and 15 of the Fgfr1 locus 

(Fig 2.1 D) (Hébert et al., 2003). Therefore, Cre mediated recombination results in 

excision of exons 8-15, essential for Fgfr1 function. 

 

 2.1.5 – Fgfr2Flox 

Insertion of LoxP sites into intron 7 and 10 of the Fgfr2 locus results in the Fgfr2Flox 

allele (Fig 2.1 E) (Yu et al., 2003). Cre mediated recombination causes the excision 

of exons 8-10, disrupting Fgfr2 function. 

 

2.1.6 – Fgfr2-IIIbnull 

Deletion of exon 8 of Fgfr2 (Fig 2.1 F) results in transgenic mice that can express 

Fgfr2-IIIc, but not Fgfr2-IIIb splice isoforms (De Moerlooze et al., 2000). Mice 

homozygous for this allele do not survive after birth as they exhibit major 

developmental defects, including that of the limbs, lungs and skull. 

 

2.1.7 - Fgf18CreERT2::Rosa26tdTomato 

This mouse line was generated by insertion of SA-eGFP:CreERT2 into the first intron 

of Fgf18 (Fig 2.1 G) (Zhang et al., 2016). Fgf18CreERT2::Rosa26tdTom mice can, 

therefore, be used for detecting expression of Fgf18 and lineage tracing of Fgf18 

expressing cells. 
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2.1.8 – Fgf9LacZ 

A SA-LacZ gene, inserted into the first intron of Fgf9 (Fig 2.1 H) allows for the 

detection of β-galactosidase in Fgf9 expressing cells (Huh et al., 2015). 

 

2.1.9 – Etv4GFP 

The Etv4-GFP BAC line was generated by fusing exon 9 of Etv4 with EGFP and 

replacing Etv4 exons 10-13 (Fig 2.1 I), resulting in EGFP expression that matches the 

endogenous Etv4 expression pattern, but no functional exogenous Etv4 protein 

(Lamballe et al., 2011).  

 

 

Promoter 1 2 3
CreERT2-
Ires-Yfp

Promoter 1 2 3
Mlc1v-

nlacZ-24 

Promoter TomatoLoxP LoxPSTOP

Fgf10LacZ

Promoter LoxP LoxP7 168 15

Promoter LoxP LoxP6 97 8
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Figure 2.1 – 

Transgenic mouse 
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transgenic mouse 

alleles used. Orange 

boxes represent exons, 

green triangles - LoxP 

sites, blue boxes - 

promoter regions, white 

boxes – gene 

cassettes. 
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2.2 – Genotyping 

Genomic DNA for genotyping was isolated from these tissues: 

1. Tail (~ 5 mm snip). 

2. Ear (~ 2 mm disk). 

The tissue was digested overnight in microcentrifuge tubes containing 100-200 µl 

digestion buffer (0.1 M Tris Base, 5 mM EDTA, 0.2 M NaCl, 0.2 % w/v SDS, diluted 

in double distilled H2O, pH 8.0) supplemented with 7 µg/ml Proteinase K (Sigma), 

placed in a 55 °C hybridization oven. The DNA was isolated by applying an equal 

volume of Isopropanol and vigorously shaking the microcentrifuge tubes for 5 

minutes. The DNA was then spooled out using sterile pipette tips and dissolved in 

30% TBE overnight in a 37 °C water bath. 

The PCR reactions were carried out in a thermocycler (MJ Research) using the 

Expand Long Template System (Roche). Cycles and primers are described in Table 

2.1 and Table 2.2 respectively. 

 

2.3 – Reverse Transcriptase PCR 

RT-PCR was carried out in a thermocycler (MJ Research) using isolated hypothalamic 

mRNA and illustra Ready-To-Go™ RT-PCR beads (GE Healthcare Life Sciences). 

Primers used are detailed in Annex Tables 1-4. Cycles used were as follows. First 

strand synthesis with Oligo (dT)12-18 primers (Invitrogen): 15 minutes at 42 °C, 5 

minutes at 95 °C and 6 °C. After adding 1.5 pmol of forward and reverse gene-specific 

primers, PCR was carried out with these cycles: 30 seconds at 95 °C, then 34 cycles 

of 30 s at 60 °C, 1min at 68 °C, followed by one cycle at 6 °C. The product was 

resolved on 1% w/v agarose gel, stained and visualised with ethidium bromide. An 

RT-PCR reaction with β-Actin primers was used as a positive control. 

 

2.4 – Tamoxifen administration 

Pups were administered 100µg tamoxifen (Sigma), diluted in 10% ethanol/corn oil 

(Mazola), by manual suckling at P4 and P5. 

Young adult mice received intraperitoneal (IP) injections of tamoxifen (100 mg/kg) 

once daily at P44 and P45 for lineage tracing, or IP injections P44-P50, followed by 
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14 days of ad libitum chow supplemented with supplied with 0.4g tamoxifen citrate 

salt for physiological experiments described in Chapter 6. 

Andrew Hagan (David Ornitz Group, Washington University School of Medicine, St. 

Louis, Missouri, USA) performed tamoxifen IP injections (300 mg/kg) on 

Fgf18CreERT2::Rosa26tdTomato mice at P50, P51 and P52, brain dissection at P53.  

 

2.5 – Isolation and Sectioning of Tissue 

Mice were sacrificed by CO2 asphyxiation. For tissue to be used for in situ 

hybridization or immunohistochemistry, this was followed by transcardial perfusion 

with pre-cooled 4% paraformaldehyde (PFA, pH 7.0). This was done in order to better 

preserve the anatomical structures studied, while preventing imunohistological 

artefacts and the degradation of mRNA (ISH) and protein (IHC) (Adickes, Folkerth et 

al. 1997, Lavenex, Lavenex et al. 2009). Brains were then dissected out and fixed 

overnight by immersion in 4% PFA at 4 °C. Alternatively, after asphyxiation and 

cervical dislocation, the hypothalami were dissected out for RNA isolation, flash 

frozen in centrifuge tubes on dry ice and stored at -80 C°; if required, the fat pads 

were also dissected and weighed. In this case, cervical dislocation and flash freezing 

of tissue sufficed for preservation of mRNA, as the anatomical architecture need not 

be completely intact for mRNA isolation and subsequent RT-PCR, whereas PFA 

fixation would interfere with mRNA extraction and therefore transcardial perfusion was 

not appropriate (Auer, Mobley et al. 2014). For dissecting embryonic brains, mothers 

were sacrificed via cervical dislocation, the embryos taken out of the placenta and 

brains dissected out, fixed overnight in 4% PFA at 4 °C, then processed either for in 

situ hybridization on cryostat sections or whole mount in situ hybridization. Immersion 

fixation of the dissected embryonic brain tissue is adequate due to the much smaller 

size of embryonic brains, allowing for sufficient penetration of the fixative and similar 

fixation procedures have been described elsewhere (Muñoz-Elias, Marcus et al. 

2004). 

For in situ hybridization on cryostat sections, the brains were washed with DEPC 

treated PBS (DEPC-PBS), transferred into tubes containing 30% w/v sucrose diluted 

in DEPC-PBS for 48 hours at 4 °C. Afterwards, they were put into foil cryomoulds 

filled with optimal cutting temperature compound (OCT), frozen on dry ice and stored 

at -80 °C.  
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A mouse brain atlas was used to determine the anatomical location of sections, as 

defined by Bregma coordinates (Franklin and Paxinos 2008). These coordinates refer 

to the rostro-caudal position in relation to the intersection point of the midline and 

anterior sutures, in millimetres (McIntyre 2006). Positive values denote anterior 

positions, while negative values refer to caudal positions and are referred to in figures, 

where appropriate. 

Brains were sectioned using a freezing microtome (MicroM HM560) to yield 20 µm 

thick coronal sections containing central median eminence (Bregmas -1.58 to -1.94). 

These were collected on previously baked (180°C, overnight) superfrost 

(ThermoFisher Scientific) slides and stored at -80 °C until use. 

For immunohistochemistry on vibratome sections, fixed brains were washed with PBS 

before undergoing serial dehydration in solution with increasing alcohol concentration 

(30%, 50%, 70%, 90%; 1 hour per dilution) before being stored at 4 °C in absolute 

ethanol. Brains kept at absolute ethanol were rehydrated and embedded in 3% w/v 

agar overnight, before being sectioned by a vibrating microtome (Leica) to obtain 60 

µm thick coronal sections containing median eminence (Bregmas -1.46 to -2.18). 

For whole mount in situ hybridization, embryos or adult hypothalami were dehydrated 

in ascending series of Methanol diluted in DEPC-PBST (30%, 50%, 70%. 90%, 100%; 

5-10 minutes for each step), stored at -20 °C until required. 
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Table 2.1 – Genotyping PCR Cycles. 
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Table 2.2 - Primers used for Genotyping. 

 

2.6 – RNA isolation 

Following dissection, hypothalami were homogenised by triturating in 1 ml of TRIzol 

(Invitrogen) using a pipette. After adding 200 µl of chloroform, the samples were 

centrifuged (15 minutes at 12,000 xg). The aqueous layer was removed and RNA 

precipitated with 500 µl of Isopropanol by briefly vortexing the sample and a 10-minute 
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incubation at RT. The samples were centrifuged (15 minutes at 12,000 xg). The 

supernatant was removed carefully, 1 ml of 75% ethanol diluted in molecular grade 

water (Sigma) was added and the samples centrifuged (12 minutes at 5,200 xg). The 

RNA pellet was then briefly air dried, resuspended in molecular grade water (Sigma) 

at 55 C° for 10 minutes, and the concentration and quality measured with a 

spectrophotometer (Nanodrop ND-1000, Thermo Scientific). RNA stored at -80 C° 

until use.  

 

2.7 – Immunohistochemistry 

Primary antibodies and conditions are described in Table 2.3. 

 

Table 2.3 - Primary antibodies and conditions. Anti-Digoxigenin-AP and Anti-

Digoxigenin-POD antibodies were used for in situ hybridization experiments, the rest 

were used for immunohistochemistry. 

Pre-treatments were performed when required and in this order: 

For acid/alcohol treatment, floating sections were incubated in 5% glacial acetic 

acid/95% ethanol solution (pre-chilled at -20°C) for 20 minutes, followed by three 10-

minute washes in PBS. 

Sodium citrate buffer antigen retrieval was performed by incubating floating sections 

in sodium citrate buffer (10mM Tri-sodium citrate, 0.05% Tween-20, pH 6.0) for 10 
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minutes at room temperature and subsequently for 15 minutes at 70°C, followed by 

two 10-minute washes with PBS. 

Tyramide signal amplification requires horseradish-peroxidase to catalyse the 

deposition of label (Warford et al., 2014). Therefore, endogenous peroxidases needed 

to be inactivated before the TSA reaction, to prevent background. To do this, floating 

sections were bleached with 6% hydrogen peroxide, diluted in PBS, for 90 minutes at 

room temperature, followed by a 10-minute wash with PBS.  

Floating sections were incubated for 2 hours in blocking solution (20% heat-

inactivated normal goat serum (hiNGS), 1% Triton X-100 (TX), diluted in PBS) and 

then incubated overnight at 4 °C in primary antibody solution (0.2% hiNGS and 0.1% 

TX, diluted in PBS) containing primary antibodies (Table 2.3). After overnight 

incubation, sections were washed five times for 1 hour at room temperature in a 

solution containing 0.2% hiNGS and 0.1% TX diluted in PBS. This was followed by 

an overnight incubation with relevant secondary fluorophore-conjugated antibodies 

(Table 2.4) diluted in secondary antibody solution (0.2% hiNGS and 0.5% NP-40, 

diluted in PBS) at 4°C. 

 

Table 2.4 - Secondary antibodies. 

Six 30-minute washes with PBS were followed by Hoechst counterstaining, after 

which the sections were mounted on slides and cover-slipped in Vectashield (Vector 

Labs). 

For TSA based detection, following the primary antibody incubation and washes, 

sections were treated with second blocking solution (1% bovine serum albumin, 0.3% 

TX, 0.2% powdered skim milk, diluted in PBS) for one hour before overnight 

incubation at 4 C with relevant secondary antibodies (Table 2.4) diluted in second 

blocking solution. After six 30-minute washes with PBS/0.05% Tween-20, sections 
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were mounted on slides. This was followed by tyramide signal amplification and 

subsequent washes, performed using the TSA Plus Fluorescein kit as per 

manufacturer instructions (Perkin Elmer). After counterstaining, the slides were cover-

slipped in Vectashield (Vector Labs). 

 

2.7.1 – PCNA/DsRed immunohistochemistry 

Simultaneous PCNA and DsRed immunohistochemical detection required a slightly 

modified protocol, potentially due to the extremely low concentration of the anti-PCNA 

antibody used (1:500,000). 

First, acid/alcohol and peroxidase quenching were performed, followed by blocking of 

unspecific binding sites with first blocking solution and overnight incubation with only 

the anti-PCNA antibodies diluted in primary antibody solution. This was followed by 

five 1-hour washes with 0.2% hiNGS and 0.1% Triton X-100 diluted in PBS, blocking 

of unspecific binding sites with first blocking solution and overnight incubation at 4 C° 

with anti-DsRed antibodies diluted in primary antibody solution. After five 1-hour 

washes with 0.2% hiNGS and 0.1% Triton X-100 diluted in PBS, sections were 

incubated for 1 hour in second blocking solution and then overnight at 4 C° in second 

blocking solution with secondary antibodies. After these steps, the washes and TSA 

steps were carried out as described previously. 

 

2.7.2 – Immunohistochemistry on cryostat sections 

Immunohistochemistry using anti-AGRP antibodies (Table 2.3) was carried out on 20 

µm thick cryostat sections mounted on glass slides. All steps were performed in a 

humidified chamber. 

Non-specific binding sites were blocked by incubating the sections for an hour in a 

solution containing 10% hiNGS and 1% Triton X-100, diluted in PBS. Sections were 

then incubated overnight at 4 C° in a solution containing anti-AGRP antibodies, 0.2% 

hiNGS and 0.1% Triton X-100, diluted in PBS. Afterwards, the unbound primary 

antibody was washed off with a solution of 0.2% hiNGS and 0.1% diluted in PBS for 

three times, 5 minutes each. After a 2-hour incubation at RT with the secondary 

antibody, diluted in 0.2% hiNGS, 0.5% NP-40 and PBS, sections were washed 3 times 

with PBS, counterstained with Hoechst and cover-slipped. 
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2.8 – X-gal staining 

Detection of β-galactosidase in Fgf10LacZ/+ and Fgf9LacZ/+ tissue was performed slightly 

differently, as the former was performed by our lab and the latter by members of the 

David Ornitz group (Washington University School of Medicine, St. Louis, Missouri, 

USA). 

 

2.8.1 – X-gal staining for Fgf10LacZ/+ mice 

Brains dissected from Fgf10LacZ/+ mice were collected and stained by Dr Niels Haan 

as follows: 

Freshly dissected tissue was incubated in X-gal solution (0.12 mM Crystalline 

Potassium Ferricyanide, 0.12 mM Potassium Ferricyanide Trihydrate, 0.05  millimolar 

MgCl2, 1.22 mM X-gal, 2.5% v/v N,N Dimethylformamide; diluted in PBS) overnight 

at 37 °C in a hybridization oven while rotating. The tissue was then post-fixed in 4% 

PFA solution for 1 hour and then rehydrated to be processed for vibratome sectioning. 

 

2.8.2 - X-gal staining for Fgf9LacZ/+ mice 

Brains from Fgf9LacZ/+ mice were collected and X-gal stained by Dr Kannan 

Karuppaiah (David Ornitz Group, Washington University School of Medicine, St. 

Louis, Missouri, USA). The staining was performed as follows: 

The tissue was fixed in Mirsky’s fixative (National Diagnostics) overnight at 4 ºC. It 

was then washed three times with PBT (PBS with 0.1% Tween-20) before being 

incubated with the LacZ staining solution (2 mM MgCl2, 5 mM K3, 5 mM K4, 0.02% 

v/v NP-40, 0.1% v/v X-Gal; diluted in PBS) at 37 ºC for 30 minutes. The solution was 

then washed off with PBS and tissue post fixed with 4% PFA, then rehydrated to be 

processed for vibratome sectioning. 

 

2.9 – cRNA probe design and synthesis 

Primers were designed to amplify target gene sequences and generate cDNA 

template for riboprobe synthesis (Appendix Tables 1, 2, 3 and 4). This was done by 

using NCBI primer-BLAST to ensure primer specificity. T7 polymerase promoter 

sequence (TAATACGACTCACTATAGGG) was added to the 5’ end of the reverse 
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primers to allow in vitro transcription of antisense cRNA probes. (Hajihosseini and 

Heath, 2002) 

NCBI BLAST was used to ensure that riboprobe sequences were specific to the target 

mRNA. 

Digoxigenin labelled antisense RNA probes were generated by using T7 RNA 

polymerase (ThermoFisher Scientific) and DNA templates either from plasmids or RT-

PCR products (Appendix Tables 1, 2, 3 and 4) tagged with T7 polymerase promoter 

sequence. 

The purified riboprobes were kept at -20 °C until use. 

 

2.10 – Whole Mount In Situ Hybridization (WMISH) 

Tissues were rehydrated in descending series of Methanol diluted in DEPC-PBST 

(90%, 70%. 50%, 30%, DEPC-PBTS; 5-10 minutes for each step). They were then 

digested with 10 µg/ml Proteinase K in DEPC-PBST for 50 minutes at room 

temperature, then washed with DEPC-PBST for 5 minutes. Afterwards, tissues were 

fixed in a 4% PFA, 0.1% glutaraldehyde solution for 20 minutes and washed twice 

with DEPC-PBST for 5 minutes. Prehybridization was carried out at 55 °C in 

hybridization buffer (50% formamide, 5mM EDTA, 1.3X SSC, 0.5% CHAPS, 0.1% 

Tween-20, 1% blocking powder (BBR, Merk), 100µg/ml yeast tRNA, 50 µg/ml heparin; 

diluted in DEPC d.d. H2O) for 5 hours. Afterwards, cRNA probes were added at 2000 

– 2500 ng/ml concentration and hybridized overnight at 55 °C.  

After hybridization, post-hybridization washes at 55 °C were as follows: once for 30 

minutes in hybridization buffer, twice for 30 minutes in a solution of 50% formamide, 

2x SSC, once for 20 minutes in a solution of 25% formamide, 1x SSC, diluted in Tris-

buffered saline with 0.1% Tween-20 (TBST). Tissues were then washed at room 

temperature twice for 30 minutes in TBST, twice for 10 minutes in maleic acid buffer 

with Tween-20 (0.1 M maleic acid, 0.15 M NaCl, 0.1% Tween-20, diluted in water; 

MABT) and then once in MABT with 10% heat-inactivated goat serum (hiNGS). 

Blocking of non-specific binding sites was carried out by incubating tissues for 2 hours 

in MABT with 20% hiNGS, then alkaline phosphatase conjugated antibodies were 

added to the blocking solution at 1:2000 dilution and incubated overnight at 4 °C. 

After the overnight incubation with antibodies, six washes were carried out for one 

hour with MABT at room temperature and then a wash with MABT overnight at 4 °C. 
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Tissues were then washed twice for 15 minutes in alkaline phosphatase buffer (0.1 M 

Tris buffer pH 9.5, 0.1 M NaCl, 20 mM MgCl2, 0.1 % Tween-20, 2 mM Levamisole, 

diluted in water; NTMT). The chromogenic reaction was then carried out in the dark 

in a solution of NTMT supplemented with 375 µg/ml NBT and 187.5 µg/ml BCIP. The 

reaction was stopped when sufficient colouration has occurred, by washing twice with 

PBST for 5 minutes and fixing tissues in 4 % PFA for 30 minutes. After a wash in 

PBST, tissues were kept in PBS at 4 ºC and before being imaged. 

 

2.11 – In Situ Hybridization on Cryosections (ISH) 

Slides containing cryosections were removed from -80 °C storage, placed in a slide 

box and equilibrated at room temperature for 1 hour. This was followed by fixation in 

4% PFA at room temperature and three 5-minute washes with DEPC-PBS. Digestion 

with proteinase K buffer (50 mM pH 8.0 Tris-HCl, 5 mM EDTA, 1µg/ml Proteinase K) 

was performed for 50 minutes with slow rocking. Sections were then post-fixed with 

4% PFA at room temperature for 5 minutes, followed by three 5-minute washes with 

DEPC-PBS. Sections were then incubated in acetylation solution (1.355% 

triethanolamine, 0.175% HCl, 0.25% acetic anhydride) while shaking vigorously for 

10 minutes, followed by three 5-minute washes in DEPC-PBS. Prehybridization was 

performed by covering the sections with hybridization buffer (50% formamide, 5x salt 

sodium citrate buffer (SSC), pH 7.0, 5x Denhardt’s solution, 0.25 mg/ml salmon sperm 

DNA, 0.5 mg/ml yeast tRNA) for 4 hours. Afterwards, sections were hybridized at 68 

°C or 72 °C (Table 2.5) in a hybridization oven for 16-18 hours with 500 ng/ml 

riboprobe, diluted in hybridization buffer. 

After hybridization with riboprobes, sections were washed with 5x SSC for 5 minutes 

at the temperature used for hybridization, followed by three 30-minute washes with 

0.2x SSC at hybridization temperature and a wash with 0.2x SSC at room 

temperature. Sections were then washed with Tris-HCl/saline buffer (100 mM Tris-

HCl, pH 7.5, 150 mM NaCl) at room temperature and then blocked in Tris-HCl/saline 

buffer with 10% hiNGS. Incubation with an anti-digoxigenin antibody conjugated with 

alkaline phosphatase (Table 2.3) diluted in Tris-HCl/saline buffer with 3% hiNGS was 

carried out at 4 °C overnight. 

After incubation with antibody, sections were washed six times for 15 minutes in Tris-

HCl/saline buffer, then equilibrated for 5 minutes with NTM buffer (0.1 M Tris-HCl, pH 

9.5, 0.1 M NaCl, 50 mM MgCl2) and then incubated at room temperature in NTM buffer 
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containing 2 mM Levamisole, 375 µg/ml NBT and 187.5 µg/ml BCIP. Sections were 

incubated in this solution until specific staining is observed, with overnight incubation 

performed at 4 °C if needed. The reaction is stopped by three 5-minute washes with 

PBS, followed by a wash with 95% ethanol, diluted in d.d. H2O, for 1 hour, shaking 

lightly. Sections are then rehydrated in d.d. H2O for 15 minutes before being 

coverslipped in 50% glycerol, diluted in PBS. 

 

Table 2.5 - Temperatures used for ISH experiments 
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2.12 – In situ hybridization combined with 

immunohistochemistry 

After completion of the in situ hybridization protocol, sections were incubated for 1 

hour in blocking solution (10% heat-inactivated normal goat serum (hiNGS), 0.3% 

Triton X-100 (TX), diluted in PBS) followed by overnight incubation at 4 °C with mouse 

anti-GFAP or mouse anti-S100β antibodies (Table 2.3) in a solution containing 0.2% 

hiNGS and 0.1% TX diluted in PBS. After three 5-minute PBS washes, the DAB 

staining reaction was performed using a DAB peroxidase substrate kit (Vector Labs, 

USA) according to the manufacturer’s instructions. After five 1-minute washes with 

double distilled water, the slides were coverslipped in 50% glycerol/PBS solution. 

 

2.13 – Microscopy 

Images were captured using a Zeiss Axioplan 2 microscope, using Axiovision 4.8 

software. For quantification and co-expression analysis, images were captured as 

optical sections using an Apotome attachment, allowing for 3D reconstruction. 

Tomato positive cells were counted either by directly looking through the eyepiece 

and changing the plane of focus if the density of cells was low, or by counting them in 

the imaged stacks if the density was high. 

Whole-mount embryos processed through in situ hybridization were imaged using a 

Zeiss SV11 stereo microscope and Axiovision 4.8 software. 

Images were post-processed (adjustment of brightness/contrast/levels and unsharp 

mask, scale bars) with FIJI, Axiovision, GIMP and Photoshop. 

 

2.14 – Glucose and Insulin tolerance tests 

Mice were deprived of food by being put into clean cages with no food pellets supplied. 

After 16 hours of food deprivation, the tip of the tail for each mouse was snipped to 

take blood samples. Baseline fasted blood glucose measurements were taken using 

an AlphaTRAK 2 glucose meter and blood glucose strips. Mice were then IP injected 

with either glucose (2.5 g per kg body mass) or insulin (0.375 units per kg body weight) 

and their blood glucose was measured 15, 30, 60 and 120 minutes post-injection. The 
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mice were then housed in their usual cages with food. Mice were given 2 weeks to 

recover in-between glucose and insulin tolerance tests. 

Rarely, some mice did not respond to glucose or insulin injection with an increase or 

reduction in blood glucose levels respectively. This may have been due to technical 

issues with the intraperitoneal injection (Steward et al., 1968) or due to a spike in 

blood glucose due to a heightened stress response in the case of ITT (Nonogaki, 

2000). Therefore, for GTT, if blood glucose levels for a given animal did not at least 

double at any time-point compared to fasted baseline, the injection was not taken as 

successful (3 out of 50 cases). For ITT, the injections were not considered valid if 

glucose levels increased compared to fasted baseline after insulin injection (3 out of 

50 cases).  

 

2.15 – Statistical Analysis 

Statistical analysis was performed and graphs were made using GraphPad Prism 

7.00. When comparing two means, unpaired t-test was used. To control for type II 

errors when comparing means of more than two groups, ANOVA was used. The 

significance level was set at 0.05. 

One-way ANOVA (analysis of variance) is a statistical significance test designed to 

compare the means (one continuous, dependent variable, for example weight) of two 

or more groups (one nominal, independent variable, for example genotype) 

(McDonald 2009). Two-way ANOVA meanwhile compares means (one continuous, 

dependent variable, for example weight) of two or more groups of two nominal, 

independent variables (for example, genotype and time) (McDonald 2009). For 

experiments described in chapter 6, one-way ANOVA was used for statistical 

comparisons of one dependant variable between three genotype groups (multiple 

comparisons: each genotype compared to the two others). Other experiments 

described in chapter 6 also had multiple measurements taken of the same animal 

over time, therefore time-points were considered a second independent variable. For 

these experiments, a multiple comparisons repeated measures two-way ANOVA was 

performed as recommended by published guidelines on metabolic studies (Bowe, 

Franklin et al. 2014). 

Most of the data was plotted as line or bar charts. These types of charts are very 

prevalent in the literature and provide easily identifiable information on the means 

and standard errors. However, it has been argued that box plots are provide more 
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information on the underlying data, as they can simultaneously show the median, the 

quartiles and minimum/maximum values (other variations exist), while not being too 

complex, and can therefore be considered as an alternative to bar charts where 

appropriate (Streit and Gehlenborg 2014). 

The experiments described in chapter 6 were performed as a pilot study, as there is 

not enough information in the literature to inform the potential metabolic impact that 

a downregulation of FGF signalling specifically in tanycytes may have, or the 

associated effect sizes. A pilot study can help in the design of further studies and can 

be especially helpful in determining the needed sample size through statistical power 

calculations. This is because statistical power depends on three factors: the alpha 

level, effect size and sample size (McHugh 2008). Once an estimation of the effect 

size is obtained in a pilot study, a sample size calculation can be derived for the 

desired statistical power and alpha level. The formulae vary depending on the 

statistical test to be used and there are helpful statistical software packages available 

for calculating the needed sample size for a specific study design (Zodpey 2004, 

Rodriguez Del Aguila and Gonzalez-Ramirez 2014). 
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Chapter 3 

Optimisation of situ hybridization protocols for 

detecting FGF signalling pathway genes 
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3.1 – Introduction 

The FGF signalling system plays crucial roles in controlling adult neurogenesis in the 

dentate gyrus and subventricular zone (Zhao et al., 2007; Stevens et al., 2012; Kang 

and Hébert, 2015). In the hypothalamus, exogenous FGF2 induces proliferation of 

tanycytes and there is an increasing interest in the functions of endogenous FGF 

signalling in the hypothalamic niche (Xu et al., 2005; Robins et al., 2013). To 

understand endogenous FGF signalling, the expression patterns of FGF ligands and 

receptors must be determined. This information is crucial for determining which cells 

in the niche are capable of releasing FGF ligands, and which express the receptors 

for receiving these signals from within or outside of the niche. Therefore, any method 

used for this purpose must have single cell resolution while maintaining the cellular 

architecture of the niche. Immunohistochemistry (IHC) and mRNA in situ hybridization 

(ISH) on tissue sections meet these requirements. 

Apart from the main distinction that they detect protein or mRNA respectively, IHC 

and ISH both have their advantages and disadvantages. The primary deciding factor 

of which method to use in the expression screen was the availability of antibodies or 

cRNA probes specific to the gene product of interest since FGFs show a high degree 

of similarity of nucleotide and amino acid sequences (Ornitz and Itoh, 2001). This puts 

ISH in favour as cRNA probes can be designed and produced relatively rapidly and 

at little expense. Specific signal can be attained even when ~75% of the probe 

sequence is shared with other genes, as long as the ISH conditions are sufficiently 

stringent (Yaylaoglu et al., 2005). In addition, primers used for the initial reverse-

transcriptase PCR (RT-PCR) screen can be tagged with a T7 promoter sequence and 

used for making templates for in vitro transcription of cRNA probes. In contrast, 

specific commercial antibodies that are suitable for IHC are only available for some 

FGF signalling system members. For example, numerous antibodies for detecting 

FGF10 were tested in our lab, but as of yet none have produced specific staining 

when used in immunohistochemistry, therefore causing a need to rely on transgenic 

mouse models to detect expression of Fgf10 (Kelly et al., 2001; El Agha et al., 2012). 

Moreover, creating or ordering custom antibodies and validating them is a costly and 

time-consuming process. In light of these factors, ISH was the primary method of 

choice. 

While in situ hybridization for the detection of mRNA in wholemount mouse embryo 

preparations has been previously used in our lab (Hajihosseini and Heath, 2002), ISH 

on adult brain tissue had not been attempted. 
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3.1.1 - Aims 

An in situ hybridization protocol suitable for use with adult brain tissue was established 

and optimised to ascertain the expression patterns of FGF signalling system members 

in the adult hypothalamus neurogenic niche. 

 

3.2 – Results 

3.2.1 – Whole-mount in situ hybridization of whole adult hypothalamus 

A whole-mount mRNA in situ hybridization (WMISH) protocol for detecting gene 

expression in whole mouse embryos had been established and routinely used in our 

lab (Hajihosseini and Heath, 2002). It was plausible that this WMISH protocol could 

be successfully used with whole-mount adult mouse hypothalamus. Therefore, this 

was the first approach attempted. 

RNA probes complementary to Fgfr1, Fgfr2 and Fgf10 mRNA were used. These 

target genes were chosen because expression of Fgf10, Fgfr1 and Fgfr2 in adult 

mouse hypothalamus has been described in the literature and should, therefore, be 

easily detectable, serving as good positive controls for this protocol (Lein et al., 2006; 

Hajihosseini et al., 2008). However, no staining was observed at the end of this 

experiment. 

One of the possible reasons was that the protocol might not be suitable for 

wholemount adult tissue, as it might potentially need much harsher permeabilisation 

conditions, among other optimisations. Therefore, ISH was performed using the same 

cRNA probes on 20µm cryosections with a modified protocol. Thin sections were 

chosen to address the permeabilisation issues and allow for the detection of multiple 

genes expressed in serial sections. The brains were fixed and processed for 

cryosectioning, as this is a common method found in the literature. The same 

conditions and solutions were used as in WMISH, but wash times were shortened in 

line with published protocols for mRNA in situ hybridization on cryosections. After an 

unsuccessful first attempt, carbethoxylation by an active diethylpyrocarbonate 

(DEPC) pretreatment before hybridization was added to the protocol as it has been 

reported to increase specificity and strength of in situ hybridization signal (Braissant 

and Wahli, 1998). This too did not produce any staining. 

Ribonucleases are abundant, very stable and active enzymes. They can effectively 

degrade target and probe RNA. Therefore, work involving RNA requires care to 
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prevent contamination by ribonucleases. Examples of precautionary measures are 

the pretreatment of most solutions with DEPC, baking of glass- and metalware, and 

the cleaning of work surfaces with RNAseZAP (Ambion). To make sure these 

cautionary measures were effective, and the protocol works in my hands, WMISH was 

carried out on E10.5 embryos with FGF8 cRNA probes. FGF8 is a gene that is 

abundantly expressed at the apical ectodermal ridge (AER) of the developing limb 

buds at E10.5 (Crossley and Martin, 1995). Furthermore, the probe had been 

successfully used in our lab and the WMISH protocol was originally designed for 

E10.5-E11.5 embryos. 

Indeed, the AER showed strong and specific staining with the FGF8 riboprobe after 1 

hour of colour development (Fig. 3.1 A, A’), while the negative control embryo (no 

probe) showed little staining even after overnight colour development (Fig. 3.1 B, B’). 

This suggests that the protocols for cRNA probe synthesis and WMISH are suitable. 

However, it also suggested that the protocol may not be appropriate for adult brain 

tissue sections. 

3.2.2 - Establishing a protocol for in situ hybridization on sections and 

optimizations to achieve signal specificity 

After the attempts described above, a published protocol for in situ hybridization on 

adult mouse brain cryosections was tested (Palop et al., 2011). The most notable 

modification was the reduced hybridization and post-hybridization wash 

temperatures, more in-line with the majority of protocols found in the literature and 

previously used in our lab. This protocol immediately produced strong staining as 

evidenced by in situ hybridization with Neuropeptide Y (Npy) cRNA probes. Npy is an 

orexigenic peptide expressed in a population of neurons in the arcuate nucleus (Hahn 

et al., 1998) and ISH using these probes resulted in specific detection of Npy in this 

population (Fig. 3.2 A). ISH experiments were performed using these conditions with 

several different probes, producing staining in the majority of cases. (Npy) detection 

was used as a positive control for these experiments. However, after some time it 

became apparent that the Npy riboprobe can produce diffuse and moderately strong 

staining in the hippocampus (Fig. 3.2 B’’), cortex (Fig. 3.2 B’’’) and hypothalamus, 

especially the arcuate nucleus and the floor of the 3rd ventricle (Fig. 3.2 B, B’). 
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Figure 3.1 – Successful Fgf8 ISH on whole-mount mouse embryo. Fgf8 WMISH 

was performed on E10.5 mouse embryos to test the reagents and protocol. The Fgf8 

cRNA probe produced strong, specific staining in the apical ectodermal ridge (AER) 

(A, A’), while the no probe negative control was devoid of staining in the AER (B, B’).   

 

Worryingly, a similar pattern was observed when most other riboprobes were used for 

in situ hybridization, mostly only with variations of how intense and widespread the 

staining is, but always staining the floor of the 3V, arcuate nucleus, hippocampus and 

cortex. Moreover, most probes showed much wider expression patterns than those 

described in the literature. This suggested that the staining observed was not always 

specific and the protocol needed refinement. 
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Figure 3.2 – Development reaction time determines the specificity of the signal. 

(A, A’, A’’, A’’’) The Npy probe produces strong and specific staining when developed 

for 3 hours, however, if developed overnight, a fainter background staining appears 

in the hypothalamus (B, B’), hippocampus (B’’) and cortex (B’’’). Numbers in the 

bottom right corners refer to Bregma coordinates. Scale bar - 100 µm. 
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The main determinants of the specificity of in situ hybridization stringency are: 

1. The concentration of formamide in the hybridization buffer. 

2. The concentration of salts (effectively, the concentration of SSC) in the 

hybridization buffer. 

3. The temperature of cRNA hybridization. 

4. The temperature and solution used for the post-hybridization washes. 

5. The length of the riboprobe used. 

6. The concentration of riboprobe in the hybridization buffer. 

The first step to make the conditions more stringent was to reduce the concentration 

of riboprobe present in the hybridization buffer. This was reduced from 2000 to 500 

ng/ml, as measured using a spectrophotometer (NanoDrop ND-1000, ThermoFisher). 

The next step was to determine the optimal hybridization temperatures that would 

produce specific staining. This was done using an empirical formula that takes into 

account the contents of the hybridization buffer (the concentration of formamide and 

salts) and the length of the riboprobe, yielding a range of temperatures to be used for 

hybridization (Casey and Davidson, 1977). Most of the temperatures calculated using 

this formula were higher than the 58-60 °C used in the previous experiments. These 

two improvements led to considerably improved specificity of signal, and it also 

revealed that many patterns observed previously were due to nonspecific background 

staining (Fig. 3.3). 

This experience highlighted the importance of specificity controls and additional 

measures to reduce background. One approach to tackle this is to perform a wash 

with a solution containing 20 µg/ml RNase A (Sigma) for 30 minutes after hybridization 

with the probe, before the post-hybridization washes. This digests the unbound or 

weakly bound cRNA probe that may get trapped in tissue sections and produce 

background staining, while the specific cRNA-mRNA hybrids are much more resistant 

to RNase A. This treatment did reduce background staining in experiments using Npy 

cRNA probe. However, for other probes, it also greatly reduced the signal intensity 

and increased development time. Due to these undesirable qualities, alternative 

approaches were explored. 

A very common alternative approach is to use sense cRNA probes obtained from the 

same cDNA template as the anti-sense riboprobes. They are not complementary to 

tissue mRNA but have the same biochemical properties as the anti-sense probe used 

to detect mRNA. Using sense probes, it was observed that some probes that had 

relatively restricted expression patterns with the anti-sense probe also exhibited the 
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same pattern with sense probes. However, in all of these cases, the previously 

described characteristic staining in the cortex, hippocampus and hypothalamus was 

also observed. For some genes, the staining produced by the sense probe is 

eliminated when hybridization and post-hybridization washes are performed at 68-72 

°C, while the signal is preserved using the anti-sense probe. Therefore, the rest of the 

experiments were performed in the 68-72 °C hybridization and post-hybridization 

temperature range. Where the distinctive widespread staining pattern in the 

hippocampus, cortex and hypothalamus was found, sense probes were used as 

additional specificity controls. Where possible, the patterns were compared with ones 

found in the literature as additional confirmation. Finally, multiple probes were used 

in each hybridization experiment, revealing different, restricted expression patterns. 

The use of these controls and guidelines provides confidence in the specificity of the 

staining observed. 

 

3.2.3 - Developing a protocol for in situ hybridization combined with 

immunohistochemistry 

In some cases, the simultaneous detection of protein and mRNA in the same tissue 

section provides valuable information. This is needed, for example, to determine 

tanycyte domain specific expression of various genes. This would be made possible 

by performing mRNA in situ hybridization for the gene of interest, followed by 

immunohistochemistry against α-tanycyte markers such as GFAP or S100β. Ideally, 

both ISH and IHC would be fluorescent, as this would allow for easier analysis of co-

localisation compared to chromogenic detection methods. 

For these reasons, a fluorescent in situ hybridization protocol was optimized. A few 

different options were considered: 

1. Probes made with an RNA labelling mix that contains Fluorescein-12-UTP 

instead of the DIG-11-UTP previously used. 

2. Probes made with an RNA labelling mix that contains DIG-11-UTP and the 

use of an Anti-Digoxigenin-Fluorescein antibody. 

3. Probes made with an RNA labelling mix that contains DIG-11-UTP and the 

use of an Anti-Digoxigenin-HRP antibody, followed by detection with tyramide 

signal (TSA) amplification methods. 
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Figure 3.3 – Increased hybridization temperature and reduced cRNA probe 

concentration improve the specificity of ISH reactions. (A, A’, A’’, A’’’) Mkp3 

probe produced very wide staining, akin to that seen in overdeveloped reactions 

with the Npy probe. After reducing the probe concentration (2000 ng/µl to 500 

ng/µl) and increasing hybridization and post-hybridization wash temperatures (60 

ºC to 72 ºC), the staining becomes specific (B, B’, B’’, B’’’). Numbers in the bottom 

right corners refer to Bregma coordinates. Scale bar - 100 µm. 
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Figure 3.4 – The optimisation of a protocol for ISH on adult brain sections. 

Flowchart describes ISH protocols and the major modifications for optimising them. 
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The benefit of using Fluorescein-12-UTP is that it requires no detection with antibody 

and therefore the sections can be imaged after the post-hybridization washes. 

However, this method is the least sensitive. Fluorescent in situ hybridization with TSA 

(PerkinElmer) adds some additional steps to the protocol, but it is the most sensitive 

method. Meanwhile, the use of an Anti-Digoxigenin-Fluorescein antibody is 

somewhere in-between both in terms of sensitivity and protocol complexity. 

Eventually, tyramide signal amplification was chosen as it offered the best sensitivity, 

while the additional steps are not so time-consuming to make it prohibitive. 

At first, the chromogenic in situ hybridization protocol was tried. All the ISH steps were 

kept the same with the exception of substituting Tris-HCl/saline to PBS for washes, 

blocking and antibody solutions (1% bovine serum albumin, 0.2% skim milk powder 

and 0.3% Triton X-100, diluted in PBS), and incubation with an Anti-Digoxigenin-POD 

antibody (1:1000 dilution; 30-minute incubation on a shaker set at 100 rpm). TSA 

amplification steps were then carried out according to the manufacturer’s instructions. 

The first results were encouraging. The Npy cRNA probe produced very strong and 

specific staining and could be combined with IHC to detect GFAP (Fig. 3.5 A). 

However, some nonspecific background staining was encountered. In addition, apart 

from Npy (Fig. 3.5 A), only Agrp (Fig. 3.5 B) and Fgfr1 (Fig. 3.5 C) exhibited specific 

staining, while other probes produced either no staining or only background (Fig. 3.5 

D). Therefore, although the combination of fluorescent in situ hybridization and 

immunohistochemistry worked in principle, it was not adequate for most of the cRNA 

probes tested. 

Next, a combination of chromogenic in situ hybridization and immunohistochemistry 

was attempted. The immunohistochemistry step was carried out directly after the 

standard in situ hybridization protocol, using HRP conjugated secondary antibodies. 

A detection kit using DAB (Vector Labs) as a substrate was then used, producing a 

brown colour stain, which is easy to distinguish from the purple in situ hybridization 

stain. The protocol resulted in good staining for both mRNA and protein (Fig. 3.6 A, 

A’, B, B’) on the very first try and was therefore used for all subsequent experiments 

requiring simultaneous detection of both. 
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Figure 3.5 – Fluorescent in situ hybridization combined with 

immunohistochemistry is inadequate for the majority of cRNA probes tested. 

Fluorescent ISH (A - D) recapitulated the patterns seen in chromogenic reactions (A’ 

– D’) for Npy (A, A’) and Agrp (B, B’). The pattern seen in Fgfr1 fluorescent ISH 

experiments (C) matches the chromogenic reaction (C’) but presents much more 

background. The Fgfr2 fluorescent ISH (D) is more representative of the rest of the 

probes tested, producing either only no fluorescence or only strong background, 

compared to the chromogenic reaction (D’). Numbers in the bottom right corners refer 

to Bregma coordinates. Scale bar - 100µm.  
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Figure 3.6 – Chromogenic in situ hybridization combined with 

immunohistochemistry allows for simultaneous detection of mRNA and 

protein. Fgfr2 expression is mutually exclusive from GFAP expression (A, A’), an α-

tanycyte marker (Goodman and Hajihosseini, 2015). Fgfr3 is co-expressed in the 

parenchymal with S100β (B’), a predominantly glial marker (Steiner et al., 2007). 

Numbers in the bottom right corners refer to Bregma coordinates. Scale bar – 100 

µm. 
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3.3 – Discussion 

Gathering information on the expression of FGF signalling components is an essential 

step to improving our understanding of its endogenous functions in the hypothalamus. 

It was therefore imperative to establish a method that would allow for this mapping. 

Antibodies that can discriminate different FGF family members are not available due 

to homology, as exemplified by an FGF10 antibody that produces western blot bands 

when used on proteins extracted from FGF10 KO tissue (Niels Haan PhD Thesis, 

UEA, 2012). A protocol for detecting messenger RNA in thin cryostat brain tissue 

sections was therefore optimised. The protocol results in stained sections and 

maintains the integrity of the cellular architecture. This is paramount when studying 

the hypothalamus neurogenic niche, as it is organised in a specific manner, whereby 

tanycytes, the putative neural stem progenitor cells, line the third ventricle wall and 

generate neurons that contribute to the abutting neuronal nuclei (Haan et al., 2013; 

Robins et al., 2013). It is also relatively quick and simple to create custom cRNA 

probes for any gene of interest using our approach. In addition, many cRNA probes 

produced strong, clean staining with minimal background, allowing for mRNA 

detection at single cell resolution. Finally, with the combined ISH and IHC protocol, it 

was possible and straightforward to visualise both mRNA and a protein marker in the 

same tissue section, in this way supplying information on which cell types (e.g. glial 

cells using S100β as a marker) or tanycyte domains (GFAP/S100β as a marker for 

the α-tanycyte domain) express the genes of interest. 

The protocol is not without its drawbacks. Some cRNA probes did not produce any 

staining, or only staining that was later confirmed to be background, even after testing 

a wide range of hybridization and post-hybridization temperatures. This is a problem 

faced by many in situ hybridization protocols. Probe sequences were chosen 

according to the same standards as used by the Allen brain institute (Allen-Mouse-

Brain-Atlas, 2011). However, it can be noted that some of their in situ hybridization 

experiments also yield no staining or only weak background, even if convincing 

expression patterns for the same gene are reported elsewhere. An example of this is 

Allen Brain Atlas ISH for Fgfr3, experiment #448, compared to ISH reported here (Fig. 

3.6 B, B’). It is possible that by generating and testing a few different cRNA probes 

from different parts of the sequence for the same gene, at least one probe would be 

produced that works for most of the genes of interest. Therefore, for future 

experiments, it may be sensible to make a workflow that incorporates this if cost 

considerations do not preclude it. 
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In addition, while performing inadequately in my hands, fluorescence detection 

methods can be an easier and more definitive option when looking for co-localisation 

between different mRNA and/or protein markers. This is because it is possible to 

perform 3D reconstructions of images and the different markers do not mask each 

other. Indeed, multiplex protocols have been developed to identify mRNA of multiple 

genes at once with different fluorochromes (Tholouli et al., 2006). 

Finally, mRNA in situ hybridization does not inform of the protein product and its 

subcellular localization. However, this can be very important information to 

understand the mode of action of some proteins. For example, FGF2 can act as both 

a paracrine signalling molecule as well as a nuclear protein with an intracellular mode 

of action (Dunham-Ems et al., 2009). Immunohistochemistry and Western Blotting 

can both provide information on the likely mode of action, due to different molecular 

weights of the paracrine and intracellular isoforms of FGF2, but in situ hybridization is 

not suited for this. 

To counteract some of the cases where this protocol was inadequate, reporter mouse 

lines can be used (Fgf9LacZ, Fgf18CreERT2::Rosa26tdTomato, Etv4GFP, and previously 

Fgf10LacZ and Fgf10CreERT2::Rosa26tdTomato, as described in Chapter 2 and Chapter 4). 

Additionally, antibodies can be used for certain cell type markers (e.g. GFAP and 

S100β as mentioned previously) or to detect phosphorylated proteins 

(phosphorylated-ERK), which is impossible with ISH. 

 

Conclusion 

The process of finding the right protocol and modifying it for specific needs was in 

itself a useful learning experience. As for most methods, the method described here 

has its drawbacks, but it has also served its purposes well, allowing our lab to create 

valuable and detailed gene expression maps in the adult hypothalamic neurogenic 

niche and elsewhere in the embryonic, postnatal and adult brain. 
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Chapter 4 

A genetic survey of FGF signalling family members 

and modulators in adult mouse hypothalamus 
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4.1 – Introduction 

The hypothalamus is part of the diencephalon, positioned ventral to the thalamus and 

dorsal to the pituitary. The ventral part and floor of the third ventricle runs medially 

across the hypothalamus. The parenchyma is situated on either side of the third 

ventricle and is composed of a multitude of neuronal nuclei that are involved in the 

central control of homeostatic functions, such as thermoregulation, sexual behaviour, 

circadian rhythms and energy balance (Saper and Lowell, 2014). 

Tanycytes are emerging as an important component of the neuroendocrine system. 

They are residual radial glial cells that line the ventral third ventricle (3V) wall and are 

categorised into α1, α2, β1 and β2 subtypes based on their position along the dorsal-

ventral axis, morphology and termination of their processes, expression of domain 

markers, and cilia arrangement (Goodman and Hajihosseini, 2015). Their apical 

surface is in contact with the cerebrospinal fluid and they each possess a long single 

basal process that contacts portal capillaries of the central and median eminence, or 

terminate within arcuate, ventromedial and dorsomedial nuclei (Rodriguez et al., 

2005). These hypothalamic nuclei contain neurons that are crucial for maintaining 

energy homeostasis (Schneeberger et al., 2014). Tanycytes have recently attracted 

much interest for the multitude of roles they play. They are sensors of nutrients such 

as glucose and amino acids in the cerebrospinal fluid (CSF) (Benford et al., 2017; 

Lazutkaite et al., 2017). They also control the flow of peripheral signals reaching the 

hypothalamus such as leptin, and central signals like GnRH entering the periphery, 

by modulating access to portal capillaries (Goodman and Hajihosseini, 2015). In 

addition, they have been established as bona fide neural stem/progenitor cells 

(NSPCs) of the postnatal and adult rodent hypothalamus, generating new neurons 

that regulate energy balance (Lee et al., 2012; Haan et al., 2013; Robins et al., 2013). 

However, the molecular mechanisms that control these processes are poorly 

understood. 

Fibroblast growth factor signalling is emerging as an important regulator of 

hypothalamic tanycyte and neuron function. The fibroblast growth factor (FGF) 

signalling family is composed of 22 FGFs, 4 tyrosine kinase receptors (FGFR1-4) and 

a receptor lacking the tyrosine kinase domains (FGFR5) (Ornitz and Itoh, 2015). 

Tyrosine kinase FGF receptors act through activation of intracellular RAS-MAPK, 

PI3K-AKT, PLCγ, and STAT signalling pathways. Their activation induces the 

expression of intracellular regulators such as Sprouty1-4 and Mkp3 via a negative 

feedback loop, inhibiting or modulating FGF receptor signalling levels. Based on their 
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mode of action, FGFs can be categorised into paracrine and endocrine subfamilies 

whose members bind to receptors, as well as the receptor-independent intracellular 

subfamily. Paracrine FGFs interact with heparan sulphate, which stabilises FGF 

binding to FGF receptors and limits their diffusion. Endocrine FGFs lack heparin 

sulphate binding sites and can, therefore, freely diffuse from their site of release into 

the bloodstream and act as hormones, with α- and β-Klotho proteins substituting 

heparan sulphate as cofactors for receptor binding (Goetz and Mohammadi, 2013). 

To date, paracrine FGF1 and endocrine FGFs -19 and -21 have been implicated in 

the central control of energy homeostasis with potential use as clinical agents in the 

management of type 2 diabetes (Degirolamo et al., 2016; Gasser et al., 2017). 

Hypothalamic tanycytes express Fgfr1, and exogenously applied FGF ligands or 

FGFR antagonists can cause changes in neurogenesis and metabolism (Lein et al., 

2007). For example, intracerebroventricular (ICV) injection of FGF2 increases 

tanycyte proliferation (Xu et al., 2005; Robins et al., 2013). Furthermore, a single ICV 

injection of FGF1 induces c-Fos and HSP25 expression in tanycytes and causes 

sustained remission of diabetes symptoms in a diabetic mouse model, while FGFR1-

blocking antibodies bind to tanycytes and other mediobasal hypothalamus targets, 

causing hypophagia and weight loss (Sun et al., 2007; Lelliott et al., 2014; Scarlett et 

al., 2016). 

It is clear that exogenous FGF signalling can influence tanycytes and the processes 

they are involved in. However, our knowledge of the FGFs and FGF receptors 

expressed in tanycytes and the surrounding hypothalamic nuclei is fragmented and 

incomplete, which is a major limiting factor to understanding endogenous FGF 

signalling and its effects. 

 

4.1.1 – Aims 

To find out which FGF signalling system components and modulators are expressed 

in the hypothalamus, an RT-PCR screen was performed. Detailed spatial information 

of their expression in the 3V wall and abutting parenchyma was then obtained through 

mRNA in situ hybridization combined with immunohistochemistry and the use of 

transgenic reporter mice. 
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4.2 – Results 

4.2.1 – RT–PCR reveals expression of a wide range of FGF signalling 

pathway components in the mouse hypothalamus 

To determine which members of the FGF signalling system and their modulators are 

present in the hypothalamus, a reverse transcriptase polymerase chain reaction (RT-

PCR) screen was performed on mRNA isolated from post-weaned mice (P30-P45), 

as at this age most brain development processes are finished and brain volume is 

stable in 3 week old mice (Semple et al., 2013; Hammelrath et al., 2016). 

Alternative splicing affecting the immunoglobulin-like domain III can produce two 

major isoforms of FGF receptors 1, 2 and 3. These isoforms are called IIIb and IIIc 

and they are important for determining ligand binding specificity (Gong, 2014). Primer 

sets used to detect FGF receptors 1, 2 and 3 were designed to detect either IIIb or 

IIIc splice isoforms of these receptors (Hajihosseini and Dickson, 1999). RT-PCR 

detected only the IIIc isoform of receptors in the adult hypothalamus (Fig. 4.1 A). 

Additionally, Fgfr4 (Fig. 4.1 A) and Klb (Fig. 4.1 D), a coreceptor required for 

FGF15/19 and FGF21 signalling, were also found. 

RT-PCR with primer pairs for all 22 mouse FGFs detected products of expected sizes 

for the majority of the genes (Fig. 4.1 B, C). Products corresponding to Fgf- 1, 2, 5, 8, 

9, 10, 11, 12, 13, 14, 16, 17, 18, 20 and 21 were found. Bands indicating the presence 

of different Fgf5 and Fgf8 isoforms were also detected (Hattori et al., 1996; Sunmonu 

et al., 2011). Based on the band sizes detected, transcript variant 1 (NCBI Ref: 

NM_010203.5; band size: 652) and 2 (NCBI Ref: NM_001277268.1; band size: 548) 

of Fgf5 and transcript variants 3 (NCBI Ref: NM_001166362.1; band size: 568) and 4 

(NCBI Ref: NM_001166363.1; band size: 535) of Fgf8 are expressed in the 

hypothalamus (Fig. 4.1 B) Therefore, a variety of FGFs are present in the 

hypothalamus, with ligands representing each FGF subfamily. 

Modulators of the FGF signalling pathway were also screened for and products of 

Spry1, Spry2, Spry3, Sef, Etv4 and Mkp3 were found (Fig. 4.1 D). 

Reactions with β-Actin primers (Fig. 4.1 A, D), or primers of other genes known to be 

expressed in the median eminence, such as Fgf10 (Fig. 4.1 B) and Fgf18 (Fig. 4.1 C) 

were performed as positive controls (Hajihosseini, De Langhe et al. 2008, Robins, 

Stewart et al. 2013). Negative controls were not used, and sequencing of RT-PCR 

products was not performed due to the additional costs and labour involved, in 

addition to the fact that cRNA probes for in situ hybridization were generated from 
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cDNA templates created with the same primers and RT-PCR parameters. Therefore, 

the in situ hybridization experiments that exhibit diverse and specific staining patterns, 

described further, serve as an additional confirmation of the specificity of RT-PCR and 

the cRNA probes derived from it. 

4.2.2 – Expression of FGF receptors in the 3V wall is restricted to the β–

tanycyte domain 

The RT-PCR screen was performed using mRNA isolated from the whole 

hypothalamus, a brain structure composed of various neuronal nuclei. To examine 

which genes are expressed in tanycytes and nearby parenchyma containing the 

arcuate (ARC), ventromedial (VMN), dorsomedial (DMN) and lateral hypothalamus 

area (LHA), mRNA in situ hybridization experiments were performed on coronal 

sections containing the central part of the median eminence (Bregmas -1.58 to -1.94) 

from P60-P80 mice. 

Glial fibrillary acidic protein (GFAP) expression in the hypothalamus 3rd ventricle wall 

marks the α-tanycyte domain and dorsal ependymal cells, but it is absent in the β-

tanycyte domain (Haan et al., 2013). The localisation of GFAP, therefore, serves as 

a useful method to determine compartment specificity of gene expression. 

By combining in situ hybridization and antibodies against GFAP, it was possible to 

determine that Fgfr1 and Fgfr2 are expressed in the β-tanycyte, but not α-tanycyte 

domain (Fig. 4.2 A, A’, B, B’). 

More specifically, strongest staining with the Fgfr1 cRNA probe was observed in the 

floor of the 3rd ventricle, the β2-tanycyte domain (Fig. 4.2 A’). In addition to tanycytes, 

Fgfr1 expression was also detected in cells within the ARC, DMN and LHA regions, 

especially strong in the VMN (Fig. 4.2 A). 

Strong staining with Fgfr2 cRNA probe was detected in both β2- and the more dorsal 

β1-tanycyte domains (Fig. 4.2 B’). Scarce, weakly stained cells were also detected in 

the ARC, VMN, DMN and LHA as well as subependymal ME. 

Expression of Fgfr3 was restricted to the hypothalamic parenchyma, including the 

ARC, VMN, DMN and LHA, as well as in some sporadic cells in subependymal ME 

(Fig. 4.2 C, C’). A combined protocol of in situ hybridization with Fgfr3 probes and 

immunohistochemistry with anti-S100β antibodies, a predominantly glial cell marker, 

suggest that most Fgfr3 expressing cells in the parenchyma are glial cells (Fig. 4.3 

C’) (Steiner et al., 2007). 
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In situ hybridization experiments with the Fgfr4 cRNA probe did not produce any 

staining. The Klb probe produced variable results: either no signal or low intensity, 

diffuse staining. This was confirmed to be background staining by performing parallel 

ISH reactions with Klb antisense probe and sense negative control. 

 

Figure 4.1 - A wide array of FGF signalling components are present in the 

mouse hypothalamus. Numbers denote size (bp) of DNA ladder reference bands of 

defined sizes (bp). Specific bands were observed for genes highlighted in red. The 

small bands for Fgfr2 IIIB and Fgf3 are unspecific products (A). The rest of the RT-

PCR products match their expected sizes. Both Fgf8 and Fgf5 appear as two bands, 

indicating expression of different isoforms of those genes (B). Sef was detected in all 

experiments except for one (D). 
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Figure 4.2 - Fgfr1 and Fgfr2 are expressed in β–tanycytes while Fgfr3 is present 

in S100β+ parenchymal glial cells. Representative images of in situ hybridization 

experiments using Fgfr1 (A, A’), Fgfr2 (B, B’) and Fgfr3 (C, C’) cRNA probes, 

combined with GFAP (A, A’) or S100β (C’) immunohistochemistry. Fgfr1 and Fgfr2 

staining in the 3
rd

 ventricle wall is restricted to β-tanycytes (A, A’, B).  Fgfr1 is also 

expressed in hypothalamus parenchyma (A). Fgfr3 expressed in S100β positive glial 

cells in hypothalamus parenchyma (C’), but absent from 3V wall. Numbers in the 

bottom right corners refer to Bregma coordinates. Scale bar – 100 μm. 
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4.2.3 – FGF receptor modulator and effector expression overlaps that of FGF 

receptors 

To obtain clues about the localisation of activity of FGF receptors and its regulators, 

in situ hybridization of FGFR modulator genes was performed.  

In situ hybridization with Spry1 riboprobe (Fig. 4.3 A, A’) exhibited a wide staining 

pattern. Its strongest staining was detected in β-tanycytes and the arcuate nucleus. 

High levels of Spry1 were also detected in the VMN, DMN and LHA. Co-labelling with 

GFAP antibodies revealed that it is also expressed in the α-tanycyte domain, albeit 

the staining intensity was comparatively weaker (Fig. 4.3 A’). 

In contrast, in situ hybridization with Spry2 (Fig. 4.3 B, B’) riboprobe showed very 

restricted patterns exhibiting weak staining only in β-tanycytes, predominantly in the 

β2 domain, diminishing dorsally in the β1 domain. Rare, sporadic expression of Spry2 

in the ARC, LHA and subependymal median eminence was also observed. 

Mkp3 signal was restricted to few, but strongly stained cells in the LHA/Tuberal 

nucleus, lateral in respect to the arcuate nucleus and ventral to the VMN (Fig. 4.3 C, 

C’). Etv4 is a transcription factor and a transcriptional target of FGF signalling 

(O'Hagan and Hassell, 1998; Roehl and Nusslein-Volhard, 2001; Klein et al., 2008; 

Yaguchi et al., 2009). Using the Etv4-GFP reporter mouse we observed Etv4 

expression in the caudal LHA only, starting at around bregma –1.94 (fig. 4.3 D, D’). 

MAPK/ERK is one of the major intracellular signalling pathways downstream of 

growth factor receptor activation and it is also a target of inhibition by Sprouty proteins 

(Ozaki et al., 2001). To detect the activation of this pathway, an antibody specific to 

phosphorylated ERK (pERK) was used. 

Figure 4.3 – FGFR signalling modulators are expressed in β–tanycytes and 

parenchyma. Representative images of Spry1 (A, A’), Spry2 (B, B’), Mkp3 (C, C’) in 

situ hybridization experiments, GFP (D, D’) and GFAP (A, A’, B, B’, D, D’) 

immunohistochemistry. Spry1 staining was found in β- and α-tanycyte domains as 

well as hypothalamic parenchyma (A, A’). Spry2 expression was observed in β- 

tanycytes, chiefly in the β2 subdomain, and sporadic cells in the hypothalamic 

parenchyma (B). Mkp3 (C, C’) and Etv4 (D, D’) were both found in the lateral 

hypothalamic area, but Etv4 was also found in caudal DMN (D). Numbers in the 

bottom right corners refer to Bregma coordinates. Scale bar – 100 μm. 
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Phosphorylated ERK was found in many cells of the adult hypothalamic parenchyma 

(Fig. 4.4 A, B) including the ARC, DMN and LHA, but largely absent from the VMN. It 

was also rarely present in alpha tanycytes and even scarcer in β-tanycytes (Fig. 4.4 

A’, B’). However, dense groups of pERK-positive alpha and β-tanycytes were present 

caudally, beyond Bregma -2.06 and until the third ventricle recedes (Fig. 4.4 B’). 

Spry3 ISH reactions produced only weak background staining. Reactions with the Sef 

probe were confirmed to be unspecific background by using a Sef sense probe 

negative control. 

 

Figure 4.4 – Phosphorylation of ERK is widespread in the arcuate and 

dorsomedial nuclei, but rare in tanycytes. Representative images of pERK (green) 

and GFAP (red) immunohistochemistry in central (A, A’) and caudal (B, B’) median 

eminence sections. pERK was detected with rabbit anti-Phospho-pERK primary and 

goat anti-Rabbit IgG Chromeo 488 secondary antibodies. GFAP was detected with 

mouse anti-GFAP primary and goat anti-Mouse IgG Alexa Fluor 568 secondary 

antibodies. Numbers in the bottom right corners refer to Bregma coordinates. White 

arrows indicate pERK containing cells in the third ventricle ependyma. Scale bar – 

100 μm. 
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4.2.4 – FGF ligands are expressed in 3V wall and abutting parenchyma 

The expression of FGF receptors, modulators and signalling pathway components in 

the 3V wall suggests a source of cognate ligands. To determine which FGF ligands 

might act on FGF receptors in tanycytes in situ hybridization was performed using 

FGF specific cRNA probes. Moreover, transgenic reporter mice were also analysed. 

Two largely overlapping patterns of FGF expression were found. 

Expression of Fgf1 and Fgf9 in the 3V wall was restricted to α-tanycytes (Fig. 4.5 A’, 

A’’, B’, B’’). Their parenchymal staining (Fig. 4.5 A, B) was found to be most intense 

in the VMN, while weaker and more sporadic staining was found in the ARC, DMN 

and LHA. It should be noted that Fgf9 expression in the 3V wall was restricted to 

rostral sections and absent in more caudal ones (bregma -1.82 onwards).  

In contrast, expression of Fgf2 and Fgf18 was restricted to β1- and ventral α-tanycytes 

(Fig. 4.6 A’, B). Fgf2 expression in the α-tanycyte domain tapers off sharply dorsally, 

so is likely confined to the α2-tanycyte subtype, while sporadic Fgf18-tdTomato cells 

were found throughout the 3V wall. However, it must be noted that 

Fgf18creERT2::Rosa26tdTomato mice and tamoxifen administration paradigm used to 

determine Fgf18 expression allows for lineage tracing. In essence, the Fgf18-

tdTomato α-tanycytes might not express the Fgf18 gene themselves but may have 

been generated by Fgf18 expressing β1 tanycytes. This interpretation is consistent 

with reported Fgf18 in situ hybridization data where its expression is restricted to β1 

tanycytes (Robins et al., 2013). In other regions of the brain, expression of Fgf18 was 

also found along the lateral ventricle walls, in neurons of the olfactory bulb and choroid 

plexus cells in the third, fourth and lateral ventricles (data not shown). 

Using the Fgf5 and Fgf17 cRNA probes, weak signal was found only in the 

hippocampus, CA2 and dentate gyrus, but not in the hypothalamus. The Fgf7 probe 

produced some staining in the dorsal part of the 3V wall, most likely ependymal cells. 

However, the staining was very weak and diffuse, therefore likely only background. 

Fgf8 and Fgf20 probes produced staining typical of broad, diffuse background, which 

was identical to that produced by Fgf20 sense probe. Probes for Fgf16 and Fgf21 did 

not produce any staining.  
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Figure 4.5 - Fgf1 and Fgf9 are expressed in overlapping patterns in α–tanycytes 

and parenchyma. Representative images of in situ hybridization experiments using 

Fgf1 (A, A’, A’’) cRNA probe and Fgf9-LacZ X-gal staining (B, B’, B’’) combined with 

GFAP immunohistochemistry (A’’, B, B''). Expression of Fgf1 and Fgf9 was broadly 

overlapping, observed strongest in the VMN and in addition in the α-tanycyte domain, 

sporadically in rest of hypothalamus parenchyma (A, A’, A’’). Black arrows point to α-

tanycytes expressing Fgf1 (A’) or Fgf9 (B’'). Numbers in the bottom right corners refer 

to Bregma coordinates. Scale bar – 100 μm. 
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Figure 4.6 – Fgf2 and Fgf18 expression is restricted to β1– and ventral α– 

tanycytes. Representative images of in situ hybridization experiments using Fgf2 (C) 

cRNA probes and GFAP (A, A’, B, B’), Fgf18-tdTomato (B, B’) immunohistochemistry. 

Both Fgf2 and Fgf18 were absent from the parenchyma, but detected in ventral α- 

and β1-tanycyte domains, the Fgf18 domain of expression extending further dorsally 

(B). Numbers in the bottom right corners refer to Bregma coordinates. Scale bar – 

100 μm. 

 

4.2.5 – Intracellular FGF mRNA is present in energy regulating centres of the 

hypothalamus 

In situ hybridization with cRNA probes for intracellular FGFs revealed their expression 

in the hypothalamus parenchyma, but not in tanycytes. Fgf12 expression had the 

widest pattern, it is present in the DMN, ARC and LHA, with the strongest staining in 

the VMN (Fig. 4.7 A). Fgf13 is restricted to DMN, ARC and very few cells in the LHA, 

ventrolateral VMN, and subependymal ME (Fig. 4.7 B). Only some cells in the most 

dorsal part of the ARC express Fgf14 (Fig. 4.7 C). 

No staining was observed using the Fgf11 probe. 
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Figure 4.7 - Intracellular FGFs are expressed in hypothalamus parenchyma. 

Representative images of in situ hybridization experiments with Fgf12 (A), Fgf13 (B) 

and Fgf14 (C) cRNA probes. Fgf12 (A) expression is widespread in the hypothalamus 

parenchyma, Fgf13 (B) is more restricted and Fgf14 (C) is only present in some dorsal 

arcuate nucleus cells. Notably, no intracellular FGFs were detected in the 3
rd

 ventricle 

wall. Numbers in the bottom right corners refer to Bregma coordinates. Scale bar – 

100 μm. 

 



      
 

98 | P a g e  
 

4.3 – Discussion 

Although it has been shown that tanycytes are responsive to FGF signalling and 

stimulation and inhibition of FGF signalling induces effects on neurogenesis and 

metabolism, our knowledge of the endogenous FGF signalling pathway components 

at play has been limited. Through the use of RT-PCR, mRNA ISH and gene reporter 

mice this study reports novel restricted and varied expression patterns of a variety of 

endogenous FGF receptors, cognate ligands and signalling components in tanycytes 

and the surrounding parenchyma (Table 4.1). 

 

 

Table 4.1. Expression pattern summary of FGF signalling family members and 

modulators in adult hypothalamus. Darker colour indicates higher intensity of 

observed staining. * - only sporadic cells stained in nucleus/compartment; ** - salt-

and-pepper staining pattern. 

 

4.3.1 – Expression of FGF receptors in 3V ependyma is restricted to the 

β-tanycyte domain 

Previous reports have established that Fgfr1 and Fgfr2 are expressed in tanycytes, 

but the precise domain of their expression was not assessed (Lein et al., 2007). In 

situ hybridization experiments in conjunction with GFAP as a marker of α-tanycyte 

domain and dorsal ependymal cells, reported here, showed that these receptors are 

restricted to the β-tanycyte domain, in line with findings of a recent study that used 

Drop-seq to profile gene expression in the median eminence and arcuate nucleus 

(Campbell et al., 2017). Tanycytic expression of any other FGF receptors was not 

found, suggesting that in the hypothalamus 3V wall ependyma, only β-tanycytes are 

responsive to FGF ligands. One of the implications of this is that experiments utilising 

Median Eminence

Gene Subependymal β2 tanycytes β1 tanycytes α tanycytes ARC VMN DMN LHA

Fgfr1           *          **          **
Fgfr2                   *           *           *           *           *
Fgfr3                   *          **          **          **          **
Spry1           *
Spry2                   *           *           *
Mkp3           *
Etv4           *
pERK                   *                   *                   *                   *           *           *
Fgf1           *          **           *
Fgf2
Fgf9           *           *           *
Fgf18

Fgf12          **          **
Fgf13                   *          **           *          **           *
Fgf14           *

 Parenchymal Nuclei
3rd Ventricle Wall



      
 

99 | P a g e  
 

exogenous injection of FGF ligands or FGF receptor blockers into the third ventricle 

are likely exerting their effects on β-tanycyte FGF receptors. Specifically, increased 

proliferation of β-tanycytes after ICV injection of FGF2 is likely caused directly by their 

binding to FGFR1 and/or FGFR2 expressed by β-tanycytes (Xu et al., 2005; Robins 

et al., 2013). Similarly, the effects of FGFR1 agonist and antagonist antibodies have 

been shown to accumulate in the mediobasal hypothalamus, median eminence and 

tanycytes and cause changes in food intake and glucose control (Sun et al., 2007; 

Lelliott et al., 2014). Any direct effects they have on tanycytes would be restricted to 

the β-tanycyte domain, which may then influence other signalling systems such as 

leptin and CNTF, or cells involved in the aforementioned processes (Severi et al., 

2012; Balland et al., 2014). 

 

Expression of Spry1 and Spry2 in β-tanycytes suggests that growth factor signalling 

takes place in these cells and that their intracellular signalling cascades are being 

modulated. However, the expression of Spry1 is more widespread than both of FGF 

receptors and ligands – while the strongest staining was observed in β-tanycytes, it 

does continue into the α-tanycyte domain and it is also particularly strong and 

widespread in the arcuate nucleus. This may be due to the fact that Sprouty 

expression can be elicited by the activity of a variety of growth factor receptors that 

are expressed in the hypothalamus and third ventricle wall, including Ntrk2, VEGFR-

3, CNTFRα, ErbB1 and ErbB2 (Prevot et al., 2003; Lein et al., 2007; Hou et al., 2011; 

Severi et al., 2012). 

 

Activation of the MAPK/ERK intracellular signalling pathway is one of the main ways 

FGF receptors exert their effects (Brewer et al., 2016). Here, it was found that there 

are very few cells containing phosphorylated ERK in the 3V wall and in the VMN, 

areas where FGF receptor expression is highest. In contrast, intense pERK staining 

was observed in the DMN and especially the ARC, where ERK phosphorylation has 

been shown to be caused by leptin signalling (Rahmouni et al., 2009). The fact that 

very few β- and α-tanycytes contain high amounts of pERK may be explained by non-

constitutive FGF ligand release and binding to receptors and/or by strong Sprouty 

expression setting a threshold and preventing phosphorylation of ERK. As mentioned 

previously, other growth factor receptors are also expressed in tanycytes and pERK 

has been shown to be required for Leptin shuttling between the periphery and 

hypothalamic neurons, making it difficult to determine the contribution of FGF 

signalling (Balland et al., 2014). It is possible that individual cells are receiving multiple 

and distinct molecular signals due to heterogeneous receptor expression profiles and 
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the different functions these cells have. There may also be rostrocaudal differences 

in the expression of receptors, which may explain the occurrence of pERK containing 

clusters of β-tanycytes in caudal sections, which are absent in rostral sections. In 

addition to the MAPK/ERK pathway, FGF receptors signal through the PI3K-AKT, 

PLCγ, and STAT signalling pathways. Staining with antibodies against 

phosphorylated components of these pathways after ICV injection of FGFs would help 

better understand which downstream signalling pathways are recruited by FGF 

receptors in vivo. 

 

Caveolin-1 is a scaffolding protein involved in the control of many cellular processes 

and is important for regulating stem cell activity (Baker and Tuan, 2013). It can affect 

cell signalling through its involvement in endocytosis and recycling of growth factor 

receptors and other signalling molecules or by bringing signalling component 

molecules closer to each other. Interestingly, just like Fgfr1 and Fgfr2, caveolin-1 

expression in tanycytes is restricted to the β-tanycyte domain (Peruzzo et al., 2004). 

Previous reports indicate that FGF2/FGFR1 signalling is controlled by caveolin-1 in 

endothelial cells in vitro (Feng et al., 2012). The required components for such control 

are present in β-tanycytes, therefore caveolin-1 may play an important role in 

regulating FGF signalling in these cells. 

 

4.3.2 – FGF1, FGF9, FGF2 and FGF18 are likely autocrine/paracrine 

ligands for tanycytic FGF receptors 

It has been reported previously that FGF10 is expressed in β-tanycytes (Hajihosseini 

et al., 2008; Haan et al., 2013). However, FGF10 can only bind IIIc splice isoforms of 

FGFR2 and FGFR1, but these are not present in the adult hypothalamus (Fig. 4.1 

A)(Zhang et al., 2006b; Hajihosseini et al., 2008). A novel intracellular mode of action 

has recently been reported for FGF10 and it is plausible that it may act this way in the 

hypothalamus (Mikolajczak et al., 2016).  

 

Here, Fgf2 and Fgf18 were found to be expressed in the β1-tanycyte domain, and 

both have high affinity to FGFR1, FGFR2 and FGFR3 IIIc splice isoforms, therefore 

these endogenous ligands may act in an autocrine/paracrine fashion to regulate the 

neurogenic behaviour of β1-tanycyte NSPCs or their metabolic functions (Zhang et 

al., 2006b). 

 

Intense staining was observed in the β2-tanycyte domain using Fgfr1 and Fgfr2 cRNA 

probes, but no expression of cognate FGF ligands. In the rat brain, Fgf5 expression 
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in β2-tanycytes has been observed in fasting and re-fed rats (Li et al., 1999). The 

concentration of FGF1 in rat CSF is increased after a glucose injection into the 3V, 

indicating that FGF1 is released into the 3V as well as the parenchyma (Oomura et 

al., 1992). It is possible that other FGFs (FGF-2,9,18) that are expressed in the 3V 

wall may be released into the CSF as well and is provided to β2-tanycytes and/or 

other areas of the hypothalamus through diffusion or currents created by beating cilia 

(Faubel et al., 2016). 

 

Integrated nuclear FGFR1 signalling (INFS) refers to the ability of FGFR1 to 

accumulate in the nucleus and affect gene regulation (Stachowiak et al., 2015). This 

is facilitated by the binding of high-molecular-weight FGF2 (23 kDa) which has a 

nuclear localisation sequence and is not released extracellularly but is transported 

into the nucleus (Gu and Kay, 1998; Dunham-Ems et al., 2009).  In tanycytes, Fgf2 is 

expressed in the more dorsal part of the β1-tanycyte domain and tapers off ventrally, 

meanwhile, the opposite is true for Fgfr1: its expression is strongest in the β2-tanycyte 

domain and tapers off in the ventral part of the β1-tanycyte domain. This suggests 

that FGF2 and FGFR1 domains of expression may be mutually exclusive, precluding 

INFS. This is consistent with the role of β-tanycytes as NSPCs, since in the 

subventricular zone neurogenic niche FGFR1 acts as a cell surface receptor in 

NSPCs, while INFS occurs in differentiating cells (Fang et al., 2005; Stachowiak et 

al., 2009). Less is known about FGFR2 localisation to the nucleus, but it occurs in 

breast development and cancer of breast tissue (Lu et al., 2008; Martin et al., 2011). 

The localisation of FGFR2 to the nucleus has been shown to be dependant on FGF9 

signalling in male gonads (Schmahl et al., 2004). In addition, nucleolar FGFR2 was 

shown to interact with FGF2 and promote ribosomal DNA transcription, promoting 

osteoprogenitor proliferation while suppressing differentiation (Neben et al., 2014). 

β1-tanycytes express Fgfr2, Fgf2 and are in close proximity to Fgf9 expressing α-

tanycytes. It would, therefore, be interesting to investigate if FGFR2 nuclear 

localisation and its regulation by FGF2 and FGF9 occur in these cells and if so, what 

are the functions of this poorly understood process. 

 

The expression of Fgf18 messenger RNA has been previously reported in ventral α2- 

tanycytes by mRNA in situ hybridization (Robins et al., 2013). In this paper, tanycytes 

were divided into GFAP expressing α1, dorsal α2, ventral α2 tanycytes and GFAP 

negative β tanycytes. It is important to note that the classification of tanycytes and the 

domain boundaries used in this paper differed slightly to ones used in this thesis. 

Here, GFAP expression is used as a boundary marker between the α and β domains 
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(Goodman and Hajihosseini, 2015). In the Robins et al. paper (2013), tanycytes were 

also defined according to their location in relation to parenchymal nuclei: α1 are 

adjacent to ventromedial and dorsomedial nuclei, α2 are at the level of the arcuate 

nucleus and β tanycytes form the floor of the third ventricle. This classification 

neglects the β1 tanycyte subtype which is also found at the level of the arcuate 

nucleus but is GFAP negative (Prevot et al., 2018). Indeed, Robins et al., (2013) 

distinguish dorsal and ventral α2 tanycytes based on the presence or absence of 

GFAP expression respectively. Therefore it seems clear that ventral α2 tanycytes are 

equivalent to β1 tanycytes as defined in this thesis and other reports and may also 

encompass a transitional zone between α- and β-tanycyte domains (Goodman and 

Hajihosseini, 2015; Campbell et al., 2017; Prevot et al., 2018). These differing 

definitions can explain how ventral α2 tanycytes reportedly respond to FGF2 by 

proliferating (Robins et al., 2013), although in this thesis and other reports (Campbell 

et al., 2017) it was shown that FGF receptors were absent from the α-tanycyte 

domain. Differing classification systems and criteria have caused some confusion in 

the field and standardisation would help avoid further misunderstandings. There are 

suggestions for refinements of the classification system (Prevot et al., 2018). In this 

thesis, perhaps an imperfect, but widely used and simple classification method is used 

by distinguishing α and β tanycytes through GFAP and S100β expression. 

 

Here, the expression of Fgf18 in β1-tanycytes was confirmed by using a 

Fgf18CreERT2::Rosa26tdTomato transgenic reporter mouse model which allows for lineage 

tracing (Zhang et al., 2016). Interestingly, in addition to the β1-tanycyte domain, 

tdTomato expressing cells were located throughout the third ventricle wall, including 

α-tanycytes and ependymal cells. Since the mRNA is restricted to β1-tanycytes 

(Robins et al., 2013), a possible explanation is that Fgf18 expressing β1-tanycytes 

divide and their lineage traced progeny migrate dorsally to give rise to α-tanycytes 

and ependymal cells. This is also supported by the fact that β1-tanycytes show very 

high BrdU staining after ICV FGF2 injections (Robins et al., 2013). Taken together, it 

is possible that Fgf18 expressing β1-tanycytes form a population of progenitors 

responsive to FGF signalling. However, further experiments would be needed to 

determine if Fgf18 expressing cells coexpress FGF receptors and whether they 

respond to the application of Fgf18 or Fgf2 and longer-term lineage tracing to see if 

they generate neural or glial cells in the parenchyma or replenish the 3V ependyma. 

 

Tanycytes of the median eminence have privileged access to systemic metabolic 

signals due to their projections contacting fenestrated capillaries. The expression of 
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FGF receptors in β-tanycytes raises the exciting possibility that they are receptive to 

endocrine FGF19 and FGF21 which are being investigated as therapeutic agents 

(Degirolamo et al., 2016). β-Klotho (Klb), is a co-receptor required for the binding of 

these endocrine FGFs. It has been established that significant Klb expression in the 

hypothalamus is restricted to the suprachiasmatic nucleus. However, its expression 

in the third ventricle ependyma had not been assessed (Bookout et al., 2013). Here, 

in situ hybridisation was performed using a Klb cRNA probe, but the staining was 

weak and likely unspecific. In addition, ICV injection of FGF1, but not FGF19, causes 

induction of c-Fos (Scarlett et al., 2016). FGF19 and FGF21 have similar binding 

affinities to FGFR-Klb complexes, so it is likely that tanycytes are also not responsive 

to FGF21 (Zhang et al., 2006b). Additionally, both FGF19 and FGF21 have been 

shown to bypass the blood-brain barrier. It is, therefore, possible that the 

suprachiasmatic nucleus may indeed be the exclusive target of endocrine FGFs in 

the hypothalamus (Hsuchou et al., 2007, 2013). Some recent reports show that Fgf21 

is expressed in the brain at low levels, but provide no information as to the region or 

regions of the brain where it is expressed (Petryszak et al., 2016). Fgf21 was also 

detected in the current RT-PCR screen, confirming that it is expressed in the 

hypothalamus (Fig. 4.1 D) and it would be useful to know the precise pattern of its 

expression within the hypothalamus. One hypothetical option is close to the 

suprachiasmatic nucleus cells that express Klb. 

 

4.3.3 – FGF signalling components are expressed in the hypothalamus 

parenchyma 

Expression of Fgfr1 in the parenchyma is quite widespread and the strongest staining 

was observed in the ventromedial nucleus. Interestingly, no or very little coexpression 

of Fgfr1 with GFAP, an astrocyte marker, was observed indicating that Fgfr1 is most 

likely expressed by neurons within the appetite-regulating centres of VMN, ARC, LHA 

and DMN. Interestingly, both Fgf1 and Fgf9 expression in the parenchyma is similar 

and matches that of Fgfr1. FGF9 has an atypical signal sequence and is secreted 

efficiently, therefore the source of FGF ligands for parenchymal FGF receptors may 

come from both tanycytes and parenchyma (Revest et al., 2000).  FGF1 has been 

previously shown to be expressed in the rat third ventricle wall and released into the 

parenchyma after feeding or glucose infusion, potently inhibiting food intake (Oomura 

et al., 1992). It is possible that FGF9 may have a similar function. 

 

Fgfr3 was present in S100β expressing glial cells, punctate but widespread in the 

hypothalamus parenchyma. This is consistent with earlier studies which show that 
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Fgfr3 is expressed in astrocytes and their precursors in the developing CNS (Pringle 

et al., 2003). Interestingly, these Fgfr3/S100β cells are also located periventricularly. 

ICV injections of FGF1 cause induction of Fos and HSP27 in periventricular 

hypothalamus astrocytes, but not in neurons of the parenchyma (Suzuki et al., 2001a; 

Suzuki et al., 2001b; Scarlett et al., 2016). Importantly, this effect occurs shortly after 

injection and coincides with feeding suppression effects. It is, therefore, possible that 

Fgf1, expressed in α-tanycytes is released postprandially and acts on periventricular 

Fgfr3/S100β glial cells through FGFR3 activation, leading to food intake suppression 

and other energy balance regulating effects. Fgf9 is expressed in a similar expression 

pattern and binds to FGFR3, suggesting it may have a similar role and act as a 

redundant molecule or a distinct component of feeding control. 

 

Expression of Etv4, a transcription factor induced by FGFR signalling, has previously 

been used as an FGF signalling readout (Roehl and Nusslein-Volhard, 2001; Klein et 

al., 2008; Yaguchi et al., 2009). In this study, expression of Etv4-GFP was restricted 

to the caudal LHA. The LHA contains important feeding regulating circuitry and 

radioactive 125I-FGF1 and 125I-FGF2 injected into the third ventricle are transported 

and internalised in LHA neurons, potentially conferring the later onset metabolic 

effects of ICV FGF1 injections. ((Ferguson and Johnson, 1991; Stuber and Wise, 

2016) via Review (Gasser et al., 2017)) Therefore Etv4 may correspond to FGF and 

FGFR expression and signalling in the LHA. Even more restricted expression of Mkp3 

was observed, with very few Mkp3+ cells located in the LHA, positioned laterally to 

the ARC and ventrally to the VMN, akin to the strong pERK staining that was observed 

in this region. 

 

Intracellular FGFs form a family of four signalling peptide lacking FGFs: FGF11-14. 

FGF12-14 can associate with voltage-gated sodium channels in the CNS and 

consequently modulate the electrical properties of neurons (Zhang et al., 2012). In 

addition, FGF13 has been shown to be a microtubulin stabilizing protein, required for 

migration and polarization of newborn neurons in developing mouse neocortex and 

hippocampus (Wu et al., 2012). To my knowledge, the expression and functions of 

intracellular FGFs in the adult hypothalamus have not previously been reported. 

Through ISH it was found that Fgf12, Fgf13 and Fgf14 are expressed in the 

hypothalamic centres important for regulating energy balance, but absent in 

tanycytes. This may suggest their involvement in modulating the electrical activity of 

energy balance controlling neurons or, in the case of Fgf13, involvement in the 
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migration and maturation of newborn neurons during adult hypothalamic 

neurogenesis as it is found in their destinations (ARC, VMN, DMN). 

 

As mentioned previously, the mRNA for RT-PCR was isolated from a much larger 

region of the hypothalamus than the restricted region where ISH was performed 

(Bregmas -1.58 to -1.94). This can explain why some genes found by the RT-PCR 

screen were not detected by in situ hybridization. This is exemplified by Etv4, which 

was not detected by ISH, but its expression was found using the Etv4GFP mouse line 

starting at Bregma -1.94, more caudally than the tissue sections used for ISH 

experiments. Of course, it is possible that ISH conditions for some probes were not 

suitable. Therefore, the experiments detailed in this chapter form a valuable 

contribution, but cannot be considered as completely comprehensive. 

 

Conclusion 

These experiments revealed novel expression patterns and established that β-

tanycytes and the surrounding parenchyma are enriched with expression of FGF 

receptors, their cognate ligands and signalling modulators, making them targets of 

both endogenous FGF signalling and mediators of pharmacological interventions that 

target FGF signalling components. The detailed spatial gene expression information 

allows for the modelling of likely endogenous signalling interactions and events (Fig. 

4.8). This should prove to be a useful resource for understanding FGF signalling in 

hypothalamic neurogenesis and regulation of metabolism as well as design and 

interpretation of studies that investigate these processes. 
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Figure 4.8 - Expression of FGFs, FGF receptors and their likely interactions in 

tanycytes and hypothalamic energy balance regulating nuclei. Schematics 

display FGF receptors, their likely ligands and mode of action in the hypothalamus. 

Autocrine/paracrine FGF signalling in tanycytes (A) and neighbouring parenchyma 

(B). Note that the cellular location of FGFR proteins in tanycytes, for example, if they 

are expressed on the apical side facing the CSF, is not known. Expression of 

intracellular FGFs (C). 
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Chapter 5 

Fgfr1 and Fgfr2 signalling regulates tanycytes and 

neuron amplification in postnatal mice  
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5.1 – Introduction 

Research in adult hypothalamic neurogenesis has been growing since the initial 

report of multipotent neurospheres derived from adult mammalian hypothalamus 

(Weiss et al., 1996), due to its potential roles in regulating energy balance (Sousa-

Ferreira et al., 2014). These efforts have started elucidating neurogenesis in the 

hypothalamus, however, many questions about the precise location and identity of 

the neural stem/progenitor cells (NSPCs) in this niche, its functional significance and 

molecular regulation remain to be answered (Yoo and Blackshaw, 2018). 

Growth factors play crucial roles in the regulation of adult neurogenesis in the classical 

subgranular and subventricular zone niches (Liu and Song, 2016). The FGF signalling 

system has been shown to play a pivotal role in neurogenesis in these niches (Zhao 

et al., 2007; Stevens et al., 2012; Kang and Hébert, 2015). In hypothalamic 

neurogenesis, FGF signalling has been shown to be important for promoting the 

proliferation of tanycytes in vivo through intracerebroventricular administration (Xu et 

al., 2005; Robins et al., 2013; Yulyaningsih et al., 2017) and in cell culture (Weiss et 

al., 1996; Xu et al., 2005; Robins et al., 2013). However, caution should be exercised, 

as studies of endogenous and exogenous growth factor signalling may not always 

yield congruous findings (Perez-Martin, Cifuentes et al. 2010, Chaker, George et al. 

2016). Unlike the classical niches where endogenous FGF signalling function has 

been investigated and important insights into its function were gained, in the 

hypothalamus niche, endogenous FGF signalling in vivo has been scarcely studied. 

The expression pattern survey of endogenous FGF signalling components, detailed 

in chapter 4, was a first step to addressing this gap in knowledge. Among the most 

important findings was that Fgfr1 and Fgfr2 were the only FGF receptors expressed 

in tanycytes, indicating their potential importance in regulating NSPCs. Their 

expression was restricted to β-tanycytes which do not express GFAP (Goodman and 

Hajihosseini, 2015). Expression patterns of endogenous FGFs and FGF receptor 

modulators were also mapped, giving further clues on FGF signalling in this niche. 

However, the function of endogenous signalling still needs to be investigated. 

One of the most informative ways to explore endogenous functions of a gene of 

interest is through the use of gene knockout mice. Global knockout of either Fgfr1 or 

Fgfr2 results in embryonic lethality and is therefore not a feasible option (Yamaguchi 

et al., 1994; Xu et al., 1998). A different and viable option is to use conditional gene 

knockout strategies. This can be achieved by crossing Cre driver mice, where Cre is 

driven by the promoter of a cell-type specific gene, with transgenic lines that have 
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functionally important regions of the gene of interest flanked by LoxP sites (Friedel et 

al., 2011). In the resulting cross, Cre mediated recombination causes excision of the 

floxed regions and loss of gene function. This will occur in all cells that express the 

gene that drives Cre expression, as well as their progeny. To achieve temporal 

specificity of recombination, a Cre and human estrogen ligand binding domain mutant 

fusion protein (CreERT2) can be used (Feil et al., 1997) instead of Cre, as its 

activation requires exposure to tamoxifen and its metabolites. 

Our lab has successfully used Fgf10CreERT2::Rosa26tdTomato mice (Cre/Tomato, referred 

to as CT) to lineage trace Fgf10 expressing β-tanycytes and in doing so showed that 

they are capable of producing neurons in the post-weaned hypothalamus (Haan et 

al., 2013). Since expression of Fgf10, Fgfr1 and Fgfr2 in the 3V wall is restricted to β-

tanycytes, administering tamoxifen to 

Fgf10CreERT2::Rosa26tdTomato::Fgfr1Flox/Flox::Fgfr2Flox/Flox (conditional knockout, referred 

to as CKO) animals would cause Fgfr1/Fgfr2 deficiency specifically in β-tanycytes and 

their progeny. The deletion of both FGF receptors should abrogate all FGF receptor 

signalling in the affected cells and prevent potential compensation by either receptor. 

Lineage tracing of these cells would allow investigations into the roles that these 

endogenous receptors may have in regulating NSPCs and neurogenic processes 

such as proliferation, migration and survival. 

 

5.1.1 – Aims 

Recent studies of endogenous growth factor signalling in tanycytes have revealed 

differing effects compared to exogenous growth factor application (Perez-Martin, 

Cifuentes et al. 2010, Chaker, George et al. 2016). To fill the gap in the literature and 

explore the roles of endogenous FGF signalling in the hypothalamus neurogenic 

niche, Fgfr1/Fgfr2 conditional knockout animals were used to assess any changes in 

lineage traced cell morphology, distribution and numbers, along with PCNA, an S 

phase marker (Celis and Celis, 1985), to detect changes in proliferation. 
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5.2 – Results 

5.2.1 – Tamoxifen administration to Fgfr1/Fgfr2 CKO animals allows for 

temporal lineage tracing of β-tanycytes deficient in FGF receptors 

Excision of floxed regions in the Fgfr1 and Fgfr2 locus of CKO animals (Fig. 5.1 A) 

only occurs in Fgf10 expressing cells upon tamoxifen administration. One way to 

determine if a tamoxifen administration regime results in effective recombination in 

the hypothalamus is to detect tdTomato positive cells. tdTomato is only expressed 

when the LoxP flanked STOP cassette is excised due to Cre mediated recombination. 

Therefore, any cell expressing tdTomato likely had deletion of Fgfr1 and Fgfr2 exons. 

Our lab has already established methods of administrating tamoxifen, suitable for 

lineage tracing of tdTomato positive tanycytes. However, the observation of tdTomato 

cells is not definitive proof that recombination of all floxed alleles occurred. For further 

confirmation that deletion of Fgfr1 and Fgfr2 sites took place, CKO animals were 

tamoxifen pulsed, DNA was isolated from the hypothalamus and PCR performed 

using primers that detect a band of defined size only if FGFR excision had occurred. 

The primers for detecting Fgfr2 null alleles have been described previously (Yu et al., 

2003) (Fig. 5.1 C). Without excision, these primers would produce a band of around 

5.2 kb. However, due to the excision LoxP flanked exons, the PCR product is 

truncated to 471 bp. The primers for Fgfr1 deletion band were designed with the help 

of Shaun Clare. Before recombination, they would detect a band of around 7.5 kb. 

After excision of floxed exons, the detected product size reduced to around 400-500 

bp. 

In CKO mice, the number of hypothalamus cells where recombination takes place is 

relatively low, as it would only happen in a subset of Fgf10 expressing cells. 

Therefore, it can be difficult to detect low numbers of null copies. To determine the 

optimal conditions for the PCR cycles and if the primers are suitable, DNA extracted 

from PGKCre::Fgfr1Flox/+::Fgfr2Flox/+ mouse tissue was used as a positive control. 

PGKCre causes LoxP recombination in most cells due to its early activation in the 

diploid phase of oogenesis, greatly increasing null copy numbers and making 

detection of the deletion bands easier (Lallemand et al., 1998). Therefore, DNA from 

these animals was very useful for testing whether the deletion PCR conditions and 

primers were suitable to detect deletion bands and to optimise the reaction 

parameters. Later, it was useful to run these positive control reactions to confirm that 

the PCR reactions were run correctly and for easier confirmation of whether PCR 

reactions using CKO animal DNA produced correct deletion band sizes. 
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CKO pups were manually suckled tamoxifen at P5 and P6, the hypothalamus was 

then dissected at P8. The Fgfr1 deletion PCR worked well with DNA extracted from 

the hypothalamus of these mice and produced a PCR product in the expected range 

(Fig. 5.2 B). The PCR reaction using PGKCre::Fgfr1Flox/+::Fgfr2Flox/+  positive control 

hypothalamus DNA produced a band of the same size. These mice were 

heterozygous for Fgfr1 and Fgfr2 floxed alleles, therefore only one copy of Fgfr1 and 

Fgfr2 was deleted. Meanwhile PCR on negative control DNA from an untreated 

Fgf10CreERT2::Fgfr1Flox/+::Fgfr2Flox/Flox mouse did not produce a deletion band. 

More difficulties were encountered with Fgfr2 deletion band PCR. Although PCR 

reactions with PGKCre::Fgfr1Flox/+::Fgfr2Flox/+  positive control hypothalamus DNA 

produced a deletion band of the expected size, DNA from pulsed CKO animals, as 

used in Fgfr1 deletion PCR, did not produce the deletion band. It is likely that the Fgfr1 

deletion PCR conditions and primers were more optimal to detect low copy numbers 

than ones for Fgfr2 deletion. The DNA was extracted from the whole hypothalamus, 

therefore null allele copies are dilute, as recombination would happen only in 

tanycytes. To increase the chances of detection, vibratome sections from a CKO 

mouse brain IP pulsed at P44/P45 and dissected at P55 were used.  A fluorescent 

microscope was used to look for the hypothalamus region containing the highest 

density of tdTomato positive cells (median eminence, tanycytes, arcuate and 

ventromedial nuclei). This region was crudely dissected from the sections using a 

scalpel and used for DNA extraction. Using this DNA, Fgfr2 deletion reactions were 

performed that yielded a weak but clearly discernible deletion band, the same size as 

the one seen with PGKCre::Fgfr1Flox/+::Fgfr2Flox/+ mouse positive control DNA (Fig. 5.2 

C). Reactions with non-injected Fgf10CreERT2::Fgfr1Flox/+::Fgfr2Flox/Flox mouse negative 

control DNA did not produce a deletion band. 

These experiments provided confidence that excision of Fgfr1 and Fgfr2 floxed alleles 

does occur in the hypothalamus of CKO mice in at least some of the lineage traced 

cells. Therefore, the function of FGF receptors in Fgf10 expressing tanycytes and their 

progeny can be assessed using these mice. 
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Figure 5.1 – PCRs confirming excision of Fgfr1 and Fgfr2 floxed alleles.  

Schematic representation of the Fgfr1Flox, Fgfr2Flox, Fgf10CreERT2, Rosa26tdTomato alleles 

and the combinations that were bred (CKO and CT), black arrows indicating the 

binding sites of primers used for detecting deletion bands (A). PCR reactions were 

used to genotype (PGK Gen., Tam+ Gen., Tam- Gen.; reaction name in black) or 

confirm excision of Fgfr1 and Fgfr2 floxed regions (PGK Del., Tam+ Del., Tam- Del.; 

reaction name in red) (B, C). Tables B’ and C’ provide detail on each of the reactions 

shown in images B and C. The PGK deletion reactions (PGK Del.) served as a positive 

control and produced bands of the same size as in the reactions using DNA of CKO 

animals treated with tamoxifen (Tam+ Del.) (B, C). Negative control reactions using 

DNA of CKO tamoxifen untreated animals (Tam- Del.) did not produce such bands 

(B, C). Note that Fgfr1 genotyping and deletion bands are of similar size, so separate 

reactions were performed only with primers that detect the deletion band (B).  

5.2.2 – Deletion of Fgfr1/Fgfr2 in Fgf10+ β–tanycytes does not elicit a 

discernible phenotype in young adult mouse hypothalamus 

To explore the function of Fgfr1 and Fgfr2 in postnatal hypothalamic neurogenesis, 

CKO and CT mice received IP injections of tamoxifen at P44 and P45 and were 

dissected at P55 (Fig. 5.2 A). This lineage tracing paradigm was previously tested 

using CT mice and was found to be suitable for studying hypothalamic neurogenesis 

(Haan et al., 2013). Additionally, the expression pattern information on FGF signalling 

system components in the hypothalamus, as detailed in the previous chapter, was 

gathered at a similar age (P60-P80). S100β was used as an α- tanycyte domain 

marker (Goodman and Hajihosseini, 2015) and Hoechst staining was used to 

distinguish the parenchymal nuclei. 

At P55, lineage traced cells were found in the β- and α-tanycyte domains (Fig. 5.2 B, 

B’, C, C’) and some in the VMN, ARC and DMN nuclei (Fig. 5.2 B’’, B’’’, C’’, C’’’), in 

both CKO and CT animals. Fgfr1/Fgfr2 deficient cells exhibited tanycyte and 

parenchymal cell morphology indistinguishable from cells traced in CT animals. In 

both CT and CKO animals, lineage traced parenchymal cells predominantly exhibited 

neuronal cell morphology (B’’’, C’’’) with long processes, although very few cells were 

found that exhibited glial/immature morphology (similar examples shown in Fig. 5.12 

D, E). However, they did not co-express S100β. 

Quantifications were performed by counting lineage traced cells contained in these 

compartments: α-tanycytes, β-tanycytes, the arcuate, ventromedial and dorsomedial 

nuclei. Cells were counted noting which compartment they are positioned in, and in 
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sections of bregma -1,46 to -2,18, which cover most of the extent of these 

compartments (Franklin and Paxinos 2008, Haan, Goodman et al. 2013). Cell count 

normalisation to volume was not performed due to categorising the cell counts to their 

location in the compartments and due to the α-tanycyte and β-tanycyte domains being 

comprised of just one cell-layer surrounding the third ventricle with varying extent 

along the rostro-caudal axis. 

Quantification of lineage traced cells did not reveal any significant cell number 

differences in the 3V wall (CT:  161.3 ± 71.32, n=4; CKO: 249.5 ± 74.01, n=4; 

p=0.4235, 95% confidence interval on the difference between means = -163.3 to 

339.8) (Fig. 5.3 A) or parenchyma (CT: 24.25 ± 16.01, n=4; CKO: 29 ± 8.436, n=4; 

p=0.8017, 95% confidence interval on the difference between means = -43,19 to 

52,69) (Fig. 5.3 B). The majority of lineage traced cells were found in the β-tanycyte 

domain (Fig. 5.3 A’) and the VMN (Fig. 5.3 B’) in the 3V wall and parenchyma 

respectively. Subgroup analysis was performed to compare tdTomato+ cell numbers 

and distribution between CKO and CT mice in α- and β-tanycyte domains (Fig. 5.3 A, 

A’) or VMN, DMN and ARC (Fig. 5.3 B, B’). No significant differences were found. 
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Figure 5.2 – Morphology of lineage traced FGF receptor-deficient cells is 

unaltered in the young adult hypothalamus. Schematic displaying the tamoxifen 

administration and dissection paradigm (A). Immunohistochemistry revealed no 

visible differences in the morphology of lineage traced tanycytes (B, C), and 

parenchymal cells (B’’, B’’’, C’’, C’’’) in young adult CT and CKO hypothalamus. Cells 

in the parenchyma had mainly neuronal morphology with long processes (B’’’, C’’’). 

Scale bar – 100 µm. 
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Figure 5.3 – FGF receptor deficiency does not lead to changes in lineage traced 

cell numbers and distribution in the young adult hypothalamus. Graphs display 

numbers and distribution of lineage traced cells in the 3V wall (A, A’) and parenchyma 

(B, B’) of CT (n=4) and CKO (n=4) young adult hypothalamus. No significant changes 

were detected.  
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5.2.3 – Fgfr1 and Fgfr2 are expressed in postnatal hypothalamus 

neurogenic niche 

It has been shown that FGF10 expressing tanycyte proliferation and neurogenesis is 

most active perinatally and declines with age (Haan et al., 2013). In addition, previous 

work in our lab has shown that Fgf10 expressing tanycytes lineage traced starting at 

P4 can robustly generate neurons and glial cells (Goodman et al., in preparation). 

Multiple time-points (P6, P8, P10, P12 and P28) and proliferation, cell type, cell-death 

markers were used for analysis in this study, allowing for a description of a lineage 

hierarchy, whereby β-tanycytes give rise to parenchymal neurons and glial cells 

through a transient, proliferating α-tanycyte population. 

To determine if Fgfr1 and Fgfr2 are expressed in the postnatal hypothalamus and 

may, therefore, have potential roles in regulating postnatal neurogenesis, in situ 

hybridization was performed on P8 mouse brain sections. This revealed patterns of 

expression similar to ones seen at P60-P80 (Chapter 4). Fgfr1 was expressed in β 

tanycytes and VMN, but absent from the α-tanycyte domain (Fig. 5.4 A, A’). Unlike in 

P60-P80 animals, Fgfr2 was expressed not only in β-tanycytes but also in α-tanycytes 

(Fig. 5.4 B, B’). Fgfr3 was absent from the 3V ependymal but expressed in 

parenchymal S100β positive cells (Fig. 5.4 C, C’). Expression of Fgf10 in β-tanycytes 

at P4 has been previously demonstrated using Fgf10LacZ mice (Haan et al., 2013). 

Therefore, CKO mice can be used to explore the potential roles of FGF signalling in 

postnatal hypothalamic neurogenesis. 

 

5.2.4 – Deletion of Fgfr1/Fgfr2 from β–tanycytes causes amplification of 

lineage traced β–tanycytes and VMN cells in postnatal mice 

To investigate the potential roles of FGFR signalling in the postnatal hypothalamus, 

CKO and CT pups were manually suckled tamoxifen at P4 and P5, then dissected at 

P6 for acute chase (Fig 5.5 A) and at P28 for long chase analysis (5.7 A). In the acute 

chase animals, the majority of tdTomato+ cells were found in the 3V wall (Fig. 5.5 B, 

B’’, C, C’’).  Few, faint tdTomato+ parenchymal cells were found and they had short 

projections (Fig. 5.5 B’’, B’’’, C’’, C’’’). There were no visible morphological differences 

between the groups. In both groups, very faint cells were also found that likely did not 

express adequate levels of tdTomato and could not be counted. 
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Figure 5.4 – Fgfr1 and Fgfr2 are expressed in postnatal mouse β–tanycytes.  In 

situ hybridization on P8 hypothalamus tissue detected expression of Fgfr1 in the 

hypothalamus parenchyma, strongest in the VMN (A), and restricted to β-tanycytes in 

the 3V wall (A’). Fgfr2 expression was restricted to the 3V wall (B), but not confined 

to the β-tanycyte domain (B’). Fgfr3 was only expressed in S100β+ parenchymal cells 

(C, C’). Scale bar – 100 µm. 
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Quantifications showed that at P6, the majority of tdTomato+ cells were in the β-

tanycyte domain (Fig. 5.6 A, A’), with much fewer α tanycytes and very few 

parenchymal cells (Fig. 5.6 B, B’). Furthermore, CT animals had significantly more 

tdTomato cells in the β-tanycyte domain than CKO animals (CT: 132.5±12.5, n=2; 

CKO: 104.7±5.4; multiple comparisons one-way ANOVA P ≤ 0.05, CI=0,16 to 55,51), 

although the number of brains analysed, and the effect size was small. 

No gross morphological changes in Fgfr1/Fgfr2 deficient lineage traced cells 

compared to CT were observed at P28 (Fig. 5.7 B, B’’, B’’’, C, C’’, C’’). However, there 

was a striking increase in the density of lineage traced FGFR deficient β-tanycytes 

compared to CT (Fig. 5.7 B, C). Quantification of lineage traced cells indicated that 

there were about twice as many tdTomato+ cells in both the 3V wall (CT: 229.3 ± 

32.43, n=7; CKO: 541 ± 89.46, n=7; p=0,0066, 95% confidence interval on the 

difference between means = 89.98 to 533.4) and parenchyma (CT: 32.29 ± 4.33, n=7; 

CKO: 77.71 ± 10.89, n=7; p = 0,0022, 95% confidence interval on the difference 

between means : 18.32 to 72.53 ) of CKO animals compared to CT animals. Domain 

analysis showed that in the 3V wall ependymal, β-tanycyte numbers were increased 

significantly (CT: 133.5±23.25, n=4; CKO: 372±87.16, n=4; ANOVA: P ≤ 0.05, 95% 

confidence interval on the difference between means = 59.06 to 417.9), while α-

tanycyte numbers only showed a trend of increase (Fig 5.8 A). In the parenchyma, 

VMN tdTomato+ cells were significantly more numerous in CKO (CT: 21.86±2.899, 

n=7; CKO: 53.57±8.109 n=7; ANOVA: P ≤ 0.0001, 95% confidence interval on the 

difference between means = 18.02 to 45.41), while numbers of DMN and ARC cells 

also showed only trends of increased numbers (Fig. 5.8 B). However, the relative 

distribution of lineage traced cells in the ARC, VMN and DMN was unchanged (Fig. 

5.8 B’). 

Parenchymal cells in both groups mostly exhibited neuronal morphology, with the rare 

exceptions of cells that display glial/immature morphology (Fig. 5.11 D, E), however, 

none of them co-localised with S100β. 
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Figure 5.5 – Acute lineage tracing reveals no cell morphology changes in the 

Fgfr1/Fgfr2 deficient hypothalamus. Schematic displays the timing of tamoxifen 

administration and brain dissection (A). Immunohistochemistry revealed no visible 

differences in the morphology of lineage traced tanycytes (B, C), and parenchymal 

cells (B’’, B’’’, C’’, C’’’) in young adult CT and CKO hypothalamus. Cells in the 

parenchyma were faint and had very short processes (B’’’, C’’’). Scale bar – 100 µm. 
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Figure 5.6 – Acute lineage tracing reveals no cell number and distribution 

alterations in the Fgfr1/Fgfr2 deficient hypothalamus at P6. Graphs display 

numbers and distribution of lineage traced cells in the 3V wall (A, A’) and parenchyma 

(B, B’) of CT (n=2) and CKO (n=3) postnatal hypothalamus. There were significantly 

fewer tdTomato+ β-tanycytes in CKO animals compared to CT (multiple comparisons 

one-way ANOVA, P ≤ 0.05) (A). 
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Figure 5.7 – Morphology of lineage traced FGF receptor-deficient cells is 

unaltered in the long-chase post-weaned hypothalamus. Schematic displays the 

timing of tamoxifen administration and brain dissection (A). Immunohistochemistry 

revealed no apparent differences in the morphology of lineage traced tanycytes (B, 

B’’, C, C’’), and parenchymal cells (B’’, B’’’, C’’, C’’’) in long-chase post-weaned CT 

and CKO hypothalamus. Most cells in the parenchyma had neuronal morphology with 

long processes (B’’’, C’’’). Scale bar – 100 µm. 
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Figure 5.8 – FGF receptor deficiency amplifies the number of lineage traced 

cells in the 3V wall and parenchyma in the postnatal hypothalamus. Graphs 

display numbers and distribution of lineage traced cells in the 3V wall (A, A’) and 

parenchyma (A, A’) of CT (n=7) and CKO (n=7) postnatal hypothalamus. There were 

significantly more tdTomato+ cells in the 3V ependyma (p ≤ 0.01) and specifically β-

tanycytes (multiple comparisons one-way ANOVA, P ≤ 0.05) in CKO animals 

compared to CT (A). Lineage traced cells were also more numerous in the 

parenchyma of CKO animals (p ≤ 0.01) and specifically in the VMN (multiple 

comparisons one-way ANOVA, P ≤ 0.0001) (B). 
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5.2.5 – Fgfr1/Fgfr2 expressed in Fgf10+ β–tanycytes may control cell 

proliferation at a distinct developmental time window 

It was hypothesised that the amplification of lineage traced cells at P28 is due to 

increased proliferation of Fgfr1/Fgfr2 deficient cells. Bromodeoxyuridine is a synthetic 

thymidine analogue that is incorporated into dividing cell DNA and is therefore often 

used to assess cell proliferation (Wojtowicz and Kee, 2006). Immunohistochemical 

detection of BrdU requires tissue treatments that destroy tdTomato staining, therefore 

an alternative method to detect cycling cells was sought. PCNA is a cell cycle marker 

and it reaches its highest expression during the S phase (Celis and Celis, 1985). To 

test if proliferation of Fgfr1/Fgfr2 deficient cells is increased, PCNA staining was 

performed on hypothalamus sections of long-chase (p28) CT and CKO animals. 

While small numbers of PCNA+ cells were seen in the β-tanycyte domain and the 

parenchyma (Fig 5.9), there were no cells that were labelled for both PCNA and 

tdTomato at this age. This suggested that if there is an increased proliferation of 

Fgfr1/Fgfr2 deficient cells, this effect is limited to either a restricted developmental 

time window or only happens shortly after recombination occurs.  

To test this hypothesis, PCNA staining was performed on mice tamoxifen pulsed at 

P4/P5 and analysed at P10. One CT (not completely intact) and 2 CKO brains (1 

intact, 1 not completely intact) were analysed. At this age, there were many α-

tanycytes that express PCNA and a small number of PCNA+/tdTomato+ α-tanycytes 

were detected, only in one the CKO animals (Fig. 5.10 C-C’’’; Fig. 5.12 B). No 

PCNA+/tdTomato+ were found in the parenchyma of both CKO brains analysed (Fig. 

5.11 A-A’’’; Fig. 5.12 B’). Interestingly, at this age, two cells with clear tanycytic 

morphology were found outside of the 3V wall (Fig. 5.11 C), suggesting that the cells 

were migrating into the parenchyma. No PCNA+/tdTom+ cells were detected in the 

one CT brain that was stained. However, it was not fully intact, and previous work in 

our lab has reported PCNA+/tdTomato+ α-tanycytes at this age using the same 

tamoxifen treatment paradigm (Goodman et al., in preparation).  

Lineage traced cell numbers were higher in the intact CKO brain and similar density 

was apparent in the non-intact one (Fig.5.13 A, B) than in any of the long chase brains. 

Additionally, one intact P10 CT brain had been stained for tdTomato and S100β and 

its cell counts were similar to P28 CT (Fig. 5.13 A, B). This suggests that by P10 most 

of the lineage traced cells were generated, therefore any amplifying effects of 

Fgfr1/Fgfr2 are likely to manifest at earlier stages. 
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The next step was to perform equivalent experiments but dissect brains at an earlier 

age. In brains dissected from P7 pups, a large number of PCNA stained cells were 

seen in the α-tanycyte domain. Small numbers of PCNA+/tdTomato+ tanycytes, most 

likely in the α-domain, were detected in some of the CKO and CT brains (Fig. 5.10 B-

B’’’; Fig. 5.12 A), but none were found in the parenchyma. Numbers of CKO lineage 

traced parenchymal cells were increased at P7 compared to P6 (Fig. 5.13 B). 

 

Figure 5.9 – PCNA expression in the 3V ependymal is rare and is absent from 

long-chase lineage traced cells in the post-weaned hypothalamus (P28). 

Schematic displays the timing of tamoxifen administration and brain dissection (A). 

Immunohistochemistry for PCNA detected some cycling parenchymal cells (B, C) and 

β-tanycytes (B’, C’) in CT and CKO animals, however, no co-localisation of PCNA and 

tdTomato was observed in long-chase post-weaned mouse hypothalamus. Scale bar 

– 100 µm. 
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Figure 5.10 – Rare PCNA+ lineage traced tanycytes were found at P7 and P10.  

Schematic displays the timing of tamoxifen administration and brain dissection (A). 

Immunohistochemistry for PCNA revealed rare lineage traced cycling tanycytes (B, 

B’, C, C’) in CT and CKO animals a few days after tamoxifen induction. Cut view 

confirms co-localisation of tdTomato and PCNA in these tanycytes (B’’, C’’). Scale bar 

– 100 µm. 
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Figure 5.11 – Cycling and non-neuronal lineage traced cells were present in the 

hypothalamus parenchyma. PCNA+/tdTomato+ cells in the DMN (A-A’’’) were 

occasionally found in CKO hypothalamus at P10. A cell with similar morphology was 

found nearby or in the 3V wall (B) and cells of this morphology were also sometimes 

found in the parenchyma at other ages (D). Cells with clear tanycytic morphology were 

rarely (twice) found nearby, but outside of the 3V wall (C) in CKO hypothalamus at 

P10. Cells of glial morphology with short processes surrounding the cell body (E) were 

occasionally seen at P28 and P55.  Scale bar – 100 µm. 
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Figure 5.12 – Very few PCNA+/tdTomato+ cells were found in P7 and P10 

hypothalamus. At most 3 PCNA+/tdTomato cells were found in the 3V wall per 

hypothalamus at P7 (A) and P10 (B). Parenchymal PCNA+/tdTomato cells were only 

seen in P10 CKO hypothalamus (B’). Lineage traced cell numbers in the CKO 3V 

ependyma and parenchyma had more than doubled by P7 (A’’) compared to P6 and 

were more numerous at P10 (B’’) than at P28 (Fig. 5.8). Each dot or square represents 

a single analysed brain. Note that the numbers of brains analysed were low and many 

of the sections had some amount of damage, therefore the numbers are not definitive.  
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Figure 5.13 – The number of lineage traced cells potentially peaks by P10. 

Graphs show the number of CKO and CT lineage traced cells in the ependyma (A) 

and parenchyma (B) at ages P6 to P28. Numbers above bars indicate the number of 

brains analysed. In the CKO hypothalamus ependymal and parenchymal tdTomato+ 

cell numbers are significantly increased at P28 compared to P6, but numbers as high 

or higher are potentially reached by P10. Significant cell number differences between 

CT and CKO were only observed at P28. However, CT data for ages P6, P7 and P10 

is incomplete due to low numbers of observations or damaged tissue, therefore 

statistical analysis cannot be done or is not definitive, warranting further work. 

Unpaired t-test was carried between CKO - CT at the same age, or CT – CT and CKO 

– CKO between different ages. * - P ≤ 0.05, ** - P ≤ 0.01; *** - P ≤ 0.001. 
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5.3 – Discussion 

The functions of endogenous FGFR signalling in postnatal and adult hypothalamic 

neurogenesis have not been previously explored. This was attempted here by lineage 

tracing a subset of β-tanycytes that are Fgfr1/Fgfr2 deficient. The main cellular 

phenotype of impaired FGFR signalling was the amplification of lineage traced cells 

in the postnatal hypothalamus, both in the 3V ependyma and parenchyma. 

 

5.3.1 – Amplification of Fgfr1/Fgfr2 deficient cell numbers are potentially 

caused by changes in cell proliferation 

One possible cause of this cell number increase could be due to decreased cell death 

of FGF receptor-deficient lineage traced cells. This was previously assessed in our 

lab with the use of Caspase-3 immunohistochemistry and very few Caspase-3 

immunopositive cells were found in the hypothalamus at P10 in CT mice (Goodman 

et al., in preparation). In accordance with this, very few cells were detected by 

Caspase-3 immunohistochemistry and the TUNEL assay in the hypothalamus of 

young rats (Guyenet et al., 2013). This suggests that apoptosis is likely not a major 

factor in causing the cell number amplification that we observed. A caveat of this is 

that Caspase-3 does not detect all types of cell death (Kroemer et al., 2009). In 

addition, cell counts suggest that most or all of the lineage traced cells would have 

been generated by P10. Therefore, it is possible, that there is a developmentally 

restricted time-window of cell death before P10, and this may be attenuated in FGF 

receptor-deficient cells. 

Another possibility is that FGF signalling may inhibit lineage traced cell proliferation. 

Here, proliferation was assessed using the S phase marker PCNA. Very few cycling 

cells were found in the 3V wall in the P28 hypothalamus, and none that co-localised 

with tdTomato, which suggested that proliferative effects capable of producing the 

marked amplification in cell numbers that was seen in CKO hypothalamus would 

mostly be restricted to earlier postnatal ages. Indeed, by P10 lineage traced cells had 

reached numbers as high as or higher than at P28. Many cycling cells were found in 

the α-tanycyte domain at P7 and P10, in both CT and CKO animals. 

PCNA+/tdTomato+ cells were also detected in the 3V wall of some CKO (P7, P10) 

and CT (P7) animals, but their numbers were very low and variable. A major caveat 

is the incompleteness of these experiments, as very few brains were examined and, 

in some cases,, the sections had broken to an extent during the 



      
 

131 | P a g e  
 

immunohistochemistry protocol, most likely due to the acid-alcohol pre-treatment 

making postnatal sections too delicate. What the results do suggest, however, is that 

the numbers of lineage traced proliferating cells were low in all the brains examined. 

There are some scenarios that may still explain how proliferation could cause the 

amplification of lineage traced cells. First, PCNA staining provides a ‘snapshot’ of cells 

in S phase at a particular moment in time and although the numbers of proliferating 

lineage traced cells detected at these individual time-points were low, if there are 

slight increases in proliferation in CKO animals throughout the P4-P10 period, they 

may add up to an observable increase of newly generated cells by the end of this 

period. Secondly, it may be that the proliferation promoting effects are restricted to 

the ages that were not analysed, specifically P8 or P9. This is supported by the fact 

that at P7 and P10, the vast majority of PCNA+ cells and the only ones that 

colocalised with tdTomato were located in the dorsal 3V wall. At P6, there were very 

few lineage traced cells outside of the β-tanycyte domain, but by P28 there are many 

more α-tanycytes, both in relative and absolute terms. In addition, previous analysis 

of CT brains at P6, P8 and P10, showing that the number and proportion of lineage 

traced cells in the α-tanycyte domain increases with age (Goodman et al., in 

preparation). One model is that β-tanycytes migrate to the α-tanycyte domain with 

time. Perhaps by P8/P9, a high number of lineage traced cells reach the α-tanycyte 

domain and a short-lived, intense proliferative event takes place that is mostly over 

by P10. It may be that it is this event that is fine-tuned by FGFR signalling. Fgfr2, but 

not Fgfr1 was detected in the α-tanycyte domain at P8, but was absent in mice older 

than P60, suggesting that maybe Fgfr2 has a role in inhibiting proliferation in that 

domain in the early postnatal hypothalamus. The fact that at P28 there were almost 

no PCNA+ cells in the α-tanycyte domain also suggests that this is an event restricted 

to early postnatal ages. This scenario is highly speculative but would be an interesting 

hypothesis to test. In addition, it is also possible that this hypothetical proliferative 

event may not be so specific to P8/P9, and the amplification effect would be seen at 

different postnatal ages if tamoxifen administration was performed at time points 

different to P4/P5. 

Interestingly, only tdTomato+ β-tanycytes, but not α-tanycytes were significantly 

amplified at P28. Some lineage traced GLAST expressing α-tanycytes have been 

shown to migrate into the β-tanycyte domain (Robins et al., 2013). Given the 

previously outlined hypothesis that some β-tanycytes migrate into the α-tanycyte 

domain, where they proliferate, and the apparent lack of lineage traced proliferating 

β-tanycytes, it may be possible that in CKO a higher fraction of lineage traced cells 
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then migrate back into the β-tanycyte domain. Of course, the PCNA analysis reported 

here was not exhaustive both in terms of the ages tested, the lack of domain markers 

and the low number of brains analysed at P7 and P10, so it may well be that some 

lineage traced cells do proliferate in the β-tanycyte domain as well. 

FGFR signalling often acts to increase proliferation, as is the case in the 

subventricular zone and dentate gyrus neurogenic niches (Zhao et al., 2007; Stevens 

et al., 2012). The opposite has precedent in lung epithelium stem cell niche, where in 

vivo conditional deletion of Fgfr1 in tracheal basal cells (BCs) causes increased 

steady-state proliferation, as assessed by Ki67 staining, while FGF2 applied to wild-

type BC cell culture decreased colony size (Balasooriya et al., 2016). In Fgfr1 deficient 

basal cells, MAPK and AKT phosphorylation levels were increased. Interestingly, 

there was a decrease in the protein levels of the smaller Sprouty2 isoform, which 

inhibits MAKP and AKT pathways, and an increase in the larger isoform that is not 

effective at inhibiting these pathways (Lao et al., 2007). The authors proposed a 

model where FGFR1 signalling in BC cells causes post-translational changes of 

Sprouty2 protein, therefore inhibiting MAKP and AKT pathways and weakening other 

pro-proliferative signals, for example, EGFR signalling. It is possible a similar 

mechanism may be at play in Fgfr1/Fgfr2 deficient tanycytes, since Spry2 is also 

expressed in β-tanycytes, as well as various receptors that activate the MAPK 

pathway, such as Ntrk2, VEGFR-3, ErbB1 and ErbB2 (Prevot et al., 2003; Lein et al., 

2007; Hou et al., 2011). 

The same group performed conditional, heterozygous Fgfr2 deletion in BC cells and 

saw no significant effects on cell proliferation rates, but instead a promotion of 

symmetric cell divisions and impairments in self-renewal (Balasooriya et al., 2017). 

Effects on self-renewal were not assessed in our experiments. Additionally, in the 

trachea, the FGFR2-IIIb isoform is expressed, along with its cognate ligands, FGF7 

and FGF10. In the hypothalamus, only the FGFR2-IIIc isoform is expressed 

(Hajihosseini et al., 2008), therefore a different set of ligands would bind tanycytic 

FGF receptors. Regardless of whether Fgfr2 has a similar function in tanycytes and 

basal cells, it is possible Fgfr2 also has distinct and shared functions with Fgfr1 in 

tanycytes. Therefore, it would be very valuable to perform conditional knockout 

experiments of Fgfr1 or Fgfr2 alone, to dissect their unique contributions to tanycyte 

function. 

How may the observation that exogenous stimulation of FGF receptors increases 

tanycyte proliferation (Robins et al., 2013) be reconciled with the observation 
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presented here of Fgfr1/Fgfr2 deficiency causing amplification of tanycytes numbers? 

Firstly, FGF receptors were exogenously stimulated by intracerebroventricular 

injection of FGF2, but as shown in chapter 4, in P60-P80 mouse hypothalamus Fgf2, 

Fgf18, Fgf1 and Fgf9 are expressed in the 3V wall and likely bind to FGF receptors in 

tanycytes. Therefore, potentially non-physiological levels of exogenous FGF2 may 

override more subtle and fine-tuned endogenous signalling. Additionally, it has been 

demonstrated that in some cells, FGFR signalling is biphasic, and that activation of 

downstream signalling pathways is highest at an intermediate concentration of ligand 

and lowest at both high and low ligand concentration (Kanodia et al., 2014). A 

consistent model may be that in tanycytes, intermediate levels of FGF receptor 

activation inhibit proliferation, while low and high levels release this inhibition and 

result in heightened proliferation. Indeed, high levels of FGF signalling potentially 

inactivate the formation of the trimeric signalling unit (FGF receptor, heparan sulfate 

proteoglycans and FGF ligand) (Kanodia et al., 2014), thereby both FGFR knockout 

and exogenous overstimulation might have essentially the same effect of inactivating 

FGF receptors. The FGF2 ICV experiments were performed in mice 8 weeks old or 

older, while the conditional knockout was performed during the first 4 weeks after the 

birth of the animals, therefore the role of FGFR signalling may also differ with age. 

Finally, as mentioned before, β-tanycytes are heterogeneous and therefore FGF 

receptors in Fgf10 expressing tanycytes may have different or even opposing 

functions in other subpopulations. 

As is the case with the FGF signalling system, the IGF signalling system has often 

been found to promote proliferation (Teng, Jeng et al. 2018). Interestingly, the 

disruption of insulin-like growth factor 1 receptor (IGF-1R) in nestin expressing 

tanycytes and their subsequent lineage tracing revealed an amplification of mature 

neurons and tanycytes (Chaker, George et al. 2016). This amplification bears 

resemblance to the one identified in the current study of FGF receptor deficient 

tanycytes and illustrates how growth factor signalling inhibition in tanycytes can cause 

amplification of cell numbers. The exact nature of this amplification was not explored 

in the IGF-1R deletion study. However in a related study of IGF-1R deletion in SVZ 

niche NSPCs, an increase in the numbers of neuroblasts and integration of neurons 

was seen, along with a decrease in the phosphorylation of Akt in the NSPCs (Chaker, 

Aïd et al. 2015). It is therefore possible that a change in Akt signalling may also take 

place and is involved in the amplification of FGFR and IGF-1R deficient tanycytes. 
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5.3.2 – FGFR signalling in β-tanycytes and their progeny may not be 

crucial for cell fate determination or migration 

The cell morphology of lineage traced cells in CKO and CT animals were similar with 

no gross differences observed: most of the cells observed in the 3V ventricle had 

classical tanycytic morphology, each β-tanycyte and α-tanycyte possessing a long 

process or short process respectively. In the parenchyma, the vast majority of cells 

possessed neuronal morphology, with large soma and long processes. Previous 

experiments in our lab using the same pulse-chase with CT animals have confirmed 

that some of the tdTomato+ cells express NeuN (Goodman et al., in preparation), a 

marker for postmitotic neurons (Mullen et al., 1992). In addition, P28-P35 lineage 

traced neurons in CT mice have been shown to respond to fasting and Leptin through 

phosphorylation of STAT3, indicating that they are functionally integrated (Haan et al., 

2013). It is likely that some lineage traced cells possessing neuronal morphology in 

either CKO or CT hypothalamus are mature and functionally integrated. However, 

relying on morphology is not a robust approach, as processes may span more than 

one section and therefore it is not possible to measure them accurately. The use of 

cell markers such as NeuN for mature neurons and DCX for immature neurons 

(Vukovic et al., 2013), as well as indications of functional integration in the networks, 

would be helpful to more definitively ascertain if there are any neural maturation and 

integration effects in FGFR deficient cells. 

A small number of cells in the parenchyma possessed glial morphology. These cells 

were seen in mice of both genotypes but were very rare and therefore it is difficult to 

assess if FGFR deficiency caused any changes in their numbers or subtle changes 

in morphology. Using cell morphology to distinguish cell types, it seems unlikely that 

FGFR signalling had a significant role in fate determination in these experiments. 

However, other approaches for determining cell type and maturity can be more 

informative. Data collected in our lab showed that some P28 lineage traced cells with 

glial morphology express GFAP, an astrocyte marker, or Olig2, an oligodendrocyte 

marker (Goodman et al., in preparation). Therefore, the cells that exhibited glial 

morphology in these experiments were also likely of astroglial or oligodendroglial 

lineage. Although no S100β co-localisation was observed in my studies, the onset of 

S100β expression has been reported to be later than that of GFAP, therefore serving 

as a marker for astrocyte maturity (Raponi et al., 2007). 

Interestingly, some cells seen in the parenchyma at P28 and P10 had similar 

morphology to oligodendrocyte progenitors and neuroblasts of the subgranular and 
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subventricular zones and at P10, some co-localised with PCNA. Previous reports 

have shown the presence of DCX+ cells in the hypothalamus parenchyma (Battailer 

et al., 2014), including the DMN where the neuroblast-like cells were found in these 

experiments. It would be interesting to see whether these cells also express DCX and 

if any parallels can be drawn between them and neuroblasts of the other neurogenic 

niches that eventually give rise to neurons. 

It has been recently found that mature FGF2 responsive GFAP- ventral α2/β-

tanycytes migrate into the parenchyma (Jourdon et al., 2016). In P10 hypothalamus 

some cells with clear tanycytic morphology with long processes reminiscent of β-

tanycytes were seen far from the 3V wall, in the hypothalamic parenchyma. It is 

possible that these are mature tanycytes that migrate into the parenchyma and may 

then potentially transdifferentiate, giving rise to neural or glial cell types. 

The migration of lineage traced cells did not seem to be affected by Fgfr1/Fgfr2 

deficiency, as the distribution of cells in the different tanycyte compartments and 

parenchymal cell nuclei was not changed. More detailed investigations, for example 

using imaging live slice brain cultures, may be able to uncover more subtle changes 

in migration patterns, if any. 

 

5.3.3 – Technical considerations 

While there was a general trend of increased tdTomato+ cell numbers in the 3V 

ependymal of young adult CKO animals, the cell numbers were very variable. This 

may be partly due to natural variation in the absorption and metabolism of tamoxifen 

or recombination efficiency. In addition, intraperitoneal injections are not always 

accurate and do not always result in tamoxifen being deposited in the peritoneal 

cavity, as one study found this error may occur around 14% of the time even when IP 

is performed by experienced investigators (Steward et al., 1968). Any natural 

variability, as well as errors in technique, would be exacerbated by the low number of 

IP injections and animals used (4 per group). 

It should be noted that not all β-tanycytes express Fgf10 (Haan et al., 2013) and not 

all of them may express Fgfr1 or Fgfr2. This means that individual β-tanycytes may 

express any combination of these genes or none of them. Two points follow from this: 

tanycytes expressing Fgf10 may be biologically different, therefore using the 

Fgf10CreERT2 driver we did not investigate FGFR function in all β-tanycyte subtypes 

and their progeny. Secondly, recombination may happen in a cell that may or may not 
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express FGF receptors. This, along with other factors such as stochastic 

recombination efficiency, may also add to the variability seen in the CKO animals. 

Cre recombination in Fgf10CreERT2 mice requires administration of tamoxifen. For 

lineage tracing studies, information on its administration method, metabolism and 

degradation of the active metabolites is crucial for the proper interpretation of the 

experiments. A recent report looked into the time-course of tamoxifen-induced 

recombination in Pdx1PB-CreERTm::Rosa26lacZ pancreatic islet cells transplanted 

underneath the renal capsule in adult mice (Reinert et al., 2012). They found that high 

doses of subcutaneous tamoxifen injections caused some recombination even in cells 

that were transplanted 4 weeks after the last injections, while low doses caused 

recombination in cells 1 week after the last injection. Another study approached this 

issue by monitoring the degradation of active tamoxifen metabolites and 

recombination in adult mouse brain after IP injections (Valny et al., 2016). They found 

that at higher doses (two injections of 200 mg/kg tamoxifen) all metabolites are 

degraded within 8 days and reaches ineffective concentration after 6 days, while at 

lower doses (two injections of 100 mg/kg tamoxifen) it was fully degraded within 6 

days and reached ineffective concentration after 4 days. 

There is a dearth of information regarding these parameters in tamoxifen orally 

administered to neonatal mice. It should be noted that at P6, one day after the last 

tamoxifen dose, there were many cells that had very low levels of tdTomato. At P7, 

the numbers of tdTomato+ cells were much higher in CKO animals, and the faint cells 

were not observed. Since PCNA+/tdTomato+ cell numbers were very low, it seems 

likely that the increase in the number of cells seen was mainly due to ongoing 

recombination and increasing tdTomato+ expression. It is possible that by P7 

tamoxifen metabolites would have reached ineffective concentrations, but more 

extensive studies would have to be done to test this. While these are important 

considerations in many lineage tracing experiments, this may not have much 

influence on the main finding of these experiments - the large relative amplification of 

FGFR signalling deficient tdTomato cells. 

FGF10 is expressed in neuroepithelial cells during corticogenesis and has a role in 

regulating their transition into radial glial cells, and consequently impacting 

neurogenesis (Sahara and O’Leary, 2009). Heterozygous Fgf10CreERT2/+ mice have 

reduced function of FGF10 (El Agha et al., 2012), tend to have lower body weight 

(unpublished observations and Chapter 6). It is possible that this may have some 
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subtle influence on hypothalamic neurogenesis and therefore our experiments may 

not have isolated just the effects of Fgfr1 and Fgfr2 deficiency. 

 

Conclusion 

The experiments described in this chapter have shown that FGF receptor signalling 

has a role in regulating postnatal hypothalamic neurogenesis, namely in controlling 

the number of tanycytes and newborn neurons that they generate. This is likely due 

to FGF receptors modulating proliferation of tanycyte NSPCs at a restricted window 

of time during postnatal development. However, the specifics of this regulation still 

have to be characterised. 
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Chapter 6 

Conditional knockout of Fgfr1 and Fgfr2 in Fgf10+ 

compartments leads to no or subtle changes in 

metabolism 
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6.1 – Introduction 

The hypothalamus plays a pivotal role in the CNS regulation of metabolism. Recently, 

tanycytes have been attracting more interest as an important component of the 

neuroendocrine system and its control of metabolic processes (Ebling and Lewis, 

2018). Early studies suggested a link between FGF signalling, cells lining the 3V wall 

and metabolic control. For example, FGF1 was found to be present in rat tanycytes 

(Tooyama et al., 1991) and its release and potent feeding suppression effects are 

brought upon by increased glucose concentration in the CSF after feeding or glucose 

infusions (Oomura et al., 1992). Indeed, recent studies have shown that tanycytes are 

capable of directly sensing glucose and amino acids in the CSF (Benford et al., 2017; 

Lazutkaite et al., 2017). In addition, injections of FGF1 and FGF2 into the 3V decrease 

food intake, while injections of anti-FGF1 or anti-FGF2 antibodies have the opposite 

effect (Sasaki et al., 1991; Sasaki et al., 1994). 

More recently, interest in how FGF signalling impacts central control of metabolism 

has been stimulated by reports that IP and ICV administration of antibodies that block 

FGFR1-IIIc accumulate in the mediobasal hypothalamus and median eminence, 

including the 3V floor, and subsequently cause potent hypophagia and weight loss in 

mice, rats and cynomolgus monkeys (Sun et al., 2007). In Siberian hamsters, 

administration of this antibody results in reduced food intake and increased energy 

expenditure and was linked to downregulation of deiodinase 2 (Dio2) in tanycytes 

(Samms et al., 2015). Similar effects were seen using a different FGFR1-IIIc antibody 

that binds to central targets including, but not limited to, tanycytes (Lelliott et al., 2014). 

In this study, a single IP injection of this antibody caused reduced food intake and 

weight loss for 14 days in diet-induced obese mice and even more dramatic effects 

when 4 injections were administered over 30 days, returning diet-induced obese 

animal weight and glucose sensitivity to their lean counterpart levels. 

Intriguingly, a single subcutaneous, IP or intravenous injection of endocrinised 

recombinant FGF1 to diet-induced or genetically obese hyperglycaemic mice lowered 

blood glucose levels and caused normoglycemia for over 48 hours, while not causing 

glucose-lowering effects in normoglycemic, non-obese mice (Suh et al., 2014). The 

mice also experienced a transient decrease in food intake and loss of body weight. In 

this study, the glucose-lowering effects were abolished in mice that lacked Fgfr1 in 

adipose tissue (aP2Cre::Fgfr1Flox/Flox). By contrast, a single ICV injection of FGF1 in 

genetically diabetic ob/ob mice caused long-term remission of diabetic symptoms 

(lowering of ad-lib fed blood glucose levels to <200 mg/dl for over 17 weeks) and 



      
 

140 | P a g e  
 

transient decrease in weight and food intake (Scarlett et al., 2016). This effect was 

concurrent with the induction of c-Fos in tanycytes and HSP25 in tanycytes and 

subependymal astrocytes. The long-term effects suggest that synaptic changes or 

neurogenesis may be the underlying mechanism (Seeley and Sandoval, 2016). 

These studies illustrate the potential promise of FGF signalling modulating therapies 

in the treatment of metabolic disorders, as well as the need for a more detailed 

understanding of the specific sites of action. In addition, both the stimulation and 

blocking of FGF receptors results in decreased food intake and weight and this is 

something that should be reconciled. 

The expression pattern data described in chapter 4 revealed that in the third ventricle 

wall FGF receptor signalling is restricted to β-tanycytes as they express Fgfr1 and 

Fgfr2. Their cognate ligands Fgf1/2/9/18 are also expressed in the 3V ependyma and 

likely bind tanycytic FGF receptors and are therefore potentially part of endogenous 

FGF signalling that regulates metabolism.  

The Fgf10CreERT2::Rosa26tdTomato::Fgfr1Flox/Flox::Fgfr2Flox/Flox (conditional knockout, 

referred to as CKO) mice described in chapter 5 present a useful model to study 

endogenous Fgfr1 and Fgfr2 metabolic functions in β-tanycytes. Both receptors 

should be deleted in anticipation of potential redundancy or cooperation described in 

other contexts (Furusho et al., 2009). 

Fgf10CreERT2::Rosa26tdTomato::Fgfr1Flox/+::Fgfr2Flox/+ mice (conditional heterozygous 

knockout, referred to as Het) can also be used as a model for intermediate loss of 

function to study gene dosage effects. Therefore, these mouse models can be used 

to elucidate which effects detailed in the recent studies can be attributed to FGF 

signalling in β-tanycytes as well as their precise nature. 

To determine any changes in glucose homeostasis, glucose tolerance tests (GTT) 

and insulin tolerance tests (ITT) can be employed (Bowe et al., 2014). GTT is 

performed by injecting glucose into fasted mice and taking regular blood glucose 

measurements. Any deviations between mice on different diets or of different 

genotypes may indicate alterations in glucose metabolism. This can then be further 

assessed by ITT, which is carried out in a similar fashion, but insulin is injected instead 

of glucose. This test can be used to determine if alterations in glucose metabolism 

are due to changes in insulin sensitivity. 
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6.1.1 – Aims 

The metabolic effects FGF signalling in tanycytes were explored by deleting Fgfr1 and 

Fgfr2 in Fgf10 expressing β-tanycytes. This was done by measuring weight, glucose 

and insulin tolerance of mice fed chow or high-fat diet (HFD). 

 

6.2 – Results 

6.2.1 – Fgfr1 and Fgfr2 CKO mice fed normal chow exhibit no or subtle 

changes in body mass and glucose or insulin metabolism compared to 

wild-type mice 

The tamoxifen administration regime described in the previous chapter (two doses by 

manual suckling or intraperitoneal injection) was optimal for lineage tracing studies. 

However, to impact whole-body metabolism, it is likely that deletion of Fgfr1 and Fgfr2 

needs to occur in a larger number of tanycytes. To achieve this, mice received daily 

intraperitoneal injections for a week starting at P44, followed by 2 weeks of a special 

diet supplemented with tamoxifen citrate (Fig. 6.1 A). After this period of tamoxifen 

administration, the mice were first subjected to the glucose tolerance test and, two 

weeks later the insulin tolerance test to establish baseline glucose metabolism 

measurements, before being put on a high-fat diet. Comparable studies that measure 

the effects of FGF signalling modulation specifically in hypothalamic tanycytes have 

not been performed previously. As such, it is difficult to estimate the effect size of such 

interventions and calculate the needed statistical power. These experiments were 

therefore carried out as a pilot study which may then inform the feasibility of future 

studies and their power calculations (Sullivan and Feinn 2012). 

During this five-week period, mice were fed either regular chow diet, or chow diet 

supplemented with tamoxifen. The starting weight of WT mice was significantly higher 

than that of Het and KO mice and remained so throughout this period (Fig. 6.1 B). KO 

and Het weights never differed significantly.  However, mice carrying the Fgf10CreERT2 

allele have been observed to be smaller (unpublished observations). In addition, 

Fgf10CreERT2/+ animals have reduced Fgf10 expression. Since both KO and Het mice 

carry this allele, their smaller weight may be due to reduced Fgf10 expression, 

deficiency in tanycyte Fgfr1/Fgfr2 expression, or both. Regardless, due to significant 

differences in baseline weight, a more appropriate measure may be percentage 

weight change. All experimental groups gained between 13.11 % ± 1.5 % (KO) and 

17.55 % ± 0.92 % (WT) weight during the first 5 weeks and no significant 
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differences were observed (Fig. 6.1 C). Therefore, this most likely reflected the 

normal growth rates at this age (Gall and Kyle, 1968). 

Glucose tolerance tests were carried out immediately after all tamoxifen 

administration had finished. Two weeks later, insulin tolerance tests were 

carried out. No statistically significant differences were found in glucose 

homeostasis (Fig. 6.2) or insulin sensitivity (Fig. 6.3). 

 

Figure 6.1 – Body weight change on a chow diet is not substantially altered in 

Fgfr1 and Fgfr2 deficient mice. Schematic shows the age of mice and procedures 

performed before high-fat diet regime (A). Graphs display weight change during the 

first five weeks before animals were challenged by high-fat diet (B) and their 

percentage weight gain (C). KO and Het animals were significantly lighter compared 

to WT from the beginning. No significant differences (one way multiple comparisons 

ANOVA) were observed in percentage weight change (C). H/W – Het compared to 

WT using multiple-comparisons repeated measures two-way ANOVA; K/W – KO 

compared to WT using multiple-comparisons repeated measures two-way ANOVA. 

**- P ≤ 0.01; ***- P ≤ 0.001; **** - P ≤ 0.0001. 
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Figure 6.2 – Glucose homeostasis is not affected in Fgfr1 and Fgfr2 deficient 

mice prior to HFD treatment. Graphs show mouse blood glucose levels at defined 

periods of time after glucose IP injection as an indication of glucose tolerance. Blood 

glucose levels increase rapidly in the first 15 minutes before slowly returning to near-

baseline levels. All animal groups showed similar responses. All significance testing 

was performed using multiple-comparisons repeated measures two-way ANOVA. 

 

Figure 6.3 – Insulin sensitivity is not affected in Fgfr1 and Fgfr2 deficient mice 

prior to HFD treatment. Graphs show blood glucose levels at defined periods of time 

after insulin IP injection as an indication of insulin sensitivity. Blood glucose levels 

decrease sharply 15 and 30 minutes after the insulin injection, before gradually 

returning to levels close to the baseline. All animal groups showed similar responses. 

All significance testing was performed using multiple-comparisons repeated 

measures two-way ANOVA . 
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6.2.2 – High-fat diet induces changes in weight and glucose/insulin 

sensitivity 

After tamoxifen administration and initial GTT and ITT experiments, mice were 

challenged with high-fat diet for 16 weeks (Fig. 6.4 A). All groups increased body 

weight during 16 weeks of HFD treatment (Fig. 6.4 B, C, D). 

 

B

C

D

P113  P202   P223           P233 

GTT     ITT   

Week

A Dissection
HFD 

Figure 6.4 – High-fat diet 

induces changes in weight. 

Schematic detailing the high-

fat diet regime and procedure 

timings (A). Graphs display 

significantly increased body 

weight at the end of the high-

fat diet period compared to its 

beginning in WT (B), Het (C) 

and KO (D) animals. All 

significance testing was 

performed using the paired t-

test. * - P ≤ 0.05, **- P ≤ 0.01. 

*** - P ≤ 0.001. 
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After 12 weeks of HFD, WT and KO mice had impaired clearing of glucose compared 

to GTT data gathered before HFD (Fig. 6.5 A, C). Although the initial spike at the 15-

minute time point after glucose IP injection was identical, in pre-HFD animals blood 

glucose levels start decreasing by the 30-minute time point and reach levels similar 

to baseline by the 2-hour time point. In HFD challenged WT and KO mice, blood 

glucose still rises by the 30-minute time point before gradually subsiding, but still not 

reaching baseline levels by the 2-hour time point. A similar effect was seen in Het 

animals, however, the values were not significantly different compared to pre-HFD 

measurements.  

Baseline ITT blood glucose levels were significantly higher in HFD challenged mice 

compared to unchallenged mice, in all groups (Fig. 6.6. A, B, C). Therefore, the area 

under the curve analysis was performed and revealed trends for decreased insulin 

sensitivity in all groups, although these were not significant (Fig. 6.6 A’, B’, C’). 

 

6.2.3 – No or subtle metabolic changes are observed in Fgfr1 and Fgfr2 

deficient mice compared to wild-type mice fed a high-fat diet 

During the HFD period, mice steadily gained weight (Fig. 6.7 A). Het and KO mouse 

weights were nearly identical, while WT mice showed a trend for higher body weight. 

By the end of week 7, KO mice were significantly lighter than WT animals, while for 

Het mice this difference developed by week 10. However, analysis of percentage 

weight change revealed no significant differences (Fig. 6.7 B). 

In GTT analysis, CKO animals had significantly higher blood glucose levels compared 

to Het mice 15 minutes after glucose injection (Fig. 6.8 A. KO: 31.99 ± 1.02, n=9; Het: 

24.08 ± 3.07; multiple comparisons repeated measures two-way ANOVA, P ≤ 0.05, 

95% confidence interval on the difference between means = 0.08 to 15.73), but not at 

other time-points. 

No statistically significant differences were observed in the analysis of ITT experiment 

data (Fig. 6.9 A).  
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Figure 6.5 – Glucose 
tolerance is impaired in 
mice challenged with high 
fat diet. Graphs compare 
HFD challenged and 
unchallenged mouse blood 
glucose levels at defined 
periods of time after glucose 
IP injection as an indication 
of glucose tolerance (A, C, 
D). In unchallenged animals, 
blood glucose levels increase 
rapidly in the first 15 minutes 
before slowly returning to 
near-baseline levels. 
However, in HFD challenged 
animals glucose levels 
increase further at the 30-
minute time point, before 
slowly subsiding, indicating 
decreased glucose tolerance 
(A, C). A similar time-course 
is seen in HFD challenged 
Het animals, although less 
pronounced and at no point 
significantly different from 
unchallenged Het response 
(B). All significance testing 
was performed using paired d 
t-test. * - P ≤ 0.05, **- P ≤ 
0.01. 
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Figure 6.6 – Insulin sensitivity is unaffected in mice challenged with high-fat 

diet. Graphs compare HFD challenged and unchallenged mouse blood glucose levels 

at defined periods of time after insulin IP injection as an indication of insulin sensitivity 

in WT (A), Het (B) and KO (C) animals. In all groups, HFD challenged mice had higher 

baseline blood glucose levels, therefore the area under the curve measurements were 

compared (A’, B’, C’). Insignificant trends for decreased insulin sensitivity were 

observed in all groups. All significance testing was performed using the paired t-test. 

* - P ≤ 0.05, **- P ≤ 0.01. *** - P ≤ 0.001. 
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Figure 6.7 – Body weight change post high-fat diet is not substantially altered 

in Fgfr1 and Fgfr2 deficient mice compared to wild-type. Graphs compare WT, 

Het and KO mouse body weight during 12 weeks of high-fat diet (A). Het and KO 

weights were nearly identical during this period and rose slowly, while WT weights 

were significantly larger than KO starting at week 7 and compared to Het from week 

10. No significant changes were seen in percentage weight change (B). H/W – Het 

compared to WT using multiple-comparisons repeated measures two-way ANOVA; 

K/W – KO compared to WT using multiple-comparisons repeated measures two-way 

ANOVA. * - P ≤ 0.05; **- P ≤ 0.01. 
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Figure 6.8 – Glucose metabolism may be slightly affected in Het mice fed a high-

fat diet. Graphs compare WT, Het and KO mouse blood glucose levels at defined 

periods of time after glucose IP injection as an indication of glucose tolerance. KO 

animals were significantly more glucose sensitive compared to Het animals as 

evidenced by the higher blood glucose levels at the 15-minutes post-glucose injection. 

All significance testing was performed using multiple-comparisons repeated 

measures two-way ANOVA. * - P ≤ 0.05. 

 

Figure 6.9 – Insulin sensitivity is not affected by Fgfr1 and Fgfr2 deficiency in 

mice fed a high-fat diet. Graphs compare WT, Het and KO mouse blood glucose 

levels at defined periods of time after insulin IP injection as an indication of insulin 

sensitivity. No significant differences were found (A). All significance testing was 

performed using multiple-comparisons repeated measures two-way ANOVA.  
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6.2.4 – Lineage tracing of Fgfr1/Fgfr2 deficient β–tanycytes after HFD 

treatment 

Het mice were more glucose tolerant than KO mice after the high-fat diet regime. To 

determine if this may be related to changes in neurogenesis or other cellular 

processes, lineage traced cell populations in HFD challenged Het and CKO animals 

were analysed in brains dissected from these animals at P233. This amounted to very 

long-term lineage tracing (Fig. 6.10 A; 27 weeks from the start of tamoxifen 

administration). S100β was used as a marker for the α-tanycyte domain to assess for 

the relative distribution of lineage traced cells in tanycyte compartments (Goodman 

and Hajihosseini, 2015). 

No gross morphological differences were detected in cells of the 3V wall, or the 

parenchyma (Fig. 6.10 B, B’, B’’, C, C’, C’’). Parenchymal cells had neuronal 

morphology in both CKO and Het animals (Fig. 6.10 B’’, C’’). 

Quantification revealed large numbers of lineage traced cells in the ependyma (Fig. 

6.11 A) and parenchyma (Fig. 6.11 C), but no significant differences were observed. 

The distribution of tdTomato+ cells in regard to tanycytes domains (Fig. 6.11 B) and 

parenchymal nuclei (Fig. 6.11 D) also did not differ. Unlike in the experiments 

described in chapter 5, these comparisons were between Het and KO animals, with 

no WT group, the lineage tracing was much more long term and the animals were fed 

high-fat diet. Therefore, direct comparisons with the amplification of lineage-traced 

FGFR deficient cells seen in the postnatal ages (Fig. 5.8) are not possible due to 

these factors.  

Interestingly, the number of lineage traced cells in the β- and α-tanycytes domains 

were roughly equal, regardless of genotype, in contrast to P4/P5 – P28 and P44/P45 

– P55 lineage tracing experiments described in chapter 5, where lineage traced α-

tanycytes comprised only roughly a third of the ependymal total, in both WT and FGFR 

deficient animals (Fig. 5.3; Fig. 5.8). Here, too, further experiments would be needed 

to determine if these potential differences in distribution are due to high-fat diet or 

long-term lineage-tracing. 
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Figure 6.10 - Morphology of lineage traced FGF receptor-deficient cells is 

unaltered in HFD challenged Fgfr1 and Fgfr2 CKO compared to Het mice. 

Schematic displays the timing of tamoxifen administration and brain dissection (A). 

Immunohistochemistry revealed no visible differences in the morphology of lineage 

traced tanycytes (B, B’, C, C’), and parenchymal cells (B’, B’’, C’, C’’) in Het and CKO 

P233 hypothalamus. Cells in the parenchyma had neuronal morphology with long 

processes (B’’, C’’). Scale bar – 100 µm. 
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Figure 6.11 – Lineage 
traced cell numbers and 
distribution are similar in 
HFD challenged Het and 
CKO animal P233 
hypothalamus. Graphs 
display numbers and 
distribution of lineage 
traced cells in the 3V wall 
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from the distribution in 
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animals where β-tanycytes 
are more numerous 
(Chapter 5). 
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6.3 – Discussion 

FGF signalling is important for central control of food intake and glucose metabolism, 

as evidenced by exogenous hypothalamic stimulation with FGF1 or studies where 

FGFR1 function is blocked by neutralizing antibodies. These effects are likely at least 

partially mediated by FGFR1/FGFR2 expressed in β-tanycytes. In experiments 

reported here, we attempted to isolate the contribution of endogenous FGF receptor 

signalling in β-tanycytes in the regulation of these processes. 

Using Fgf10CreERT2::Rosa26tdTomato::Fgfr1Flox/Flox::Fgfr2Flox/Flox transgenic animals FGF 

receptor function is disrupted permanently in cells where Fgfr1 and Fgfr2 floxed alleles 

are excised. Deletion had been previously confirmed by detection of specific PCR 

products in mice after two tamoxifen doses (Chapter 5). In this study, the animals 

received 7 consecutive doses and were afterwards fed diet supplemented with 

tamoxifen for 2 weeks to ensure that a large number of β-tanycytes will undergo 

efficient recombination. 

Both inhibition and exogenous stimulation of FGF signalling in hypothalamus results 

in rapid-onset hypophagia and consequently reduced body weight (Sun et al., 2007; 

Lelliott et al., 2014; Samms et al., 2015; Scarlett et al., 2016). These effects are 

observed in both lean and obese animals and maintained for as long as the 

interventions are continued and a return to normal feeding patterns and weight is 

observed shortly after treatments are stopped. In this study, during the first period of 

the experiment, before mice were challenged with HFD, all mice gained weight as is 

expected at this age (Gall and Kyle, 1968). However, KO and Het mice were 

significantly lighter compared to WT animals from the start of the experiments. At the 

start of the high-fat diet period, weights of the groups were not significantly different. 

KO and Het mice weight was significantly lower compared to WT animals by the end 

of the high-fat diet period (weeks 7 and 10 of HFD, respectively). 

It has been observed that mice carrying the Fgf10CreERT2 allele tend to be smaller in 

size (unpublished observations and Fig. 6.1 A). Both CKO and Het carry this allele, 

while WT mice do not. This likely affects the trends and significant differences for 

lower weight in these animals compared to WT. Due to this, analysis of individual 

timepoints should probably not be interpreted directly. Percentage weight change is 

likely a better indicator and it suggests only a modest long-term trend for KO animals 

towards the reduction of body weight gain, but not the rapidly occurring onset loss 

roughly 30-40% of body weight in other studies. 
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Scarlett et al., (2016) reported that obese and hyperglycaemic animals returned to 

normoglycaemia after a single ICV injection of FGF1. Here, high-fat diet challenged 

WT and KO animals had impaired glucose homeostasis as indicated by the GTT 

comparison with pre-HFD animals. Curiously, Het HFD fed animals seemed to have 

a largely unaltered response to glucose injection compared to HFD unchallenged 

animals. In addition, they were less sensitive to glucose compared to KO animals. 

FGF signalling levels determine its functional outcome and are regulated by both 

intracellular modulators and concentration of ligand (Garcia-Maya et al., 2006; Ekerot 

et al., 2008). FGF2 activation of FGF receptors is biphasic, following a bell-shaped 

curve where medium concentrations induce strongest FGFR signalling, low and high 

concentrations induce very little signalling, while medium-low and medium-high levels 

result in medium induction (Zhu et al., 2010; Kanodia et al., 2014).  It is possible, that 

a partial deletion of FGF receptors results in lowered FGF signalling levels that are 

similar to signalling induced by high concentrations of exogenous ICV FGF1 and in 

both cases such signalling may have similar beneficial effects on insulin and/or 

glucose sensitivity. Recently an FGF1 variant was engineered that has reduced ability 

to induce FGFR dimerization due to its reduced heparan sulfate binding (Huang et al., 

2017). Interestingly, in this study the modified FGF1 lost its mitogenic function but had 

retained the glucose metabolism regulating effects, indicating that FGF1-FGFR 

signalling levels are important for determining its function. 

Sexual dimorphisms are common in mouse glucose metabolism (Tiraby et al., 2007; 

Shi et al., 2008; Macotela et al., 2009). In addition, it has been reported that HFD 

stimulates median eminence neurogenesis in female mice, but not male mice, and 

that ablation of this process also causes weight reduction effects only in female mice 

(Lee et al., 2014). One caveat of our study is that the experiments were performed on 

both female and male mice. Although the proportion of females and males was similar 

(WT: 4F, 6M; Het: 3F, 3M; KO: 4F, 5M), the high variability and low numbers preclude 

a meaningful interpretation of sex-specific data. However, Lelliott et al. (2014) 

performed FGFR1-IIIc inhibition experiments on male and female mice and observed 

similar effects on glucose homeostasis and weight loss regardless of sex. 

In contrast to the FGFR1-IIIc blocking studies, here, Fgfr2 function was also disrupted. 

These receptors may have similar roles in tanycytes, but they may also differ due to 

their differential binding affinities of the ligands that are expressed in the 3V wall, for 

example FGF2 which has a higher affinity to FGFR1-IIIc while FGF9 and FGF18 

which preferentially bind FGFR2-IIIc (Chapter 4; Zhang et al., 2006a) It would be 

informative to perform a similar set of experiments using conditional knockout mice 
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that carry either only the Fgfr1 or Fgfr2 flox alleles to explore their distinct 

contributions. On the other hand, deletion of both receptors is more relevant to studies 

of exogenous application of FGF1, as both receptors are expressed in tanycytes, can 

be stimulated by FGF1 and may have compensatory or cooperative effects. 

Although in the hypothalamus of CKO mice, Fgfr1 and Fgfr2 deletion would occur only 

in β-tanycytes that express Fgf10, the effects may not be isolated to these cells. That 

is because Fgf10 is expressed in other parts of the brain (Hajihosseini et al., 2008). 

Furthermore, the progeny of Fgf10+ β-tanycytes in the parenchyma may normally be 

responsive to FGF signalling. Additionally, since tamoxifen administration was 

performed via IP injections, recombination would happen in all tissues that contain 

Fgf10 expressing cells. In terms of metabolically significant organs, Fgf10 is 

expressed in adult rat kidney (Cancilla et al., 2001), adult rat white adipose tissue 

(Yamasaki et al., 1999), adult mouse skeletal muscle (Christina Stratford thesis, UEA, 

2014), adult mouse small intestine (Al Alam et al., 2015), adult mouse liver (Utley et 

al., 2014), adult mouse pancreas (Hart et al., 2000) and in all these tissues Fgfr1 and 

Fgfr2 expression was also found. If Fgf10 and Fgfr1 and/or Fgfr2 are expressed in 

the same cells in some of these tissues, the deletion of these genes may possibly 

have synergistic or opposing effects on metabolism compared to ones arising from 

tanycytes. The most direct way of restricting deletion to brain tissue would be to inject 

4-hydroxy-tamoxifen into the third ventricle. However, it is not clear if in this case, a 

single injection would cause recombination in a sufficient number of cells, therefore 

cannulation might be preferred (DeVos and Miller, 2013). 

These caveats may help explain the lack of overt metabolic phenotype in CKO mice. 

However, a different explanation is that metabolic roles of endogenous FGF signalling 

in tanycytes may be minimal, synergistic with effects on other cell types, or easily 

compensated by other mechanisms due to the long-term nature of these experiments. 

In the studies cited previously that linked FGF signalling interventions with metabolic 

effects, not only tanycytes were affected. For example, in addition to tanycytes, Sun 

et al. (2007) found FGFR1-IIIc antibody deposition in the median eminence and 

arcuate nucleus. In addition to these sites, Lelliott et al. (2014) found that FGFR1-IIIc 

antibodies affected cells in area postrema and subfornical organ. Meanwhile, ICV 

injection of FGF1 causes induction of heat shock protein-25 in tanycytes and 

periventricular astrocytes (Scarlett et al., 2016). Indeed, glucose ICV application 

results in the release of FGF1 from the 3V ependyma into hypothalamus parenchyma 

(Oomura et al., 1992). Therefore, tanycytes may have either minor or synergistic roles 

in eliciting metabolic changes, not seen when their contribution is isolated. 
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In terms of lineage tracing, while no differences were seen in Het and KO animals in 

cell morphology and number, it is worthwhile noting that the distribution of lineage 

traced cells in the ependyma of these mice was very different compared to the 

P44/P45 – P55 lineage traced animals. In these mice, sacrificed at P233, lineage 

traced β-tanycytes and α-tanycytes were roughly equal in number, while in P55 

animals, α-tanycytes made up approximately a third of the total number of lineage 

traced tanycytes. This may indicate that α-tanycytes generated by β-tanycytes are not 

transient but remain in the α-domain long-term, at least when Fgfr1/Fgfr2 are deleted. 

The caveat to this is that these animals were challenged with HFD, and the lineage 

traced cells are Fgfr1/Fgfr2 deficient and may not reflect normal processes. Further 

long-term lineage tracing experiments could therefore be designed to investigate the 

dynamics of lineage traced tanycyte distribution in the ependyma, their migration, 

turnover and whether FGF receptor deficiency in β-tanycytes results in the 

amplification of lineage-traced tanycytes, as it does at postnatal ages, described in 

chapter 5. 

Further gain-of-function studies could be performed using mice that carry a 

conditionally expressed activated FGFR3 allele (Kang et al., 2014). Bred with mice 

that carry inducible Nestin or FGF10 CreERT2 drivers, this would allow to determine 

the effects of increased FGF signalling in tanycytes on metabolism and/or 

neurogenesis. Loss-of-function studies similar to ones described here could also be 

performed using a different inducible Cre driver such as Nestin, since Fgf10 is 

expressed in only a subpopulation of β-tanycytes that does not completely overlap 

with expression of Nestin and other markers (Haan et al., 2013) and different 

subpopulations may have different functions. 

Conclusion 

In conclusion, only very subtle metabolic effects were seen upon ablation of FGFR 

signalling in β-tanycytes. Namely, this resulted in a long-term trend in reduction of 

body weight gain in both chow and HFD fed animals, and, in the case of partial 

deletion (Het), a resistance to glucose homeostasis impairments seen in high-fat diet 

challenged mice. The tenuousness of these effects may suggest that other central 

targets are responsible for the fast-acting and dramatic changes in food intake, body 

weight and glucose homeostasis in response to exogenous FGF1 or FGFR blocking 

antibodies. This warrants a further exploration of both the contribution of tanycytes 

and these other potential targets while addressing the methodological caveats of the 

present study. 
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Chapter 7 

Fgf10 is required for expression of Agouti-related 

peptide (Agrp) in embryonic hypothalamus 
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7.1 – Introduction 

Paracrine FGFs form the largest subfamily of FGFs and signal by binding to FGF 

receptors, causing transphosphorylation of their tyrosine kinase domains and initiation 

of intracellular signalling cascades (Itoh and Ornitz, 2011). FGFs 1, 2, 3, 8 and 22 are 

canonically paracrine but have been shown to directly enter the nucleus and have an 

intracellular mode of action (Kiefer and Dickson, 1995; Beyer et al., 2003; Wesche et 

al., 2005; Wesche et al., 2006; Suzuki et al., 2012). Recently, FGF10 was also 

described as being capable of translocating into the nucleus and having intracrine 

roles (Mikolajczak et al., 2016). As mentioned in chapters 4 and 5, Fgf10 is expressed 

in β-tanycytes, yet its cognate receptors FGFR1-IIIb and FGFR2-IIIb are not present 

in the hypothalamus (Hajihosseini et al., 2008), therefore suggesting that FGF10 may 

operate in an intracrine fashion in tanycytes. However, intracellular FGF10 signalling 

is largely unexplored and our knowledge of its functions, intracellular binding partners 

and molecular targets are largely unknown. 

One effective way to study the noncanonical mode of action of FGF10 is by knocking 

out FGF10 and observing the effects this has in tissues that do not express its cognate 

receptors. In chapter 5 and 6, lineage tracing using the Fgf10CreERT2 mouse line was 

described. Heterozygous Fgf10CreERT2/+ (FGF10 Het) animals have reduced Fgf10 

expression, while homozygous Fgf10CreERT2/CreERT2 mice lack Fgf10 expression and 

can be considered FGF10 knockouts (FGF10 KO), while (El Agha et al., 2012). 

FGF10 KO mice do not survive after birth due to defects in organogenesis but can be 

used to explore the function of FGF10 in embryos. 

Previously Dr Niels Haan carried out work in our lab, characterising the expression of 

Fgf10 in embryonic mouse hypothalamus at various stages (Niels Haan PhD Thesis, 

2012; Fig. 7.1) through the use of the Fgf10LacZ transgenic mouse line (Kelly et al., 

2001). This revealed that Fgf10 expression in the E10-E12.5 hypothalamus is limited 

to the ependyma. At E14.5-E16.5, some fainter cells are also found lateral to the 

ependyma. At E18.5, there is strong staining not only in the ependyma but also in the 

lateral stream and the arcuate nucleus. By P4 this strong staining is again restricted 

to the ependyma and the arcuate nucleus is only faintly stained. β-galactosidase is a 

bacterial protein and therefore degrades slowly. This suggests that the faint cells are 

potentially transiently lineage traced and may not express Fgf10 themselves. 

It has been shown that cells lining the third ventricle give rise to neurons in 

hypothalamic nuclei (Shimada and Nakamura, 1973). In addition, a population of 

Fgf10+ progenitors is present in developing chick hypothalamus (Fu et al., 2017). It is 
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possible that the cells labelled laterally to the ependyma are neurons generated from 

Fgf10+ progenitors. However, most neurons in the hypothalamic nuclei are generated 

between E10-E16, including the arcuate nucleus (Shimada and Nakamura, 1973). 

Therefore, the intense staining seen only in E18.5 arcuate nucleus presents either an 

undescribed neurogenic event or short-lived induction of Fgf10 expression in the 

arcuate nucleus. 

FGF10 KO mice can be used to explore the role of FGF10 in this event. In addition, 

FGF10 mode of action in the embryonic hypothalamus is likely intracellular, and this 

presents an excellent opportunity to clarify which genes this signalling may impact. 

Comparing gene expression profiles of both FGF10 KO, FGF10 Het and WT E18 

hypothalamus through RNA sequencing (RNA-Seq) may, therefore, provide 

invaluable answers to both questions. Indeed, as described further in this chapter, 

RNA-Seq showed that the orexigenic neuropeptide Agrp (agouti-related 

neuropeptide) (Yang and Tao, 2016) is greatly downregulated in FGF10 KO 

embryonic hypothalamus in comparison to FGF10 Het hypothalamus, though not in 

the FGF10 KO/WT comparison (Table 7.1). This exciting result elicited further 

validation and investigations of its nature. 

7.1.1 – Aims 

To gain insights into the roles and molecular mechanisms of noncanonical FGF10 

signalling in embryonic hypothalamus, RNA sequencing was performed on mRNA 

extracted from the hypothalamus of FGF10 KO and WT animals. The results of RNA-

seq were then analysed and gene-targets validated by in situ hybridization. 

 

Figure 7.1 – Dynamic expression of Fgf10 in embryonic hypothalamus. 

Representative images of X-gal stained Fgf10LacZ hypothalamus at different 

embryonic stages. During the early stages (E10-16.5), Fgf10 expression is restricted 

to the ventral wall of the third ventricle, with some faint cells positioned laterally. 

However, at E18.5 in addition to ependymal cells, there is intense staining in the 

adjacent hypothalamus parenchyma, chiefly in the arcuate nucleus. This staining is 

still present at P4 but is considerably weaker in the parenchyma. This may reflect a 

neurogenesis event that takes place sometime between E16.5 – P4, or a short-term 

induction of Fgf10 expression in the parenchyma. Figure modified from Niels Haan 

PhD thesis (UEA, 2012). Arrows point to anatomical structures. ARC – arcuate 

nucleus; 3V – third ventricle. 
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7.2 – Results 

7.2.1 – RNA sequencing of embryonic Fgf10 KO hypothalamus reveals 

an array of genes controlled by Fgf10 

Dr Mohammad Hajihosseini and Dr Timothy Goodman had previously collected 

hypothalami from E18.5 embryonic mice (5 WT, 6 Fgf10Cre/+, 5 KO) and isolated 

mRNA. These samples were then given to Dr James Hadfield at the Cancer Research 

UK Cambridge Institute Genetics Core where the RNA-Seq differential gene 

expression experiment was performed. Each sample had: a sequencing depth of at 

least 5 million reads, average alignment rate of 96.87 %, intragenic alignment rate of 

94.21 %, and 17765.5 genes detected on average. Differential gene expression 

analysis was carried out using the DESeq workflow and p-values were adjusted for 

multiple-testing by FDR (false discovery rate).  

This experiment revealed 23 genes that were differentially expressed in the Fgf10Cre/+ 

(Het) / KO and 3 genes in the KO / WT comparisons (p < 0.05), while none were 

detected in the Het / WT comparison (Table 7.1). Two genes were differentially 

expressed in both comparisons: apelin receptor (Aplnr; upregulated) and RIKEN 

cDNA 4833420G17 gene (4833420G17Rik; downregulated). The confirmation of 

upregulation and downregulation of these genes was therefore attempted by 

performing ISH.  In addition, agouti-related protein (Agrp) was downregulated in KO 

compared to Fgf10Cre/+. Agrp is a neuropeptide expressed in a population of arcuate 

nucleus neurons and has an orexigenic role by acting as a biased agonist of 

melanocortin receptors (Yang and Tao, 2016). While Agrp was not significantly 

downregulated in the KO / WT comparison, it was still considered a gene worth 

investigating due to its restricted expression in the arcuate nucleus and importance to 

energy balance. 

cRNA probes for Aplnr, 4833420G17Rik and Agrp were synthesised and used for in 

situ hybridisation as described in chapters 2 and 3. Of these, only Agrp produced 

specific staining and could, therefore, be further investigated. 
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7.2.2 – Fgf10 regulates the expression of Agrp, but not Npy in embryonic 

mouse arcuate nucleus 

In situ hybridization using Agrp probes was performed on cryostat sections of WT, KO 

and Het E18.5 hypothalami (Fig 7.2 A, C, E). In all cases, its expression was restricted 

to the arcuate nucleus and some cells in subependymal ME. However, the intensity 

of staining and the apparent number of stained cells (not quantifiable) was visibly 

decreased in KO hypothalamus, compared to both Het and WT. Npy cRNA probes 

were also used in these experiments as ISH positive control reactions. Intriguingly, no 

apparent differences were seen in both the staining intensity and the number of cells 

expressing Npy in the hypothalamic of these animals (Fig. 7.2 B, D, F). In the arcuate 

nucleus, nearly all neurons that express Npy also express Agrp and they form a 

population of orexigenic Npy/Agrp neurons (Hahn et al., 1998). The lack of apparent 

alterations in the Npy ISH suggests that the Npy/Agrp population is not affected in 

terms of numbers, but instead, the expression of Agrp is strongly downregulated in 

KO hypothalamus. Next, immunohistochemistry for AGRP was performed and a 

similar reduction in AGRP protein levels in KO animals was observed (Fig. 7.2 G, H).  

As mentioned previously, FGF10 can only bind to FGFR2-IIIb, and to a lesser extent 

FGFR1-IIIb. To test whether these FGF receptors are expressed in the embryonic 

hypothalamus, RT-PCR reactions were performed using mRNA extracted from E16 

mouse hypothalamus and primers specific to Fgfr1 and Fgfr2 IIIb or IIIc splice 

isoforms. Only IIIc isoforms of Fgfr1 and Fgfr2 were detected (Fig. 7.3 A), suggesting 

that FGF10 may not signal through the canonical autocrine/paracrine mode of action 

in the embryonic hypothalamus. 

For further confirmation that Fgf10 may not act through its receptors in the embryonic 

hypothalamus, Agrp and Npy ISH was performed on wild-type and FGFR2-IIIb KO 

(De Moerlooze et al., 2000) E18.5 embryonic hypothalamus. Unlike KO animals, Agrp 

and Npy expression in FGFR2-IIIb KO animals was unchanged compared to WT (Fig. 

7.3 B, C, D, E). This adds further credence to the notion that FGF10 signalling in the 

embryonic hypothalamus may be noncanonical. 
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Figure 7.2 – Expression of Agrp is downregulated in Fgf10 KO arcuate nucleus, 

while Npy expression is unaltered. Representative pictures of ISH using Agrp or 

Npy probes on E18 hypothalamus sections. Note the highly reduced intensity of Agrp 

staining in KO (E) animals compared to both WT (A) and Het (C), while Npy signal 

was comparable in all genotypes (B, D, F).  The same reduction in AGRP protein level 

was observed in KO animals compared to WT by using IHC (G, H). Note that the 

sections in G and H are from comparable regions, but the section depicted in (H) has 

been slightly stretched during mounting. Scale bar – 100 µm. 
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Figure 7.3 – Expression levels of Agrp and Npy are unchanged in FgfR2–IIIb KO 

arcuate nucleus. RT-PCR performed on E16 hypothalamus detected only IIIc splice 

isoforms of Fgfr1 and Fgfr2, but not IIIb (A). Expected band sizes as follows: Fgfr1-

IIIb – 301 bp; Fgfr1-IIIc – 306 bp; Fgfr2-IIIb – 318 bp; Fgfr2-IIIc – 310 bp. 

Representative pictures of ISH using Agrp (B, C) or Npy (D, E) probes on E18 

hypothalamus sections. Expression strength and patterns of both Agrp and Npy were 

similar in both WT (B, D) and Fgfr2–IIIb KO (C, E) hypothalamus. Scale bar – 100 µm. 
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7.2.3 – Examination of Yap1 and Tead4 expression in Fgf10 deficient 

hypothalamus by ISH 

To shed light on possible molecular mechanisms and components that may link Fgf10 

to the regulation of Agrp expression, other genes were considered that were 

differentially expressed according to RNA-Seq. Yes-associated protein 1 (Yap1) is 

upregulated in KO hypothalamus (Table 7.1) and stood out as it directly interacts with 

the TEAD family of transcription factors and therefore participates in gene expression 

regulation. Furthermore, TEA Domain Transcription Factor 4 (Tead4) has binding 

sites on an enhancer for Agrp (Fishilevich et al., 2017; GeneHancer ID: 

GH16J067486). To test the hypothesis that Yap1 and Tead4 are involved in the 

regulation of Agrp expression and are affected by Fgf10, ISH for these genes was 

performed on E18 KO and WT hypothalamus sections. 

The ISH reactions using Yap1 cRNA probe were successful and revealed its 

expression solely in the 3V ependyma within the hypothalamus (Fig.7.4 A, A’, B, B’). 

However, no discernible difference in intensity or localisation of staining was observed 

in the KO hypothalamus. Perhaps this is due to the ISH protocol not being sensitive 

enough to reveal relatively subtle differences in gene expression levels (1.34-fold 

upregulation of Yap1, in contrast to Agrp which was downregulated 4.11 times; Table 

7.1). 

The Tead4 probe produced only weak, diffuse staining that did not appear to be 

specific (Fig. 7.4 C, C’, D, D’). 

 

7.2.4 – Expression of Foxo1 is altered in Fgf10 KO arcuate nucleus 

Forkhead Box O1 (Foxo1) and Brain-Specific Homeobox (Bsx) are transcription 

factors that are well characterised as regulators of Agrp transcription (Kitamura et al., 

2006; Lee et al., 2013a). Foxo1 is particularly of interest, as it is one of few factors 

known to differentially regulate Npy and Agrp transcription – in some cases it inhibits 

transcription of Agrp while not affecting Npy (Kitamura et al., 2006). Therefore, ISH 

for Foxo1 and Bsx was carried out to probe for any changes of their expression in KO 

hypothalamus. 

Expression of Foxo1 in WT embryonic hypothalamus was restricted to the 3V 

ependyma and the medial and lateral parts of the arcuate nucleus (Fig. 7.5 A, A’). 

However, while Foxo1 was expressed in the 3V ependyma and lateral part of the 

arcuate nucleus, its expression in the medial part was largely absent in KO 
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hypothalamus, (Fig. 7.5.B, B’). Expression of Agrp is also mostly restricted to the 

medial part of the arcuate nucleus (Fig. 7.2. A, A’, A’’), therefore suggesting that 

Foxo1 may play a role in FGF10 mediated Agrp expression regulation. 

Bsx was found to be expressed strongly in the dorsomedial nucleus and weaker in 

the arcuate nucleus and no apparent alterations were detected in the Fgf10 deficient 

hypothalamus (Fig.7.5 C, C’, D, D’). 
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Figure 7.4 – Yap1 and Tead4 as potential mediators of suppressed Agrp 

expression in Fgf10 KO. Representative pictures of ISH using Yap1 (A, A’, B, B’) or 

Tead4 (C, C’, D, D’) probes on E18 hypothalamus sections. Yap1 expression in the 

embryonic hypothalamus was restricted to the 3V ependymal and was similar in both 

WT (A, A’) and KO (B, B’) animals. Tead4 probe produced only widespread, unspecific 

staining. Scale bar – 100 µm. 
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Figure 7.5 – Altered expression of Foxo1 but not Bsx in the arcuate nucleus of 

Fgf10 KO mice. Representative pictures of ISH using Foxo1 (A, A’, B, B’) or Bsx (C, 

C’, D, D’) probes on E18 hypothalamus sections. Foxo1 staining was present in the 

arcuate nucleus and 3V ependymal in WT hypothalamus (A, A’), however, it was 

absent in the medial part of the arcuate nucleus in KO animals (B, B’). Bsx expression 

was strongest in the dorsomedial nucleus and comparable staining was also observed 

in the arcuate nucleus of both WT (C, C’) and KO (D, D’) hypothalamus. Arrows point 

to medial part of the arcuate nucleus. Scale bar – 100 µm. 
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7.3 – Discussion 

The intracellular functions and signalling mechanisms of FGF10 are poorly 

understood, as are its functions in E18 mouse hypothalamus. By performing RNA-

Seq on embryonic FGF10 KO hypothalamus mRNA our lab has identified genes that 

are influenced by ‘intracrine’ FGF10 signalling. Remarkably, among other effects, it 

was found to be involved in the establishment of AGRP expression in the embryonic 

arcuate nucleus. 

According to classic studies, neurons in the arcuate nucleus are produced between 

E11 and E16 (Shimada and Nakamura, 1973). The neurons of the anterior arcuate 

nucleus are generated earlier, between E11-E14, while in the caudal arcuate nucleus 

this process is extended and persists until E16, and a similar time-frame is seen in rat 

hypothalamus (Shimada and Nakamura, 1973; Altman and Bayer, 1978). Two well-

characterized, important populations of neurons reside in the arcuate nucleus: these 

are the anorexigenic pro-opiomelanocortin (POMC) and orexigenic AGRP/NPY 

neurons. These populations integrate central and peripheral signals to exert opposing 

influences on feeding behaviour – POMC neurons suppress, while AGRP/NPY 

neurons stimulate appetite (Sohn, 2015). Detailed analysis of their ontogenesis 

showed that both POMC and NPY neurons are born between E11.5 and E12.5 

(Padilla et al., 2010). At E13.5, only neurons in the lateral arcuate are born that do not 

express POMC or NPY. This study also found that a subset of POMC expressing 

neurons differentiate into NPY/AGRP or other neurons. The expression of the Pomc 

starts at E10.5-E11.5, Npy at E13.5 and Agrp at E15.5 (Padilla et al., 2010; Díaz et 

al., 2014). However, although expression starts in the embryonic hypothalamus, the 

expression of these neuropeptides continues to increase and develop postnatally 

(Nilsson et al., 2005; Cottrell et al., 2009). 

Considering the development of these populations, it seems unlikely that reduction in 

Agrp staining detected in ISH and IHC is caused by an alteration in neurogenesis in 

FGF10 KO animals. This is further confirmed by the fact that Npy expression is 

unperturbed by FGF10 deficiency, indicating that the NPY/AGRP population is 

unaffected in terms of numbers. A more likely explanation is that FGF10 signalling is 

influencing Agrp expression levels. Here, we found only IIIc splice isoforms of Fgfr1 

and Fgfr2 expressed in the embryonic hypothalamus. As no cognate receptors for 

FGF10 are expressed, and FgfR2-IIIb KO does not show the same phenotype of 

reduced Agrp expression, the mode of action is likely intracrine. Therefore, a plausible 

interpretation is that FGF10 expression extends to the arcuate nucleus at E18.5 and 
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affects the expression of genes, including Agrp, through its intracellular mode of 

action. 

Analysis of RNA-Seq results did not reveal any transcription factors that are 

differentially regulated in FGF10 KO hypothalamus. However, Yap1 is upregulated in 

FGF10 KO tissue. YAP1 is part of the Hippo-YAP signalling pathway which is involved 

in the regulation of cell proliferation, apoptosis, migration, differentiation and therefore 

important for organ growth and tumorigenesis (Zhao et al., 2010).  It is a 

transcriptional regulator whose activity is mediated by the TEAD family of transcription 

factors (Stein et al., 2015). TEAD4 has binding sites in an Agrp enhancer 

(GeneHancer ID: GH16J067486), but not in Npy promoters or enhancers (Fishilevich 

et al., 2017). The ISH reaction for Tead4 was unsuccessful, while the difference in 

Yap1 expression was likely not large enough (1.34-fold upregulation) to detect by ISH. 

However, Yap1 ISH did reveal that its expression is limited to the third ventricle wall 

at E18.5, with no expression in the arcuate. 

FOXO1 is a transcription factor that promotes Agrp expression in the mouse 

hypothalamus (Kitamura et al., 2006). Crucially, the Npy promoter does not contain 

FOXO1 binding sites and FOXO1 does not seem to affect Npy expression (Kitamura 

et al., 2006), though some studies report that it may influence the expression of both 

Agrp and Npy (Kim et al., 2006; Kim et al., 2012). This disagreement may be due to 

different experimental strategies and contexts employed in the studies. In this study, 

Foxo1 expression was found in the 3V wall and arcuate nucleus of the E18.5 

hypothalamus. However, Foxo1 expression in the medial part of the arcuate nucleus 

was absent in the KO hypothalamus. This perfectly matches the fact that Agrp 

expression at E18.5 is only present in the medial part of the arcuate nucleus and it is 

there that it is reduced in the KO hypothalamus. Therefore, intracellular FGF10 

signalling may be required for Foxo1 expression in the embryonic medial 

hypothalamus, which in turn promotes expression of Agrp. Since the alteration in the 

expression pattern is quite subtle, it could be that absolute levels of Foxo1 mRNA 

were also changed only slightly and therefore not detected by RNA-Seq. 

Recently, YAP1 has been shown to directly bind FOXO1 in cardiomyocytes, forming 

a functional complex that influences gene transcription (Shao et al., 2014). At E18.5, 

both Yap1 and Foxo1 are expressed in cells of the 3V ependyma, and therefore it is 

possible that they directly interact in these cells. It may be that coexpression of these 

genes in Fgf10+ progenitors resident in the ependyma at earlier embryonic ages 
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predisposes the newly generated neurons to express Agrp and Foxo1, but a 

deficiency in intracellular FGF10 signalling alters this process. 

Interestingly, the expression of Fgf10 can be upregulated or downregulated by Yap1, 

possibly by interactions with Wnt or Shh signalling systems, although the precise 

molecular mechanism is unclear (Reginensi et al., 2013; Lin et al., 2017; Volckaert et 

al., 2017). There is a possibility, that in FGF10 deficient cells Yap1 expression is 

upregulated as a compensatory mechanism, which then has knock-on effects on 

Foxo1, Agrp and maybe other genes. 

In a similar vein, Transforming Growth Factor Beta Receptor 2 (Tgfbr2) is upregulated 

in FGF10 KO hypothalamus (Table 7.1). TGFBR2 signalling can induce Fgf10 

expression cranial neural crest cells (Hosokawa et al., 2010). In addition, YAP1 

promotes Tgfrb2 transcription by binding to its promoter along with TEAD transcription 

factors (Fan et al., 2017). Therefore, a likely scenario is that to compensate for the 

loss of FGF10 function, Yap1 is upregulated, which in turn upregulates Tgfrb2. 

Changes in expression of other genes, such as Foxo1 and Agrp may then be knock-

on effects (Fig. 7.6). 

 

Figure 7.6 – Upregulation of Yap1 and Tgfbr2 in FGF10 KO hypothalamus may 

cause downregulation of Agrp. A schematic model of possible interactions that may 

result in Agrp downregulation in FGF10 KO hypothalamus. 1 – to compensate for 

FGF10 loss of function, Yap1 is upregulated. 2 – YAP1-TEAD complexes stimulate 

and upregulate Tgfbr2 expression. 3 – YAP1 and TGFRB2 may stimulate Fgf10 

expression (3a) or inhibit Foxo1/Agrp expression in the arcuate nucleus (3b). 4 – due 

to lowered Foxo1 expression, Agrp expression is downregulated. 
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To explore these possibilities, it would be helpful to acquire expression pattern 

information of these genes in WT and KO hypothalamus at different embryonic ages, 

starting at E10, when the birth of ARC neurons begins. In addition, as the expression 

of Agrp develops from adulthood to late postnatal ages (Nilsson et al., 2005; Cottrell 

et al., 2009), it would be important to understand whether intracellular FGF10 also 

affects Agrp expression in postnatal and adult animals, or if this regulation is short-

lived and incidental. FGF10CreERT2/CreERT2 mice cannot be used in this case, as they do 

not survive after birth (El Agha et al., 2012). However, this can be addressed through 

the use of FGF10CreERT2/Flox conditional knockout animals (Abler et al., 2009).  

The roles of intracrine FGF10 signalling may differ in adult and embryonic 

hypothalamus. In the adult, comparisons can be made between 

FGF10CreERT2/Flox::Rosa26tdTomato and FGF10CreERT2/+::Rosa26tdTomato animals. FGF10 

expressing adult cells could be sorted through FACS, followed by single-cell 

transcriptomics (Nguyen et al., 2018) to detect differential gene expression. 

One potential way for nuclear FGF10 to exert its effects as a transcriptional cofactor 

is by binding to DNA and/or other proteins involved in transcription regulation. 

Chromatin Immunoprecipitation Sequencing (ChIP-Seq) would be a good method to 

test if FGF10 can bind to DNA (Furey, 2012). Two-dimensional gel electrophoresis 

can be used to determine what proteins intracellular FGF10 binds to (Lasserre and 

Ménard, 2012). These approaches would provide essential information for 

understanding the molecular basis of intracrine FGF10 signalling and provide hints to 

its function. 

 

Conclusion 

The experiments detailed here are an early effort in understanding the nature of 

intracellular (non-canonical) FGF10 signalling. RNA sequencing provided tantalizing 

clues as to the functions of this signalling. In situ hybridization experiments confirmed 

that FGF10 is required for establishing Agrp expression in AGRP/NPY neurons during 

embryonic development by altering the expression of Foxo1. This is likely due to 

compensatory upregulation of Yap1 and Tgfrb2 in response to FGF10 signalling 

deficiency. Further studies are warranted to determine if this role is maintained in the 

postnatal and adult hypothalamus. In addition, many other genes were found that 

seemingly point to other possible functions. Finally, there is a need to elucidate the 

protein partners and the exact molecular basis for ‘intracellular’ FGF10 signalling. 
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Chapter 8 

General Discussion and Future Perspectives 
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8.1 - Discussion 

Constitutive neurogenesis in adult rodent brain is now widely accepted to occur in the 

subgranular and subventricular niches and this process has been extensively 

explored. Part of the enthusiasm of research into adult neurogenesis is due to the 

promise of therapeutic benefits for stroke, neurodegenerative and psychiatric 

diseases (Winner and Winkler, 2015; Apple et al., 2017; Lu et al., 2017). The rising 

prevalence of obesity, type II diabetes and eating disorders is a strong motivator to 

pursue a better understanding of adult neurogenesis in the hypothalamus due to its 

potential implications in energy homeostasis (Recabal et al., 2017). These 

investigations are at an early stage and there is little clarity over the identity of the 

neural stem/progenitor cells (NSPCs), the physiological and molecular determinants 

that regulate neurogenesis in adult hypothalamus and the function of newborn 

neurons and glial cells. 

Studies suggest that exogenous growth factors such as BDNF, CNTF, IGF-1, EGF 

and FGF2 can promote proliferation and neurogenesis in the hypothalamus, similar 

to effects of exogenous growth factors in the canonical niches (Pencea et al., 2001; 

Kokoeva et al., 2005; Perez-Martin et al., 2010; Xu et al., 2005; Robins et al., 2013). 

Counterintuitively, both administration of exogenous IGF-1 and deletion of its 

endogenous receptor, IGF-1R, enhance neurogenesis (Perez-Martin et al., 2010; 

Chaker et al., 2016), illustrating the importance of studying endogenous growth factor 

signalling. While endogenous FGF signalling has been shown to be important in SGZ 

and SVZ niches, this has not been explored in the hypothalamus niche. 

To bridge this gap in knowledge, this project sought to map the expression patterns 

of FGF signalling system components in the hypothalamus neurogenic niche. Then, 

the distribution and function of endogenous FGF receptors in the regulation of 

neurogenesis and metabolism was explored through their conditional deletion in 

tanycytes. 

 

8.1.1 – The mapping of FGF signalling pathway components suggests its 

roles in regulating hypothalamic neurogenesis and energy balance 

Although the expression of Fgfr1 and Fgfr2 in tanycytes has been reported previously 

(Lein et al., 2007), the tanycyte domain specificity of this expression had not been 

explored. Here, Fgfr1 and Fgfr2 expression was found in ventral tanycyte populations, 

mutually exclusive from that of GFAP which demarcates the α-tanycyte domain 



      
 

176 | P a g e  
 

(Goodman and Hajihosseini, 2015). Meanwhile, expression of Fgfr4 was not detected 

in the niche and Fgfr3 was expressed only in parenchymal S100β glial cells. It can, 

therefore, be concluded that the expression of FGF receptors in tanycytes is restricted 

to the β2 and ventral α2/β1-tanycyte domains. This matches the observation of 

increased ventral α2/β1-tanycyte proliferation in response to intracerebroventricular 

FGF2 injection (Robins et al., 2013). One possibility for a lack of proliferative effect 

on β2-tanycytes upon FGF2 administration is that FGF receptors in β2-tanycytes are 

not expressed on the apical side that contacts the CSF, but instead potentially on their 

basal processes in the median eminence. However, intracerebroventricular injection 

of FGF1 causes expression of c-Fos, a marker for cell activation (Bullitt, 1990), in both 

β2-tanycytes lining the floor of the third ventricle and tanycytes that form the lateral 

walls of the ventricle (Scarlett et al., 2016). This suggests that β2-tanycytes likely 

express Fgfr1 and Fgfr2 on their apical surface contacting the CSF and can, therefore, 

respond to FGFs in the CSF, but does not preclude their expression on basal 

processes. The lack of a proliferative FGF2 effect on β2-tanycytes may then reflect 

differences in the function of these receptors between these subtypes. This is 

supported by the much stronger expression of Fgfr1 and the FGF receptor signalling 

modulator Spry2 in β2-tanycytes compared to ventral α2/β1-tanycytes. It can be 

hypothesised that FGF signalling may play a role in controlling the proliferation of 

ventral α2/β1-tanycytes, while also being important for the barrier function of β2-

tanycytes (Langlet et al., 2013; Balland et al., 2014). 

β-tanycytes express many other RTK receptors, such as Ntrk2, VEGFR-3, CNTFRα, 

ErbB1 and ErbB2 (Prevot et al., 2003; Lein et al., 2007; Hou et al., 2011; Severi et al., 

2012). The intracellular signalling pathways of these receptors often overlap with that 

of FGFR1/FGFR2. It is likely that there are some synergistic effects, as reported 

elsewhere for FGF and BDNF, IGF-1, VEGF-A, CENTF and EGF (Ciccolini and 

Svendsen, 1998; Albrecht et al., 2002; Kano et al., 2005; Johnson-Farley et al., 2007; 

Singh et al., 2017). The expression of Sprouty1 and Sprouty2 in β-tanycytes reported 

here, suggests a tight regulation and fine-tuning of these inputs to achieve specific 

cellular responses. 

The expression of Fgf2 and Fgf18 in dorsal α2, ventral α2/β1 tanycytes and their high 

affinity for IIIc splice isoforms of FGF receptors (Zhang et al., 2006a) suggest that 

they are potential endogenous autocrine/paracrine ligands for tanycytic FGFR1 and 

FGFR2. Fgf1 and Fgf9 can also bind FGFR1-IIIc and FGFR2-IIIc, but their expression 

was found only in the GFAP+ α-tanycyte domain. They may still be released into the 

CSF and reach tanycytic FGF receptors through the currents created by beating cilia 
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(Faubel et al., 2016). Indeed, FGF1 is released from cells lining the 3V wall into the 

CSF and mediobasal hypothalamus parenchyma after feeding or ICV injection of 

glucose (Oomura et al., 1992). 

 

While expression of Fgf18 mRNA is restricted to GFAP- ventral α2/β1 tanycytes 

(Robins et al., 2013), even with an acute pulse-chase paradigm (tamoxifen IP at P50-

P52, dissection at P53), we find many tdTomato+ cells in the GFAP+ α-tanycyte 

domain of FGF18CreERT2::Rosa26tdTomato  animals. Ventral α2/β1 tanycytes have been 

shown to be a population of FGF responsive NSPCs (Robins et al., 2013), therefore 

the location of tdTomato cells more dorsal to the expression domain of Fgf18 may 

reflect the amplification and migration of these progenitors and their descendants. 

Animals carrying the FGF18CreERT2 allele may, therefore, be a useful tool for studying 

hypothalamic NSPCs and their lineage progression through lineage tracing or 

conditional inactivation of genes of interest. 

 

Parenchymal expression of Fgfr1 is widespread, and especially strong staining was 

observed in the ventromedial nucleus. No co-localisation of GFAP and Fgfr1 was 

observed, indicating that Fgfr1 is likely expressed by neurons of appetite-regulating 

centres and can be activated by FGF1 released from tanycytes or parenchymal cells 

to inhibit feeding (Sasaki et al., 1994). Fgfr3 expression was found solely in 

parenchymal S100β+ glial cells and although their function is unknown, FGFR3 

signalling in paraventricular astrocytes may be important for regulation or glucose 

homeostasis, as discussed later. 

 

8.1.2 – Fgfr1 and Fgfr2 control the amplification of β–tanycytes and 

consequently the numbers of new cells in energy balance controlling 

hypothalamic nuclei 

Deletion of Fgfr1 and Fgfr2 in FGF10+ β-tanycytes caused the amplification of lineage 

traced tanycyte and newborn parenchymal neuron numbers in the postnatal 

hypothalamus. This effect seemed restricted to an early postnatal time window (P6-

P10) and the amplification is likely due to increased cell proliferation. One model of 

this process is that lineage traced Fgfr1/Fgfr2 deficient β-tanycytes migrate to the α-

tanycyte domain where they proliferate further, giving rise to new neurons and other 

tanycytes. This is based on the observations that at postnatal ages, the α-tanycyte 

domains contain large numbers of proliferating cells (Goodman et al., in preparation; 
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Chapter 5), tdTomato+ tanycytes were seen to proliferate only in this domain (Chapter 

5), and that lineage traced Fgfr1/Fgfr2 deficient β-tanycytes and newborn neurons are 

amplified (Chapter 5). 

There are reasons to believe that this scenario is restricted to early postnatal ages. 

Firstly, lineage traced cell numbers seem to reach their apex at P10, and longer chase 

at P28 does not produce higher cell counts. Second, the high numbers of proliferating 

cells in the α-tanycyte domain in basal conditions have not been reported for mice 

above the age of P10, when β2-tanycytes become the main proliferative cells in the 

3V ependyma (Lee et al., 2012). Finally, expression of Fgfr2 at P8 is found in both β 

and GFAP+ α tanycytes domains, while its expression is restricted to β2- and ventral 

α2/β1-tanycytes in adult mice. This may suggest a role for Fgfr2 in controlling the level 

of proliferation in the α-tanycyte domain at postnatal ages. 

Exogenous ICV injection of FGF2 causes greatly increased proliferation of ventral 

α2/β1-tanycytes, but not of β2-tanycytes, in adult mice (Robins et al., 2013). Is this 

consistent with our finding of lineage traced cell amplification upon deletion of FGF 

receptors in tanycytes? Very high concentrations of FGF2 have been shown to inhibit 

FGFR signalling (Kanodia et al., 2014), therefore the overdose of exogenous FGF2 

may bring about a similar effect as the deletion of FGF receptors.  

Alternatively, FGFR1 has been previously shown to act as an inhibitor of lung 

epithelial stem cell proliferation, through its role in inducing post-translational 

modification of Spry2, which then inhibits the MAPK/ERK pathway activated by other 

pro-proliferative growth factors such as EGF (Balasooriya et al., 2016). A similar 

mechanism might be at play in the hypothalamic niche, as both Fgfr1/Fgfr2 and 

Spry1/Spry2 are expressed in β-tanycytes (Chapter 4) and deletion of these receptors 

causes amplification of lineage traced cells as discussed above (Fig. 8.2). Notably, 

the strongest expression of both Fgfr1 and Sprouty2 is in β2-tanycytes, rapidly 

tapering off dorsally with little expression in β1-tanycytes, where Fgfr2 expression 

predominates. It may be that stimulation of FGFR1 in β2-tanycytes inhibits 

proliferation by inducing SPRY2 posttranslational modifications, while in ventral α2/β2 

tanycytes FGFR2 signalling can induce proliferation, and this could explain the effects 

of exogenous FGF2. 
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Figure 8.1 – A model of postnatal hypothalamus neurogenesis and its 

regulation by FGFR signalling. Schematics represent the relative distribution of 

lineage traced Fgf10+ tanycytes and a model of their migration and proliferation at P6 

(A) and P10 (B, C). At P6, lineage traced β-tanycytes are migrating into the α-tanycyte 

domain. Between P6 and P10, lineage traced α-tanycytes proliferate and give rise to 

newborn neurons and to a lesser extent glial cells in the parenchyma, or to new 

tanycytes. Fgfr1/Fgfr2 deficient lineage traced cells numbers are greatly amplified by 

P10 (C) compared to tanycytes with non-impaired FGF receptor function. This 

amplification is especially pronounced in the β-tanycyte domain and ventromedial 

nucleus, likely caused by the increased proliferation of α-tanycytes. Fgfr2 is normally 

expressed in α-tanycytes in the postnatal hypothalamus and may act to inhibit 

proliferation. Adapted from Goodman et al., in preparation. 



      
 

180 | P a g e  
 

 

Figure 8.2 – A model of the molecular mechanism by which FGFR signalling 

may regulate tanycyte proliferation. (A) FGF receptor signalling in tanycytes may 

result in post-translational modifications of SPRY2, increasing the abundance of the 

active isoform (in orange) which actively inhibits proliferation stimulating MAPK and 

AKT pathways initiated by other receptor tyrosine kinase receptors (RTKs). In 

Fgfr1/Fgfr2 deficient tanycytes, the active SPRY2 isoform is less abundant, causing 

a reduction in the inhibition of proliferation stimulating signalling of other RTKs. 

Adapted from (Balasooriya et al., 2016). 
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Interestingly, a similar mismatch exists between the effects on tanycytes of 

exogenous stimulation with IGF-1 and endogenous deletion of IGF-R1, whereby both 

manipulations stimulate hypothalamic neurogenesis (Perez-Martin et al., 2010; 

Chaker et al., 2016). There is an increase in the number of lineage traced Nestin+ 

tanycytes and new-born neurons that are deficient in IGF-R1, akin to the amplification 

of FGF10+ tanycytes and neurons lacking FGF receptors. Since there is much overlap 

between FGF10 and Nestin in tanycytes (Haan et al., 2013), it is possible that some 

cells coexpress FGFR1/FGFR2 and IGF-R1 and that these signalling pathways may 

be synergistic, as reported elsewhere (Jiang et al., 2001; Johnson-Farley et al., 2007; 

Chen and Wang, 2014). Indeed, in a study of the effects of IGF-1R deletion in SVZ 

NSPCs, it was found that this growth factor signalling deficiency resulted in the 

production of more neuroblasts and that these NSPCs exhibited reduced 

phosphorylation of Akt (Chaker, Aïd et al. 2015). It is possible, therefore, that in 

tanycytes, a reduction in FGFR and/or IGF-1R activity results in reduced Akt pathway 

signalling, which may then affect cell division dynamics, survival and differentiation. 

In the Chaker et al., (2016) study, these effects were seen in older animals, 9 or 16 

months of age. Further studies could therefore be conducted to see whether FGFR 

signalling disruption also has similar effects in older animals. 

Recently, Prss56 has been described as a marker for NSPCs in the adult subgranular 

and subventricular zone neurogenic niches (Jourdon et al., 2016). In addition, its 

expression in the hypothalamus is restricted to GFAP- ventral α2/β1 tanycytes and 

lineage tracing of these cells using a Prss56Cre::Rosa26tdTomato mouse line revealed 

their neurogenic potential. In addition, they strongly proliferate in response to 

exogenous FGF2. There is likely some overlap between FGF10 and Prss56 

expressing tanycytes. Interestingly, some lineage traced Prss56+ tanycytes were 

seen to translocate into the parenchyma where they maintained tanycytic morphology 

and expression of tanycytic markers such as Vimentin and Nestin. This echoes the 

findings reported in chapter 5, where lineage traced tanycytes-like cells were seen in 

the parenchyma. The fate and significance of these cells are unknown: do they 

transdifferentiate into cells of neural/glial lineage? Do they divide in the parenchyma? 

Indeed, some lineage traced cells in the parenchyma that expressed PCNA and 

exhibited morphology akin to tanycytes with a shortened process were seen. In this 

report, tanycyte-like cells in the parenchyma were very rare and only found at P10, 

but the Jourdon et al., (2015) study reports their presence in adult hypothalamus too 

and it seems likely that these cells arise from ventral α2/β1 Prss56/Fgf10 expressing 

tanycytes. 
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8.1.3 – FGF receptor signalling in Fgf10+ β–tanycytes may not be crucial 

for regulating metabolic functions 

Central blockade of FGFR1 through neutralising antibodies and ICV injection of FGF1 

can both induce changes in food intake, body weight and glucose metabolism. 

Hypothalamic cells, including tanycytes, are likely at least partially involved in 

mediating these effects (Sun et al., 2007; Lelliott et al., 2014; Samms et al., 2015; 

Scarlett et al., 2016). Here, tanycytic FGF receptors were conditionally deleted in 

Fgf10CreERT2/+::Fgfr1flox/flox::Fgfr2flox/flox::Rosa26tdTomato (KO) mice fed chow diet and 

afterwards turned obese by high-fat diet. Their weight, glucose and insulin sensitivities 

were analysed and compared to mice with normal FGFR function. 

Unlike other reports that describe the rapid onset of hypophagia and weight gain upon 

administration of FGFR1 blocking antibodies, only very subtle, statistically 

insignificant trends were seen whereby Fgfr1/Fgfr2 deficient mice gained less weight 

during HFD treatment. No effects on glucose homeostasis were observed. 

There may be a few reasons for this apparent lack of metabolic phenotype. First, 

Fgfr1/Fgfr2 deletion would occur in these mice only in Fgf10 expressing cells and in 

the hypothalamus, this is restricted to β-tanycytes (Hajihosseini et al., 2008). This may 

mean that FGF receptors in other cells of the hypothalamus or in other parts of the 

brain are responsible for the effects seen in other studies. For example, in the Scarlett 

et al., (2015) study, FGF1 administration caused expression of heat-shock protein not 

only in tanycytes but also in periventricular astrocytes. As described in Chapter 4, 

periventricular S100β+ astrocytes express Fgfr3, so it may be that FGFR3 in these 

cells may be important for the hyperglycaemia ameliorating effects of FGF1. Likewise, 

in addition to non-tanycytic targets in the mediobasal hypothalamus, FGFR1 

antibodies also bind to area postrema and subfornical organ (Lelliott et al., 2014). 

There are some technical caveats that should be addressed by future studies. Since 

tamoxifen was administered systemically, other metabolically important organs such 

as the liver, kidneys, adipose tissue and muscles may also have been impacted, 

although we do not know if Fgfr1/Fgfr2 and Fgf10 are co-expressed in cells within 

these tissues. Additionally, experiments were performed on mixed-sex animal groups. 

As sexual dimorphisms exist in metabolic processes (Tiraby et al., 2007; Shi et al., 

2008; Macotela et al., 2009), the lack of only-male or only-female analyses may mask 

subtler phenotypes. A control group comprised of Fgf10CreERT2/+ animals should also 

be included, as the Fgf10CreERT2 allele may have metabolic effects on its own, as 

evidenced by lower weight of adult Fgf10CreERT2/+::Fgfr1flox/+::Fgfr2flox/+::Rosa26tdTomato 
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(Het) animals compared to mice with normal FGF10 function 

(Fgfr1flox/flox::Fgfr2flox/flox::Rosa26tdTomato) before tamoxifen injections. Finally, the 

FGFR1 and FGFR2 may have non-overlapping functions, so conditional disruption of 

only Fgfr1 or Fgfr2 may be informative of their individual contributions. 

Interestingly, glucose homeostasis did not seem to be impaired in 

Fgf10CreERT2/+::Fgfr1flox/+::Fgfr2flox/+::Rosa26tdTomato (Het) animals fed a high-fat diet, and 

glucose tolerance test results suggested that they were more resistant to glucose 

compared to KO mice. This may mean that intermediate FGFR signalling levels have 

metabolically positive effects compared to intact (WT) and minimal (KO) FGFR 

function. High levels of FGF2 have been shown to disrupt FGFR1 signalling (Kanodia 

et al., 2014). It is possible that exogenous FGF1 injections reported in Scarlett et al., 

2015 may, in fact, result in partial blockade of FGFR signalling, having a similar effect 

to partial deletion of FGF receptors in Het animals, reported here. 

 

8.1.4 – A noncanonical Fgf10 function regulates the 

expression of Agrp in developing mouse hypothalamus 

The expression of Fgf10 in β-tanycytes and a lack of its cognate receptors FGFR1-

IIIb and FGFR2-IIIb suggest a receptor-independent noncanonical, possibly 

intracellular mode of action (Hajihosseini et al., 2008; Mikolajczak et al., 2016). To 

determine the function and molecular targets of FGF10 signalling, RNA sequencing 

had previously been performed on FGF10 deficient and wild-type embryonic 

hypothalamus. This revealed an array of genes that are up- or downregulated in 

FGF10 KO hypothalamus. The significant downregulation of Agrp in the arcuate 

nucleus was confirmed by ISH and IHC. No expression of Fgfr1-IIIb and Fgfr2-IIIb 

was detected in the embryonic hypothalamus and no downregulation of Agrp occurred 

in FGFR2-IIIb KO, suggestive of an FGF10 function independent of FGF receptors. 

Finally, the expression of Npy was not affected by FGF10 deficiency, indicating that 

there are no defects in the generation of NPY/Agrp neuron population and that FGF10 

can affect gene Agrp expression. 

FOXO1, a transcription factor important for Agrp expression (Kitamura et al., 2006) 

was also downregulated in the medial part of the arcuate nucleus. Based on the RNA 

sequencing data and known interactions between the following genes, a plausible 

scenario can be proposed: as a compensatory mechanism to FGF10 deficiency, the 

expression of Yap1 is upregulated (Reginensi et al., 2013; Lin et al., 2017; Volckaert 
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et al., 2017), which in conjunction with TEAD transcription factors promotes Tgfrb2 

expression (Fan et al., 2017), which can also influence Fgf10 expression (Hosokawa 

et al., 2010). Since FOXO1 and Yap1 are known to directly interact and affect 

transcription (Shao et al., 2014), it is possible that the compensatory upregulation of 

Yap1/Tgfrb2 can negatively influence Foxo1/Agrp (Fig. 8.3). 

 

Figure 8.3 – Upregulation of Yap1 and Tgfbr2 in FGF10 KO hypothalamus may 

cause downregulation of Agrp. A schematic model of possible interactions that may 

result in Agrp downregulation in FGF10 KO hypothalamus. 1 – to compensate for 

FGF10 loss of function, Yap1 is upregulated. 2 – YAP1-TEAD complexes stimulate 

and upregulate Tgfbr2 expression. 3 – YAP1 and TGFRB2 may stimulate Fgf10 

expression (3a) or inhibit Foxo1/Agrp expression in the arcuate nucleus (3b). 4 – due 

to lowered Foxo1 expression, Agrp expression is downregulated. Reproduced from 

Chapter 7 (Figure 7.6) for clarity. 

 

The detection of both Yap1 and Foxo1 in the 3V ependyma of embryonic 

hypothalamus by in situ hybridization lends some support to this model. It also 

suggests that the regulation of Agrp expression reported here may occur at the level 

of progenitor cells, before the birth of the neurons that eventually express AGRP/NPY. 

As such, this function of FGF10 may be a short-lived developmental effect. However, 

newborn AGRP/NPY neurons are generated in adulthood too (Pierce and Xu, 2010; 

Haan et al., 2013). The AGRP/NPY neuron population is essential for stimulating 

feeding behaviour in adult mice (Luquet et al., 2005; Essner et al., 2017). AGRP itself 

has a role in energy balance and a study reports that downregulation of AGRP mRNA 

by RNA interference in adult animals causes increased metabolic rate, resulting in 
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than wild-type mice (unpublished observations; Chapter 6). This may reflect a role for 

FGF10 in regulating food intake or metabolic rate by controlling the generation of 

AGRP/NPY neurons and/or expression of Agrp in adult mice. 

Apart from regulating the expression of Agrp, FGF10 expressed in tanycytes likely 

has multiple roles as indicated by the differential expression of a diverse set of genes 

in FGF10 KO hypothalamus. For example, Aplnr is highly upregulated in the knockout 

and has a role in the hypothalamic control of fluid homeostasis (Roberts et al., 2010). 

Tgfbr2 is also upregulated in FGF10 deficient hypothalamus and in adult mice, its 

ligand TGFβ1 regulates the access of GnRH nerve terminals to the anterior pituitary 

by inducing tanycytes to retract their processes (Prevot et al., 2003). FGF10 may, 

therefore, participate in multiple physiological processes, but this needs to be 

investigated and confirmed. A better understanding of the exact molecular 

mechanisms of noncanonical FGF10 signalling is crucial if any of its potential roles 

were to be harnessed therapeutically, but they also remain to be determined. 

 

8.2 – Future Directions 

There are many further experiments that can be performed to expand upon the work 

presented here or to address potential caveats. 

Short-term lineage tracing suggests that expression in FGF18 ventral α2/β1-tanycytes 

may mark a population of progenitors. Long-term lineage tracing using the 

Fgf18CreERT2::Rosa26tdTomato mouse line could be used to determine if these cells give 

rise to cells in the parenchyma of neural and glial fate. In addition, they are likely FGF 

responsive, so the effects of exogenous FGF stimulation or deletion of Fgfr1/Fgfr2 in 

these cells could be explored. 

To determine the exact nature of the amplification seen in Fgfr1/Fgfr2 deficient lineage 

traced cells, it is necessary to perform additional analyses of cell proliferation. 

Although the PCNA/dsRed co-localisation experiments at P7 and P10 were 

incomplete, the preliminary results suggest that amplification likely happens at P8 or 

P9 and the next experiments should, therefore, focus on these ages. If this is a 

cumulative effect where a slight continuous increase in proliferation between P6-P10 

results in significant amplification by P10, then BrdU labelling may be more beneficial, 

as the mice can be injected with BrdU every day between P6-P9 and the labelled cells 

counted at P10. 
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Although an attempt was made to investigate the function of FGF receptors in adult 

tanycytes, the lineage traced cell counts were highly variable, potentially due to errors 

in IP injection technique (Steward et al., 1968). To address this issue, tamoxifen 

administration to adult animals could be performed through oral gavage, as it may be 

more reliable for delivery of tamoxifen consistently. 

The functions of FGFR1 and FGFR2 can differ in the same stem cell population, as 

exemplified by airway epithelium basal cells (Balasooriya et al., 2016; Balasooriya et 

al., 2017). It would, therefore, be useful to perform the lineage tracing and metabolic 

experiments using mice that carry either Fgfr1Flox/Flox or Fgfr2Flox/Flox alleles, but not 

both. This would allow for the characterisation of potentially distinct or even opposing 

functions of these receptors in the control of neurogenesis and metabolism. In the 

same vein, sex differences can have an impact on both neurogenesis and 

metabolism, so increasing numbers of animals used sufficient for sex-split analysis 

may uncover effects otherwise hidden in sex-pooled analyses (Tiraby et al., 2007; Shi 

et al., 2008; Macotela et al., 2009; Lee et al., 2014). 

Tanycytes have important roles in maintaining a barrier between the fenestrated 

capillaries of the median eminence/ventromedial arcuate nucleus and the CSF 

(Mullier et al., 2010; Langlet et al., 2013). Any contribution of FGF receptors to this 

role could be investigated by examining the expression of tight junction proteins in 

Fgfr1/Fgfr2 deficient cells. 

To test the hypothesis that FGFR1 signalling in β-tanycytes causes posttranslational 

modification of Spry2, therefore inhibiting proliferation as reported in airway stem cells 

(Balasooriya et al., 2016), conditional knockout of Fgfr1 could be performed and the 

expression of Spry2 assessed either through qRT-PCR of mRNA isolated from 

median eminence tissue, or by Spry2 mRNA in situ hybridization combined with 

dsRed chromogenic IHC. Since the FGFR1-induced posttranslational modification of 

Spry2 results in decreased phosphorylation of ERK, the proportion of lineage traced 

tanycytes that co-localise with pERK would be expected to be higher in Fgfr1 deficient 

cells and this could also be quantified. 

To delineate central effects of Fgfr1/Fgfr2 deletion in metabolic experiments, 4-

hydroxy-tamoxifen could be administered to the ventricles via a mini-pump (DeVos 

and Miller, 2013). In addition, BrdU labelling analysis could be performed following an 

injection of FGF1 into the ventricles of obese mice to ascertain if neurogenesis is 

affected and may be part of the mechanism causing sustained beneficial effects on 

glucose metabolism (Scarlett et al., 2016). If neurogenesis is affected, abrogation of 
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cell division by AraC or focal irradiation would help establish whether there is a causal 

relationship between the effects of FGF1 on glucose homeostasis and neurogenesis. 

To test whether intracellular FGF10 has similar functions in adult mice as in embryonic 

mice, FGF10CreERT2/flox::Rosa26tdTomato animals can be utilised. FACS sorting of cells 

where recombination takes place is possible, followed by single-cell transcriptomics 

(Nguyen et al., 2018). Additionally, in situ hybridization or qRT-PCR of Agrp in 

postnatal and adult Fgf10CreERT2/+ animals can be performed and compared to wild-

type, as the Fgf10CreERT2/+ animals have reduced FGF10 function and weight, which 

might suggest reduced function of orexigenic AGRP. To determine intracellular 

protein binding partners FGF10, two-dimensional gel electrophoresis can be 

performed (Lasserre and Ménard, 2012), while the potential for FGF10 to bind DNA 

directly can be assessed through Chromatin Immunoprecipitation Sequencing (ChIP-

Seq) (Furey, 2012). Such experiments should help to elucidate the molecular partners 

and mechanisms of noncanonical FGF10 signalling. 

 

8.3 – Concluding Remarks 

The research undertaken in this project has provided novel information on the 

expression of FGF signalling system components in the hypothalamus and their 

enrichment in β-tanycytes. The function of endogenous FGF signalling was then 

explored in the context of postnatal neurogenesis and metabolic control, revealing 

roles in controlling the amplification of tanycytes and new-born neurons. In addition, 

a potential noncanonical function of intracellular FGF10 in regulating expression of 

Agrp was described. Metabolic disorders have become a global epidemic and they 

continue to rise in prevalence (O'Neill and O'Driscoll, 2015). Further investigations 

into the neural circuitry involved in energy homeostasis, its establishment, plasticity 

and molecular regulators are needed to inform future therapeutic approaches for 

treating and preventing these maladies. Combined, the finding presented here may 

form a meaningful contribution as they serve to improve our understanding of 

neurogenesis in postnatal and adult hypothalamic neurogenesis, control of energy 

homeostasis and the roles that FGF signalling may play in regulating these processes. 
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List of abbreviations 

 

3V   Third ventricle 

AAV  Adeno-associated virus  

AER   Apical ectodermal ridge 

AGRP   Agouti related peptide 

AKT   Protein kinase B 

aP2   Fatty acid binding protein 4 

Aplnr   Apelin receptor 

Ara-C   Cytosine arabinoside 

ARC   Arcuate nucleus 

AUC   Area under curve 

BAC   Bacterial artificial chromosome 

BBB   Blood brain barrier 

BC   Basal cell 

BDNF   Brain-derived neurotrophic factor 

BLBP   Brain lipid-binding protein 

BMP   Bone morphogenetic protein 

BrdU   Bromodeoxyuridine 

BSX   Brain-specific homeobox factor  

Camk2a   Calcium/calmodulin dependent protein kinase II alpha 

CCK-A   Cholecystokinin  

ChIP-Seq   Chromatin immunoprecipitation sequencing 

CKO   Fgf10CreERT2::Rosa26tdTomato::Fgfr1Flox/Flox::Fgfr2Flox/Flox mice 

CNTF   Ciliary neurotrophic factor 

CNTFR   Ciliary neurotrophic factor receptor 
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Cre  Cre recombinase  

CRH   Corticotropin Releasing Hormone 

CSF   Cerebrospinal fluid 

CT   Fgf10CreERT2::Rosa26tdTomato mice 

DAB   3,3′-Diaminobenzidine 

DCX   Doublecortin 

DEPC   Diethyl pyrocarbonate 

DIG   Digoxigenin 

Dio2   Iodothyronine deiodinase 2 

Dio3  Iodothyronine deiodinase 3 

Dlx1as   Distal-Less homeobox 1, antisense 

Dlx2   Distal-Less homeobox 2 

DMN  Dorsomedial nucleus 

Drop-seq   Droplet-Sequencing 

dsRed   Discosoma red fluorescent protein 

EDTA   Ethylenediaminetetraacetic acid 

EGFP   Enhanced green fluorescent protein 

EGFR   Epidermal growth factor receptor  

ERK   Extracellular signal-regulated kinase 

ETV4   ETS Variant 4 

FACS   Fluorescence-activated cell sorter 

FGF   Fibroblast growth factor 

FGFR   Fibroblast growth factor  

FOXO1   Forkhead box O1 

GABA   Gamma-Aminobutyric acid 

GFAP   Glial fibrillary acidic protein 
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GFP   Green fluorescent protein 

GK   Glucokinase 

GLAST   Glutamate aspartate transporter 

GLUT2   Glucose transporter 2 

GnRH   Gonadotropin-releasing hormone 

GTT   Glucose tolerance test 

Het   Fgf10CreERT2::Rosa26tdTomato::Fgfr1Flox/+::Fgfr2Flox/+ mice  

  OR  Fgf10CreERT2/+ mice 

HFD   High fat diet 

hiNGS   Heat inactivated new goats serum  

HPA   Hypothalamic–pituitary–adrenal axis 

HPG   Hypothalamic–pituitary–gonadal axis 

HPT   Hypothalamic–pituitary–thyroid axis 

HRP   Horseradish peroxidase 

HSP25   Heat shock protein 25 

HSPG   Heparan sulfate proteoglycan  

ICV   Intracerebroventricular 

IGF-1R   Insulin-like growth factor 1 receptor 

IGF-2   Insulin-like growth factor 2 

IGFBP6  IGFBP6 

IL-1β  Interleukin 1 beta 

IL-6  Interleukin 6  

INFS  Integrative nuclear FgfR1 signaling 

IP  Intraperitoneal 

ISH  In situ hybridization 

ITT  Insulin tolerance test 
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K-ATP  ATP-sensitive potassium channel  

Klb  Klotho Beta 

KO  Knockout 

LacZ  Beta-galactosidase 

LHA  Lateral hypothalamic area 

LIF  Leukemia inhibitory factor 

MAPK  Mitogen-Activated Protein Kinase  

MC4R  Melanocortin 4 Receptor 

MCH  Melanin-concentrating hormone 

MCH1R  Melanin-concentrating hormone receptor 1 

MCT8  Monocarboxylate transporter 8 

MEK  Mitogen-activated protein kinase 

mGluR4  Metabotropic glutamate receptor 4 

Mll1  Mixed-lineage leukemia 1 

MKP3  Mitogen-activated protein kinase phosphatase 3 

NeuN  Neuronal nuclei 

NeuroD  Neurogenic differentiation 

NPY  Neuropeptide Y 

NSPCs  Neural stem/progenitor cells 

Ntrk2  Neurotrophic receptor tyrosine kinase 2 

OCT  Optimal cutting temperature compound 

OLETF  Otsuka long-evans tokushima fatty 

Olig2  Oligodendrocyte transcription factor 2 

P  Postnatal day 

Pax6  Paired box protein Pax-6 

PBS  Phosphate-buffered saline 
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PCNA  Proliferating cell nuclear antigen 

PDGF  Platelet-derived growth factor 

PDGFαR  Platelet-derived growth factor-α receptor 

Pdx1  Pancreas/duodenum homeobox protein 1 

PFA  Paraformaldehyde 

PGK  Phosphoglycerate kinase 

pH3  Phospho-Histone H3 

PI3K  Phosphoinositide 3-kinase 

pkB  Protein kinase B 

PLCγ  Phospholipase C gamma 

POD  Peroxidase 

POMC  Pro-opiomelanocortin 

PPII  Polyproline II 

Prox1  Prospero homeobox protein 1 

Prss56  Serine protease 56 

PSA-NCAM  Polysialylated-neural cell adhesion molecule 

PVN  Paraventricular nucleus   

RBP-Jk Recombination signal binding protein for immunoglobulin 

kappa j region 

RGCs  Radial glial cells 

RMS  Rostral migratory stream 

RNA-Seq  RNA sequencing 

ROBO  Roundabout Guidance Receptor 

S100β  S100 Calcium Binding Protein B 

SCN  Suprachiasmatic nucleus 

SDS  Sodium dodecyl sulfate 
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Sef  Similar expression to Fgf 

SF1  Steroidogenic factor 1 

SGZ  Subgranular zone 

Shh  Sonic hedgehog 

SOX2  Sex determining region Y-box 2 

Spry  Sprouty 

SSC  Saline-sodium citrate 

STAT  Signal transducer and activator of transcription protein 

SVZ  Subventricular zone 

T3  Triiodothyronine 

T4  Thyroxine 

Tas1r2  Taste receptor type 1 member 2 

Tas1r3  Taste receptor type 1 member 3 

TBE  Tris/Borate/EDTA 

tdTomato  Tandem dimeric Tomato 

Tead4  Tea domain transcription factor 4 

Tgfbr2  Transforming growth factor β receptor type-2 

TGFβ1  Transforming growth factor β1 

TRH  Thyrotropin-releasing hormone 

TrkB  Tropomyosin receptor kinase B 

TSA  Tyramide signal amplification 

TSH  Thyroid-stimulating hormone 

TUNEL Terminal deoxynucleotidyl transferase dUTP nick end 

labeling 

TX  Triton X-100  

UTP  Nucleoside triphosphate 
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VEGF  Vascular endothelial growth factor 

vmARC  Ventromedial arcuate nucleus 

VMN  Ventromedial nucleus 

WMISH  Whole-mount in situ hybridization 

X-gal  5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside 

Yap1  Yes-associated protein 1 

ZO1  Zonula occludens-1 

α-MSH  alpha-Melanocyte-stimulating hormone  
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Appendices 

 
Appendix Table 1. RT-PCR primers for paracrine FGFs. * - primers used to make 
template for cRNA probe. 

 

Gene Primer sequences (5’-3’)
Product 
size 
(bp)

Reference

Fgf1
ACCGAGAGGTTCAACCTGCC
GCCATAGTGAGTCCGAGGACC

387
Hajihosseini
and Heath, 
2001

Fgf1*
AGGAGCAAGGAGACAGGATG
ATGCAGTACCCCTGGAGTTG

947
Yaylaoglu et 
al., 2005

Fgf2
GCCAGCGGCATCACCTCGCT
TATGGCCTTCTGTCCAGGTCCCGT

435
Hajihosseini
and Heath, 
2001

Fgf2*
AGCGGCATCACCTCGCTTCC
TATGGCCTTCTGTCCAGGTC

426
Yaylaoglu et 
al., 2005

Fgf3
GATGGGCCTGATCTGGCTTCTGCT
CACCATCTCATGGTCCTTGTGGCC

573
Hajihosseini
and Heath, 
2001

Fgf4
ACCACAGGGACGCTGCTGCCCA
CCTTCATGGTAGGCGACACTCGGT

567
Hajihosseini
and Heath, 
2001

Fgf5
CATCTTCTGCAGCCACCTGATCCA
AAGTTCCGGTTGCTCGGACTGCTT

652
Hajihosseini
and Heath, 
2001

Fgf5*
TCTTCTGCAGCCACCTGATC
TCTGTACTTCACTGGGCTGG

749 
and 
645

Yaylaoglu et 
al., 2005

Fgf6
CACGCTGCAGGCTCTCGTCTTCTT
CAGTCATGATTGGGGACACCTTGC

542
Hajihosseini
and Heath, 
2001

Fgf7
ATCCTGCCGACTCCGCTCTA
CCTTTTGATTTAAGGCCACGAACA

487
Hajihosseini
and Heath, 
2001

Fgf8
CTGAGCTGCCTGCTGTTGCACTTG
GGTAGTTGAGGAACTCGAAGCGCA

568
Hajihosseini
and Heath, 
2001

Fgf9
ATGGCTCCCTTAGGTGAAGTTGG
GCCTCCGCCTGAGAATCCCCTTTAAATG

196
Hajihosseini
and Heath, 
2001

Fgf10
CTCTTTTTGGTGTCTTCGTTCCC
CGCTGACCTTGCCGTTCTTCTC

228
Hajihosseini
and Heath, 
2001

Fgf16
GAACGAGCGCCTGGGCCAGATCG
GGACATGGAGGGCAACTTAGAAGG

497
Hajihosseini
and Heath, 
2001

Fgf16*
TCTTTGCCTCCTTGGACTGG
ATGGAGGGCAACTTAGAAGG

578
Yaylaoglu et 
al., 2005

Fgf17
CACCCGTCTCCTAATTTTAACC
CGAACTGCTTCTGCCTTTCAGC

505
Hajihosseini
and Heath, 
2001

Fgf17*
AAGCCAGTAGCCCAAGAGAGC
TCGGTGAACACGCAGTCTTTG

675 N/A

Fgf18
CACCACAGTCACCAAGCGATCC
CTTTGGTTTCTCGCAGTTTCCTC

340
Hajihosseini
and Heath, 
2001

Fgf22
GTGGGCGTCGTGGTCATCAAAGCAG
GCAGGAAGTGGGCGGACAGGTGG

256 
and 
233

Hajihosseini
and Heath, 
2001
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Appendix Table 2. RT-PCR primers for intracrine and endocrine FGFs.  

* - primers used to make template for cRNA probe. 

 

 
Appendix Table 3. RT-PCR primers for Neuropeptides, transcription factors 
and other genes.  * - primers used to make template for cRNA probe. 

233 2001

Fgf11*
GTCGCTTTAAGGAGTGCGTC
CACTGTGGAGAGAAGGCTCC

219
Hajihosseini
and Heath, 
2001

Fgf12*
TGTATCGCCAACAGGAATCAGG
GGAGAGGGAAGAACGGAAGAG

278
Hajihosseini
and Heath, 
2001

Fgf13*
CTATCGCCAGCTCGCTCATCC
CACCAGAGACGCTTCTGCTC

626
Hajihosseini
and Heath, 
2001

Fgf14*
GGTGGATATCTTCTCTAAAGTG
GGATGGTTCTCGGTACATGG

498
Hajihosseini
and Heath, 
2001

Fgf15
GGAACAAAGGACAGCCTAGA
CAGAACTGAGAGCCAGGAGC

275
Hajihosseini
and Heath, 
2001

Fgf21
GATGACGACCAAGACACTGAAG
GCATGGGCAGGAAGCGCACAG

409
Hajihosseini
and Heath, 
2001

Fgf21*
TCAAGTCCGGCAGAGGTACC
TGGAGCAGGCCTGGCATG

390
Yaylaoglu et 
al., 2005

Fgf23
CGTGCTCTGCACTGTCTGCAGC
CTTCCTCTGCGCTCGGCAGCTC

614
Hajihosseini
and Heath, 
2001

Gene Primer sequences (5’-3’)
Product 
size 
(bp)

Reference

Npy*
TCACAGAGGCACCCAGAGCAGAG
AATGGGGCGGAGTCCAGCCTAGTG

475 
Lein et al., 
2006

Agrp
AAAGCTTTGTCCTCTGAAGCTG
GTTCTGTGGATCTAGCACCTCC

430
Lein et al., 
2006

Foxo1
GTACTTGCACACTCAACGTTCC
CCTGCCACTGTCTGTACTTAGG

507 N/A

Bsx
CGAGGACATTCTGCTACACAAGC
TTCGTCTTGGCTTTTCCTCAGC

460
Lein et al., 
2006

Tead4
CCTTCCACAGTAAAATGGCTCTTG
TCGATGTTGGTATTGAGGTCTG

493
Lein et al., 
2006

Yap1
TAAAGAACCCGAACCGCAGACAG
GCTGAGGTGGAGGCAGAAGG

987
Lein et al., 
2006

4833420G17
Rik

AACATCCCTGGATGGACACG
GGCAGGGCAGCTGAGTAAC

543
Lein et al., 
2006

Aplnr
ACTTCATTCAGCACCATGGAAG
GGTAGGTATAAGTGGCCCACAG

280 N/A

Bdnf*
CGACGACATCACTGGCTG
CGGCAACAAACCACAACA

824
Lein et al., 
2006
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Appendix Table 4. RT-PCR primers for FGF receptors and signalling 

modulators. * - primers used to make template for cRNA probe. 

  

 

 

Gene Primer sequences (5’-3’)
Product 
size 
(bp)

Reference

Fgfr1
IIIb Reverse
IIIc Reverse

GCAGGGCTGCCTGCCAACGAGACAGTG
GGTCTGGTGCAGTGAGCCACGCAGACT
G
GAACGGTCAACCATGCAGAGTGATGG

301
306

Hajihosseini
and Dickson, 
1999

Fgfr1*
CACCGACCCATCCTTCAGG
GTCGGACTTCAACATCTTCACG

801
Lein et al., 
2006

Fgfr2
IIIb Reverse
IIIc Reverse

CCCATCCTCCAAGCTGGACTGCCT
CTGTTTGGGCAGGACAGTGAGCCA
CAGAACTGTCAACAATGCAGAGTG

318
310

Hajihosseini
and Dickson, 
1999

Fgfr3
IIIb Reverse
IIIc Reverse

GACAGACACACGGATGTGCTGGA
GTGAACACGCAGCAAAAGGCTTT
AGCACCACCAGCCACGCAGAG 348

Hajihosseini
and Dickson, 
1999

Fgfr4
TACAGCTATCTCCTGGATGTGCTG
GAAACCGTCGGCGCCGAAGCTGCT

195 
and 
166

Hajihosseini
and Dickson, 
1999

Fgfr4*
AGCACCCTACTGGACACACC
TAGTGGCCACGGATGACTTG

762
Yaylaoglu et 
al., 2005

Klb*
AACGGCACAGACAGATCCAC
GATCAGGTTGTGTCCCACAG

459 N/A

Sef*
GTGTGCACATGACCCATAGC
CTGGGTGAGTTCAGCCTTTC

721 N/A

Etv4*
CTTCGCCTACGACTCAGATGTC
GCAGGACTCTCATCCAAGTGG

589 N/A

Sprouty1*
AGCCCTGTCTTTGTGCCTACC
CGCACAGAGCTATGCCAAAG

694 N/A

Sprouty2*
GATGGAGGCCAGAGCTCAGAGTGG
GAGCTCCGATTTAGGCTGCACTCGG

475 N/A

Sprouty3*
CCTATTGAACAGCTGCGCTCTACTC
CACACTTGCAGCGCCCACACTCCTC

425 N/A

Sprouty4*
CGATGCTTGTGACTCTGCAGCTCCTC
CACTTACACTTTCCACAGGCCTCAC

580 N/A

MKP3*
GGAAATGGCGATCTGCAAGACGGTG
GGAAGGAAGGCTGGCTGTTGGACAG

592 N/A


