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Summary  

 

Obesity is a growing global health issue characterised by poor diet and reduced physical 

activity. Hypothalamic adult neurogenesis plays a dual role in obesity and energy homeostasis, 

contributing to its development through appetite and metabolic dysregulation, yet also offering 

a compensatory mechanism in response to over-nutrition and metabolic dysfunction. To 

elucidate the role of hypothalamic neurogenesis in energy homeostasis, this work determined 

how obesity, voluntary exercise, and anti-obesity compounds affect neural stem cells and adult-

generated neurons. We used diet-induced obesity, and exposure to running wheels or anti-

obesity compounds, Lipidized Prolactin Releasing Peptide (LiPrRP) and Glucagon-like 

Peptide-1 (GLP-1) agonists, to elucidate how they influence stem cell renewal and proliferation 

and neuronal differentiation and maturation in the Medial Basal Hypothalamus (MBH). In 

addition, we utilized the human induced Pluripotent Stem Cell-derived hypothalamic neurons 

to model the effects of anti-obesity compounds on human hypothalamus. Our results suggest 

that high fat diet initially elicits a neurogenic response, but over time reduces the survival and 

generation of adult-born neurons. Treatment with LiPrRP was shown to act cell-intrinsically 

and directly on the cell populations in the hypothalamus, potentially having long-lasting effects 

by prolonging the ability of the stem cell population to respond to the high fat diet, and also 

improving the long-term survival of adult-generated neurons. Meanwhile, exercise exhibited 

beneficial effects by reversing the High Fat Diet (HFD)-induced neurogenesis and by 

promoting long term neurogenesis in the physiological conditions. Our results provide new 

insights into how hypothalamic adult neurogenesis responds to physiological and 

pharmacological interventions. This establishes a promising foundation for future research 

pursuing the development of novel treatments and improved lifestyle regimens for individuals 

living with obesity.  
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Chapter 1: General Introduction 

 

1.1. Obesity is a global epidemic 

Obesity is a growing global health concern, affecting 60% of adults in Europe (Sonnefeld et 

al., 2023) and in its current trajectory, around 18% of adults worldwide will be obese by 2025 

(O’Brien et al., 2017). Although genetic background does predispose certain 

individuals/ethnicities to developing obesity, the current pandemic can be largely attributed to 

contemporary lifestyles characterised by overconsumption of energy-dense food and reduced 

physical activity (Klein et al., 2016). Obesity is also a risk factor that triggers many other severe 

medical conditions. 

Individuals who are overweight or obese have been associated with a persistent, low-level 

inflammatory state (Jin et al., 2023). This chronic low-grade inflammation is closely linked to 

the pathophysiology of adipose tissue and is a common characteristic across a range of obesity-

related diseases (Lionetti et al., 2009), including metabolic syndrome, Type 2 Diabetes Mellitus 

(T2DM), insulin resistance, fatty liver disease, arteriosclerosis, and various cancers (Neto et 

al., 2023; Pergola & Silvestris, 2013; Özcan et al., 2004). Furthermore, this persistent 

inflammatory condition has also been connected to several mental disorders, dementia, and 

neurodegenerative diseases such as Alzheimer’s disease (AD) (Tronieri et al., 2017; Anstey et 

al., 2011; Profenno et al., 2010; Neto et al., 2023). 

1.1.1. Obesity, neuroinflammation, and brain pathology  

Obesity triggers widespread inflammation throughout the body, including the Central Nervous 

System (CNS). This chronic inflammation, stemming from adipose tissue dysfunction can lead 

to altered brain metabolism, disruption of the Blood Brain Barrier (BBB), neuroinflammation, 

neuronal dysfunction, brain atrophy, mood impairments, and cognitive decline (Luppino et al., 

2010; Gustafson, 2012). The excessive release of pro-inflammatory adipokines and cytokines 

into the bloodstream may facilitate the infiltration of leukocytes into the CNS through the 

disrupted BBB, thereby promoting the development of neurodegenerative diseases (Buckman 

et al., 2013; Neto et al., 2023; Davanzo et al., 2023). Indeed, the persistent overconsumption 

of energy dense, high carbohydrate and saturated fat foods by individuals with obesity can 

significantly impact cerebral glucose metabolism, influencing insulin secretion, which has been 
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identified as a contributing factor in the pathogenesis of neurodegenerative disorders (Biessels 

et al., 2006; de la Monte, 2012). 

Furthermore, Diet-induced obesity (DIO) rodent models also show impairment in working 

memory, memory performance and learning (Alford et al., 2018; Lindqvist et al., 2006; Klein 

et al., 2016; Robison et al., 2020; Park et al., 2010; Ho-yin Lee & Yau, 2020). These deficits 

are primarily due to brain inflammation originating from the increased levels of inflammatory 

cytokines from the periphery or from local microglia (De Felice & Ferreira, 2014). The induced 

inflammation impairs insulin signalling in the brain, which has an important role in neural 

health through many downstream pathways including the phosphatidylinositol-4,5-

bisphosphate 3-kinase (PI3)/Akt cascade. This disruption appears to also promote the 

accumulation of amyloid-beta and hyperphosphorylated tau proteins, hallmarks of Alzheimer's 

pathology (Alford et al., 2018). All together contributing to reduced synaptic plasticity and 

impaired neurogenesis (Zheng et al., 2016; Alford et al., 2018).  

Moreover, the hormone leptin, produced by adipose tissue, has been implicated in the 

association between obesity and cognitive dysfunction (Blüher & Mantzoros, 2015; Farr et al., 

2015). Leptin is produced in proportion to fat stores (Casado et al., 2023), and functions as a 

satiety signal within the brain, particularly in the hypothalamus. Initially, elevated leptin should 

suppress appetite and enhance energy expenditure. However, over time, the brain may become 

less responsive to leptin, despite its high levels, a phenomenon known as "leptin resistance." 

Indeed, despite elevated peripheral leptin levels in obesity, cerebrospinal fluid leptin 

concentrations appear to be lower, suggesting impaired transport of leptin across the BBB and 

a potential mechanism for leptin resistance (Farr et al., 2015). Leptin has also been implicated 

in the regulation of adult neurogenesis and neuroprotection, and central leptin resistance has 

been associated with the pathology of certain neurological disorders, such as Parkinson's 

disease and Alzheimer's disease (Casado et al., 2023). In contrast, (Pérez-González et al., 2011) 

showed that intracerebroventricular infusion (i.c.v.) gene delivery of leptin increased the 

proliferation of new neurons in the DG and reduced Aβ-induced neuronal degeneration in a 

mouse model of amyloidosis, suggesting that restoring central leptin signalling can restore 

neurogenesis (Pérez-González et al., 2011). While obesity does not directly cause leptin 

resistance, it creates a physiological environment that strongly favours its development. The 

chronic hyperleptinemia observed in obesity, combined with other factors like inflammation 

and impaired BBB transport, leads to a diminished response to leptin in the brain, contributing 

to the maintenance of obesity and possibly the associated neurodegenerative effects. 
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1.2. Adult neurogenesis  

Adult neurogenesis refers to the process of generating new neurons from adult neural stem cells 

(aNSCs). Historically, it was widely accepted that mammalian neurogenesis was restricted to 

embryonic and postnatal development (Kuhn et al., 2018; Owji & Shoja, 2019; Yoo & 

Blackshaw, 2018). However, over the past two decades, a substantial body of research has 

established that neurogenesis persists in the hippocampus of the majority of mammalian 

species throughout adult life. 

In 1996, Kuhn et al. (1996) published a seminal paper that described the generation of new 

neurons in the adult rat brain and the decline of hippocampal neurogenesis with aging. This 

work, along with several other studies, established adult neurogenesis as a cellular process in 

the mammalian brain (Kuhn et al., 1996; Kuhn et al., 2018). This established adult neurogenesis 

as a novel research area, although these reports was merely re-discoveries of the same 

phenomenon described years earlier by Altman (Altman & Das, 1965), Bayer (Bayer, 1982), 

Kaplan (Kaplan & Hinds, 1977), and Nottenbohm (Nottebohm & Arnold, 1976; Kuhn et al., 

2018; Owji & Shoja, 2019). Altman's groundbreaking findings laid the foundation for extensive 

neuroscience research exploring the adult brain's capacity to generate new neurons, which was 

previously thought impossible. Later, in the 1970s and 1980s, the work of Kaplan (Kaplan & 

Hinds, 1977) and Nottebohm (Nottebohm & Arnold, 1976) further expanded the understanding 

of adult neurogenesis, demonstrating its occurrence in the mammalian neocortex of primates 

and avian brain, respectively (Kuhn et al., 2018). Today, over half a century since Altman's 

discovery, the field of adult neurogenesis continues to grow rapidly, offering promising 

potential for revolutionising treatments for neurodegenerative disorders and brain injuries 

(Owji & Shoja, 2019).  

The early work on adult neurogenesis in the 1960s faced significant methodological challenges. 

The lack of robust techniques for definitively identifying, quantifying, and analysing newly 

generated neurons in adult brain tissue made the findings vulnerable to criticism (Kuhn et al., 

2018). The limitations of 3H-thymidine labelling and the scarcity of specific neuronal markers, 

due to the underdevelopment of immunohistochemical analyses, hampered these early studies. 

However, conceptual and technological advancements over the subsequent decades were thus 

crucial in establishing adult mammalian neurogenesis as a biological concept, leading to a steep 

increase of research in this field (Kuhn et al., 2018).  
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In adult rodents, the most extensively studied regions of active neurogenesis are the 

subventricular zone (SVZ) of the lateral ventricles and the Subgranular zone (SGZ) of the 

Dentate Gyrus (DG) in the hippocampus (Yoo & Blackshaw, 2018; Kokoeva et al., 2007). The 

SVZ generates immature neurons that migrate along the rostral migratory stream (RMS) to the 

olfactory bulb, where they mature into neurons that process olfactory input (Lim & Alvarez‐

Buylla, 2016). Meanwhile, the SGZ gives rise to granule cells of the DG, which process 

information crucial for learning and memory (Song et al., 2012).  

The first evidence of adult hippocampal neurogenesis in the human brain was provided by the 

study of Eriksson et al. (1998). They used the proliferative lineage tracer Bromodeoxyuridine 

(BrdU) labelling to identify dividing cells, which they then co-labelled with neuronal and 

astrocyte specific markers, allowing them to detect BrdU-labelled adult born neurons using 

confocal microscopy (Eriksson et al., 1998; Kuhn et al., 2018). Since then, several labs have 

found evidence of adult neurogenesis in the DG of the human hippocampus (Boldrini et al., 

2018; Mathews et al., 2017; Dennis et al., 2016; Palmer et al., 2001; Palmer et al., 2001), as 

well as in nonhuman primates (Gould et al., 1999; Kornack & Rakić, 1999; Leuner et al., 2007; 

Kuhn et al., 2018).  

The advancement of increasingly sophisticated techniques for labelling and tracing newly 

generated neurons in the recent years has now made it evident that several brain regions in 

adult mammals exhibit substantial levels of neurogenesis (Kokoeva et al., 2007) including the 

hypothalamus. One of the earliest studies to report findings of hypothalamic neurogenesis was 

(Pencea et al., 2001), which described a series of experiments where co-intraventricular 

infusion of brain derived neurotrophic factor (BDNF) and BrdU led to increased BrdU 

labelling, not only in the SGZ and SVZ, but also in the hypothalamus, striatum, and other 

forebrain regions (Pencea et al., 2001). The notion of adult neurogenesis in brain regions 

previously considered non-neurogenic is still met with scepticism. Some studies have failed to 

validate these findings, while others have only detected new cell generation following brain 

injury or pharmacological interventions (Migaud et al., 2010). The evidence for adult 

neurogenesis in the striatum is less conclusive and often associated with injury or disease 

models (Jurkowski et al., 2020). Whether it occurs under normal physiological conditions 

remains unclear. The neocortex is another contentious area, as while some early studies 

reported neurogenesis, later investigations have challenged these observations (Jurkowski et 

al., 2020). Consequently, the existence, extent, and functional significance of adult 

neurogenesis beyond the hippocampus and olfactory bulb remains a topic of ongoing debate 
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and research. As an illustration, no new dopaminergic neurons were detected in the adult rat 

substantia nigra (BrdU; Frielingsdorf et al., 2004; Lie et al., 2002), although using a different 

proliferation marker provided evidence for neurogenesis in the mouse substantia nigra (3H-

thymidine; Migaud et al., 2010; Zhao et al., 2003). Furthermore, the adult primate neocortex 

exhibited cell proliferation but no new neuron production or only transiently surviving neurons 

(Gould et al., 2001; Koketsu et al., 2003; Migaud et al., 2010). Subsequent studies used BrdU 

incorporation to demonstrate Fibroblast growth factor (FGF) and Ciliary neurotrophic factor 

(CNTF) induced neurogenesis in the adult hypothalamus (Kokoeva et al., 2005; Pérez-Martín 

et al., 2010; Xu et al., 2005). However, the high levels of growth factors employed in these 

experiments raised uncertainty about the extent of basal adult hypothalamic neurogenesis (Lee 

& Blackshaw, 2012). The hypothalamus is still termed a site of “low level” adult neurogenesis 

as the proportion of newborn neurons among newborn cells in the adult rodent is normally 

around 1-37% (Migaud et al., 2010) compared to 70-100% in the SGZ of DG and SVZ of 

lateral ventricles (Lledo et al., 2006). 

While adult hypothalamic neurogenesis in rodents has recently become more extensively 

researched, our understanding of hypothalamic neurogenesis in humans or primates remains 

limited. Investigating hypothalamic neurogenesis in humans is extremely challenging due to 

methodological limitations. Unlike in rodents, techniques such as lineage-tracing and pulse-

chase labelling cannot be readily applied in human studies (Sharif et al., 2021). Instead, 

researchers must rely on postmortem analyses, which are hindered by issues like the 

preservation of neuronal markers (Sharif et al., 2021). Overall, there is a significant gap in our 

understanding of Hypothalamic Ventricular Zone (HVZ) neurogenesis in the human brain 

compared to animal models. Evidence for adult neurogenesis in the human hypothalamus relies 

primarily on the detection of Doublecortin (DCX), a marker of immature neurons, in 

postmortem samples. DCX-positive cells have been observed in the tuberal region of the 

hypothalamus from three individuals, aged 20-, 72-, and 79-year-old (Batailler et al., 2014), 

suggesting the presence of new neurons in specific hypothalamic nuclei, where neurogenesis 

has been consistently described also in rodents (Li et al., 2012; McNay et al., 2012; Haan et 

al., 2013; Robins et al., 2013; Chaker et al., 2016). However, the detection of DCX-positive 

cells in human hypothalamic specimens may not accurately reflect the actual morphology of 

these cells in the living brain. Postmortem delay (PMD) can affect DCX immunoreactivity, 

leading to loss of dendritic staining, an effect that has been observed even in rodent brains 

(Boekhoorn et al., 2006). For example, a lack of DCX staining was also observed in human 
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hippocampal samples collected after PMDs of over 48 hours (Sorrells et al., 2018). 

Additionally, the relationship between factors like temperature, tissue cooling, and proximity 

to ventricles, and DCX protein breakdown is not well understood. This suggests that DCX 

immunoreactivity in human hypothalamic samples with postmortem delays of 24-36 hours may 

not be representative of the true in vivo morphology of the DCX-positive cells (Sharif et al., 

2021). Additionally, the duration of DCX expression in the human brain is unknown and may 

differ from the 3 to 14 days observed in the rodent hippocampus (Couillard-Despres et al., 

2005). This limits the ability to reliably estimate the birth date and relative age of DCX-positive 

cells in postmortem human brain samples. Furthermore, adult-born hippocampal granule 

neurons in macaque monkeys were shown to take over 6 months to mature (Kohler et al., 2011), 

significantly longer than the 3-14 days observed in rodents. This suggests the maturation of 

adult generated neurons in humans may also occur over a protracted period of several months, 

compared to the faster timeline in rodents (Kempermann et al., 2018). The limited knowledge 

of hypothalamic neurogenesis in humans highlights the need for further research to fully 

understand its potential functions and implications for human health and disease.  

Additionally, the reliance on DCX and PSA-NCAM expression as the primary indicators of 

neurogenesis may pose challenges in human studies. In humans, we may observe a relative 

temporal disconnection between precursor cell proliferation, which establishes the potential for 

neurogenesis, and the actual recruitment or differentiation of these cells into mature new 

neurons (Kempermann et al., 2018). The activation and integration of newly generated neurons 

into functional neural circuits is contingent upon the availability of a pool of postmitotic cells 

that can be recruited, rather than the proliferation of progenitor cells per se (Kempermann et 

al., 2018). DCX is commonly employed as an indirect measure of this population of ''immature'' 

neurons. However, the relationship between cell proliferation, the number of DCX-positive 

cells, and the actual extent of net neurogenesis is not straightforward (Kempermann et al., 

2018). While DCX expression can serve as a marker for adult neurogenesis, it alone is likely 

not a comprehensive indicator of the functional potential of neurogenesis (Kempermann et al., 

2018). Indeed, new neurons in mice do not maintain DCX expression throughout their entire 

postmitotic maturation phase. Furthermore, rats exhibit fewer DCX-positive cells compared to 

mice, despite demonstrating higher rates of neurogenesis, due to the faster maturation of their 

newly formed neurons (Snyder et al., 2009). While the expression of the calcium-binding 

protein Calretinin (CR) appears to be a more suitable proxy marker for this period in mice, this 

pattern of expression does not seem to be as evident in the rat brain. Paradoxically, CR has 
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nonetheless been employed as a marker to investigate adult neurogenesis in at least one study 

examining the human brain (Galán et al., 2017; Kempermann et al., 2018). To study dividing 

cells, researchers (Eriksson et al., 1998) used BrdU in combination with calbindin and NeuN 

to investigate neurogenesis in the adult human hippocampus, while others (Urbán et al., 2002) 

examined CR containing interneurons in the human hippocampus.   

Significant methodological challenges exist in studying this phenomenon directly in humans, 

and our current understanding is predominantly extrapolated from findings in rodent models. 

In summary, while animal studies have provided insights into hypothalamic neurogenesis, the 

evidence for adult neurogenesis in the human hypothalamus remains limited and inconclusive.  

1.2.1. Hypothalamic role in energy homeostasis  

Current research has indicated that the mammalian hypothalamus, both during the postnatal 

period and in adulthood, harbours a neurogenic niche where neural progenitor cells (NPCs) 

that can proliferate and differentiate into neurons, astrocytes and oligodendrocytes, as well as 

become incorporated into the pre-existing neural circuits (Yoo & Blackshaw, 2018; Sharif et 

al., 2021). The current evidence of hypothalamic neurogenesis predominantly stems from 

investigations in animal models focusing on the Mediobasal Hypothalamus (MBH) due its 

pivotal role in regulating feeding behaviour and energy metabolism (Lee et al., 2014; Kokoeva 

et al., 2005). Indeed, the hypothalamus serves as a central homeostatic regulator, orchestrating 

a range of physiological processes including sleep, circadian rhythms, temperature regulation, 

and appetite control (Lee et al., 2014). Compared to the well-studied neurogenic niches of the 

SVZ and SGZ, the hypothalamus exhibits relatively low levels of adult neurogenesis (Klein et 

al., 2019; Kokoeva et al., 2007). However, this characterisation may be an oversimplification, 

as numerous studies have identified considerable cellular turnover within the MBH. While the 

hypothalamus exhibits relatively low levels of adult neurogenesis overall, the distribution of 

neurogenesis varies across different hypothalamic regions. Specifically, the hypothalamic 

Median Eminence (ME) shows 5-fold greater levels of relative neurogenesis compared to other 

areas, exhibiting a robust cellular turnover (Lee et al., 2012). Along similar lines, a study 

(McNay et al., 2012) found that a substantial portion of the BrdU-retaining neurons in the 

Arcuate Nucleus (ArcN) were subsequently replaced over the first three postnatal months 

(McNay et al., 2012). This indicates a substantial cell turnover within the MBH. Which means 

that the hypothalamus, particularly the medio-basal region, exhibits an underappreciated 

degree of structural plasticity maintained by persistent adult neurogenesis (Lee et al., 2012; 

Gage, 2002; Yoo et al., 2021). 
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The understanding of organisation and characteristics of the adult hypothalamic neurogenic 

niche, including the identity, lineage relations, and spatial distribution of distinct hypothalamic 

neural progenitor cells and their progeny, as well as the functional significance of hypothalamic 

neurogenesis, remain relatively underdeveloped compared to the existing knowledge of the 

SVZ and SGZ (Sharif et al., 2021; Kokoeva et al., 2007).  

The hypothalamus occupies a privileged position, as it is partially located outside the BBB. 

Hence, this neurogenic niche is a key site in the brain that can sense changes of circulating 

metabolites and hormones, used to modulate behaviour (Klein et al., 2019; Langlet, 2014; 

Schwartz et al., 2000). Given this, even very low levels of neurogenesis, adding just a small 

number of specific neuronal subtypes to the existing neural circuits, could have an outsized 

effect on physiology and behaviour, helping to maintain energy homeostasis (Yoo et al., 2021; 

Yoo & Blackshaw, 2018). Making this neurogenic niche very interesting for not only 

understanding the mechanism behind the control of our energy homeostasis but also how we 

can modulate it to treat disease including obesity. 

1.2.2. Stem cells in the hypothalamus  

While the cellular origins of adult hypothalamic neurogenesis remains a topic of debate, 

evidence suggests that it arises from slowly dividing neural stem/progenitor cells residing in 

the 3rd ventricular walls (Robins et al., 2013; Bolborea & Dale, 2013). These stem cells are 

termed tanycytes and are believed to give rise to various neuronal subtypes that play crucial 

roles in energy homeostasis, encompassing populations that express critical neuropeptides 

involved in appetite regulation and metabolic processes (Robins et al., 2013; Lee et al., 2012). 

At the heart of this regulation  are the anorexigenic and orexigenic neurons, which are 

distinguished by their expression of the neurotransmitters pro-opiomelanocortin (POMC), 

Neuropeptide Y (NPY), and agouti-related peptide (AgRP), among other minor 

neurotransmitters( Goodman & Hajihosseini, 2015). 

Tanycytes are specialised radial glial-like cells that line the dorsal portion of the 3rd Ventricle 

(3V). Unlike the majority of multi-ciliated ependymal cells lining the ventricles of the brain, 

tanycytes project one or two apical cilia into the ventricle and extend a basal process into the 

hypothalamic parenchyma or towards the pial surface (Miranda-Angulo et al., 2014). These 

processes serve as a substrate for the radial migration of newly post-mitotic neurons (Yoo & 

Blackshaw, 2018). 
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Tanycytes express various markers including transcription factors including Retina and 

anterior neural fold homeobox transcription factor (Rax) (Miranda-Angulo et al., 2014), Sox2 

and Sox9 (Lee et al., 2012; Robins  et al., 2013); intermediate filament proteins such as Nestin, 

Vimentin and glial fibrillary acidic protein (GFAP) (Prevot et al., 2018; Yoo & Blackshaw, 

2018); growth factors such as Fgf10 and Fgf18 (Haan et al., 2013); and membrane-bound 

proteins such as glutamate-aspartate transporter (GLAST)(Robins  et al., 2013; Haan et al., 

2013). Studies have demonstrated that tanycytes can proliferate, self-renew, and differentiate 

into neurons and GFAP-positive astrocytes in vivo (Robins  et al., 2013). In vitro, some 

tanycytes can generate neuropsheres. Indeed, tanycytes show heterogenous NPC marker 

expression, proliferative properties and progeny fate (Robins  et al., 2013; Prevot et al., 2018).  

Tanycytes are traditionally divided into four subtypes termed α-1, α2-, β1- and β2-tanycytes. 

The subtypes are based on their location, morphology and gene expression profile (Rodriguez 

et al., 2005). The dorsal tanycytes that are located close to the Dorsomedial- (DMN) and 

Ventromedial Nuclei (VMN) of the hypothalamus and are referred to as α-1 and α2-tanycytes 

(Robins  et al., 2013), while the more ventrally located tanycytes, near the ArcN and ME, are 

referred to as β1- and β2-tanycytes (Rodriguez  et al., 2005) (Figure 1.1A). Notably, the β2-

tanycytes differ from the other subtypes due to their direct access to circulating plasma, as the 

BBB is fenestrated at the ME (Bolborea & Dale, 2013; Rodriguez  et al., 2005; Yoo & 

Blackshaw, 2018). This privileged access to signals from the periphery enables tanycytes to 

detect hormonal, nutritional and mitogenic changes (Yoo & Blackshaw, 2018).  

In the adult brain, tanycytes primarily generate neurons, and to a lesser extent, glial cells that 

populate more distant hypothalamic regions, including the ArcN, VMN, and DMN (Chaker et 

al., 2016). β-tanycytes located in the ME-ventromedial ArcN has been shown to co-express 

Sox2, brain lipid-binding protein (BLBP) and Musashi-1 (Msi1), but do not express GFAP or 

GLAST (Prevot et al., 2018). These tanycytes generate neurons that populate the ArcN and 

VMN but do not produce GFAP-positive NPCs (Haan et al., 2013). Dorsally, closer to the 

dorsomedial ArcN and VMN, a subpopulation of GLAST-positive α-tanycytes both have 

gliogenic and neurogenic potential and gives rise to astrocytes and a few neurons within and 

around the VMN (Robins  et al., 2013). GLAST-positive α-tanycytes also have the capacity to 

generate β1-tanycytes located in the ventromedial ArcN. In addition, α-tanycytes can generate 

neuropsheres in vitro, but β-tanycytes cannot (Robins  et al., 2013), suggesting that β-tanycytes 

are mainly neurogenic and may represent a more committed type of neural progeny (Prevot et 

al., 2018).  
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Fgf10 is selectively expressed in a subpopulation of β-tanycytes (Haan et al., 2013). Lineage 

tracing using Fgf10-CreERT2 revealed that β-tanycytes generate more neurons during the early 

post-weaning period, unlike α-tanycytes (Robins  et al., 2013), and their progeny primarily is 

predominantly neurons that integrate into the ArcN and VMN (Haan et al., 2013). Other lineage 

tracing studies using the Nestin-CreERT2 mouse line (Lee et al., 2012) also showed that in 

young and early postnatal stages, the β2-tanycyte subtype is the most proliferative and 

neurogenic (Lee et al., 2012), with the newly generated neurons mainly remaining within the 

ME (Lee et al., 2012). In addition, Goodman et al. (2020) has recently suggested a different 

stem cell model to that of Robins et al. (2013) where the β-tanycytes give rise to α-tanycytes. 

Their study suggest that Fgf10-positive β-tanycytes give rise to a proliferative population of α-

tanycytes, which may act as transient amplifying or intermediate progenitor cells (Goodman et 

al., 2020). This was supported by evidence that β-tanycytes have a slower rate of BrdU 

incorporation compared to α-tanycytes in vivo, can generate fast-dividing α-tanycyte 

descendants and generate all three neural cell lineages in vivo (Goodman et al., 2020). 

The findings suggests that different tanycyte subsets have distinct functional characteristics in 

terms of their neural stem cell potential. While directly comparing lineage tracing studies using 

diverse drivers can be challenging, it appears that tanycyte subtypes vary significantly in their 

potential and contribution to hypothalamic cell turnover. Additionally, a parenchymal neural 

stem cell population has been proposed to exist in the hypothalamus (Robins  et al., 2013; Li 

et al., 2012). Regardless of their ventricular or parenchymal origin, the newly generated 

neurons seem to be predominantly associated with the regulation of feeding behaviour (Rizzoti 

& Lovell‐Badge, 2017). This notion of functionally distinct neural stem cell properties within 

the tanycyte subsets may help explain the markedly different effects on body weight observed 

when the function of each subset is compromised in HFD conditions (Li et al., 2012; Bolborea 

& Dale, 2013; Lee et al., 2012; Robins  et al., 2013). 
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Figure 1.1. Tanycyte subtypes and neurogenic/gliogenic potential. A) Illustration of 

tanycyte subtypes. Ependymal cells in black, α1-tanycytes in dark red, dorsal α2-tanycytes in 

light yellow, ventral α2-tanycytes in dark yellow, β1-tanycytes in light pink and β2-tanycytes 

in plumb. B) Neurogenic and Gliogenic potential of tanycyte subtypes. Top square: α2-

tanycytes undergo symmetric self-renewal, give rise to β-tanycytes (debated), and divide 

asymmetrically to give rise to neurons, astrocytes and rarely oligodendrocytes. Bottom 

square: β-tanycytes divide symmetrically and asymmetrically, mostly generating neurons. β-

tanycytes also give rise to other uncharacterized cells types in the ME and have recently been 

hypothesized to give rise to α-tanycytes (debated). Figure made in BioRender 

(Biorender.com) and is modified from Yoo & Blackshaw (2018).  

 

1.2.3. Tanycytes liaises between the periphery of the organism and the CNS 

The hypothalamus mediates the connection between the periphery of the body and the CNS 

through the circumventricular organs (CVOs). These specialised structures allow for the 

regulated passage of selected metabolic, inflammatory, and autonomic signals, which may 

subsequently modulate hypothalamic neurogenesis. Therefore, modulation of peripheral 

signals might be a means of influencing hypothalamic neurogenesis (Makrygianni & Chrousos, 

2022; Zhang et al., 2013; Zhang et al., 2017).  

The CVOs are specialised structures situated along the midline or near the midline around the 

3rd or 4th ventricle. These organs exhibit a unique architectural composition comprising 
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neurons, glial cells, blood vessels, and leptomeningeal components (Benarroch, 2011). The 

capillaries at the CVOs are fenestrated, and the perivascular spaces are large, leading to an 

incomplete BBB in these regions (Morita & Miyata, 2012; Hicks et al., 2021; Okamoto et al., 

2022). At the CVOs, modified ependymal cells, including tanycytes, line the ventricular wall 

(Hicks et al., 2021). The tight junctions between the cell bodies of CVO tanycytes create a 

diffusion barrier, thereby shifting the BBB function from the capillary to the ventricular wall. 

The CVOs can be broadly classified into sensory and secretory. Where the ME, is a secretory 

CVO, consisting mainly of axons and nerve terminals that release bioactive peptides into the 

systemic circulation (Makrygianni & Chrousos, 2023; Okamoto et al., 2022).  

Low molecular weight molecules from the systemic circulation can readily diffuse into the 

CVOs through the fenestrated capillaries (Hicks et al., 2021). However, high molecular weight 

molecules, such as various protein hormones and cytokines, are unable to freely enter the CVOs 

and instead rely on transcytosis systems to cross the BBB (Okamoto et al., 2022; Ayloo & Gu, 

2019). At baseline, the transcytosis systems are inhibited by CNS specific genetic programs, 

maintaining the functional barrier. For example, the high molecular weight biomolecule leptin 

enters the CNS through transcytosis. Leptin does so exclusively via the activation of Leptin 

receptors in ME tanycytes (Balland et al., 2014).  

1.2.4. Subpopulations of hypothalamic neurons and their role in energy homeostasis 

The hypothalamus contains two distinct subpopulations of neurons that play a critical role in 

the regulation of energy homeostasis: anorexigenic and orexigenic neurons. Anorexigenic 

neurons suppress food intake, while orexigenic neurons stimulate food intake (Balthasar et al., 

2005; Korf & Moller, 2021).  

Anorexigenic neurons exert their effects through the Pro-opiomelanocortin (POMC) and 

Cocaine- and Amphetamine-Regulated Transcript (CART) neuropeptides (Korf & Moller, 

2021). Peripheral release of satiety signals, such as insulin from the pancreas, Glucagon-Like 

Peptide-1 (GLP-1) from the gastrointestinal tract, and leptin from adipose tissue, reach the 

POMC-expressing neurons in the ArcN via the ME (Varela & Horváth, 2012; Singh et al., 

2022). Activation of POMC neurons leads to the cleavage of POMC into α-Melanocyte-

Stimulating Hormone (αMSH) (Korf & Moller, 2021), but also adrenocorticotrophin (ACTH), 

and β-endorphin (Millington, 2007). POMC-derived products regulates appetite, but also play 

critical roles in the skin, stress response, immune function, and sexual function. The 

melanocortin receptors (MCRs), a family of five G-protein coupled receptors, bind the MSHs 



13 

 

and ACTH. The MC3R and MC4R subtypes exhibit widespread expression in the CNS, while 

the MC1R and MC5R subtypes show relatively lower levels of expression (Millington, 2007). 

When αMSH is released from the POMC neurons in the ArcN that projects to the 

Paraventricular Nucleus (PVN), it activates MC4R (Korf & Moller, 2021; Garfield et al., 

2015). The activation of MC4R-expressing PVN neurons is in turn involved in the regulation 

of satiety and energy expenditure (Figure 1.2; Garfield et al., 2015; Makrygianni & Chrousos, 

2023).  

 

Figure 1.2. Neuronal connections in the regulation of energy homeostasis.  

An overview of signalling in the healthy hypothalamus. Peripheral signals from adipocytes, 

pancreas, intestine and stomach activates the first order neurons, POMC/CART and 

AgRP/NPY in the ArcN, to secrete orexigenic AgRP and anorexigenic αMSH to the second 

order neurons in the PVN. The MC3/4 receptors are activated either by AgRP or αMSH and 

the integrated signals are delivered to the NTS to modulate feeding behaviour. PVN neurons 

additionally secrete thermogenic neurohormones thyrotropin-releasing hormone (TRH) and 

corticotropin-releasing hormone (CRH), inhibiting food intake and increase energy 

expenditure. SF-1 neurons in the VMN enhance POMC/CART anorexigenic action via 

glutaminergic input. AgRP/NPY neurons additionally project to the lateral hypothalamus 

(LH) and stimulates LH neurons that secrete orexin and MCH, two orexigenic and anti-

thermogenic neurohormones that are directly involved in feeding behaviour. In the periphery, 

leptin increases GLP-1 and cholecystokinin (CCK) produced by the intestine. Adapted from 

Seong et al. (2019) and Sonnefeld et al. (2023).  
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Orexigenic neurons co-express neuropeptide Y (NPY) and Agouti-Related Peptide (AgRP) and 

the neurotransmitter gamma-aminobutyric acid (GABA)(Korf & Moller, 2021; Deem et al., 

2021). Peripheral release of hunger signals such as ghrelin activates AgRP/NPY neurons in the 

ArcN, while the release of satiety signals like leptin, insulin, GLP-1, and peptide YY (PYY) 

inhibits them (Makrygianni & Chrousos, 2023). Upon activation, AgRP/NPY neurons in the 

ArcN release AgRP, which in turn inhibits MC4Rs in the PVN, thereby preventing the satiety 

signal (Deem et al., 2021). AgRP acts as an antagonist of MC4R, preventing the anorexigenic 

effects of MSH on second order neurons (Figure 1.2.) (Garfield et al., 2015; Deem et al., 2021). 

Additionally, activation of AgRP/NPY neurons induces insulin resistance and increased 

locomotor activity in the absence of food. The neuropeptide NPY mediates a subset of the 

physiological actions of AgRP neurons, including the stimulation of rapid food intake and 

regulation of glucose metabolism (Engström et al., 2020). Specifically, NPY signalling is 

essential for maintaining the long-term effects of AgRP neurons on feeding behaviour, 

particularly for sustaining hunger during the period between food discovery and consumption 

(Chen et al., 2019). Furthermore, AgRP/NPY neurons in the ArcN directly inhibit anorexigenic 

POMC neurons in the ArcN through the co-release of the inhibitory neurotransmitter GABA 

(Korf & Moller, 2021; Deem et al., 2021). 

Notably, these two groups of ArcN-residing neurons are the best-characterised hypothalamic 

glucose-sensing neurons. They alter their firing rate in response to changes in extracellular 

glucose levels, with POMC neurons being glucose-excited and NPY/AgRP neurons being 

glucose-inhibited (Sohn et al., 2013; Makrygianni & Chrousos, 2023).  

 1.3. The connection between hypothalamic neurogenesis and obesity 

Changes in metabolic conditions, including dietary factors and diet regulated cytokines have 

been shown to modify proliferation of neuronal precursors and neurogenesis in the 

hypothalamus. Research indicates that hypothalamic neurogenesis can play a dual role in 

obesity, potentially contributing to its onset through dysregulation of appetite and metabolic 

control, whilst also offering a mechanism for compensation in response to over nutrition and 

metabolic dysregulation.  

The first study to link adult hypothalamic neurogenesis and energy homeostasis was conducted 

by Kokoeva et al. (2005), who investigated the effects of i.c.v. of CNTF, a neuro-cytokine that 

had been shown to lead to long-lasting reductions in body weight in obese rodents (Kokoeva 

et al., 2005). Notably, the researchers found that co-infusion with CNTF and BrdU for one 
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week increased the number of BrdU-labelled cells in the hypothalamic parenchyma five-fold. 

Furthermore, they observed a two-fold increase in BrdU-labelled neurons 42 days after 

treatment, some of which expressed POMC or NPY markers (Kokoeva et al., 2005). 

Interestingly, the researchers also demonstrated that simultaneous infusion of the anti-mitotic 

drug Cytosine Arabinoside (AraC) blocked BrdU incorporation and counteracted the long-term 

anorexigenic effect of CNTF (Kokoeva et al., 2005). Unfortunately, some concerns arose from 

this study. Firstly, since AraC globally blocks cell division in the whole brain, questions were 

raised about whether the observed behavioural effects were a result of disrupted hypothalamic 

neurogenesis. Secondly, the lack of a behavioural phenotype in animals treated with AraC 

alone raised questions about whether baseline levels of neurogenesis play any role in regulating 

body weight (Yoo & Blackshaw, 2018). A concern, McNay et al. (2012) further investigated 

by employing BrdU labelling to trace neurons generated during embryonic development, and 

then quantified the BrdU-negative neurons during postnatal maturation as an indirect 

assessment of ongoing neurogenesis. This revealed that over 50% of BrdU-positive neurons in 

the ArcN lost their BrdU label (although only 3% of POMC- and 5% of NPY-positive neurons) 

between 4 and 12 weeks of age (P28 and P84). Interestingly, the loss of BrdU labelling became 

less pronounced at later time points. Importantly, both leptin deficient mice and those 

maintained on a HFD displayed a dramatic retention of BrdU labelled cells, indicating a 

reduction in the loss of BrdU labelling. These findings were interpreted as substantial 

neurogenesis occurs in the ArcN under normal conditions, but that this process is markedly 

diminished by both advancing age and obesity induced by chronic HFD feeding or leptin 

deficiency (McNay et al., 2012). The same study also reported that neurospheres grown from 

primary stem cells from mice fed HFD for two months formed both more (350%) and larger 

neurospheres from the same number of seeded cells compared to controls, as if they had been 

stimulated with the purpose to replace lost progeny (McNay et al., 2012).  

Indeed, Li et al. (2012) then reported that long-term HFD feeding (4 months) inhibited BrdU 

labelling (i.c.v infusion) of neurons in the hypothalamic parenchyma. This effect was mediated 

by an Nuclear Factor-κB (NF-κB) dependent response to inflammatory cytokines (Li et al., 

2012). Furthermore, the activation of NF-κB signalling in Sox2-positive hypothalamic cells 

was found to lead to prediabetes and obesity (Li et al., 2012). In contrast to the study conducted 

by McNay et al. (2012), this study reported that neurospheres grown from stem-like cells 

cultured from mice on 4 months HFD were both smaller and fewer than controls (Li et al., 

2012).  
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Both of these studies reported that HFD reduced BrdU labelling, but they primarily observed 

a reduction in BrdU labelling of non-neuronal cells in the parenchyma. Although a reduced 

number of BrdU labelled neurons were observed, both anorexigenic and orexigenic subtypes 

were equally affected. Additionally the contrasting results in neurosphere size and numbers in 

vitro raises questions about how exactly HFD dependent changes in general cell proliferation 

and neurogenesis regulate body weight. The discrepancies may be reflected in the differences 

of length in HFD protocols and the precise location of dissected tissue used to generate the 

neurospheres.  

In contrast to the long-term HFD protocols reported above short-term HFD has been shown to 

induce cell proliferation in the HVZ and give rise to neurons. For example, Gouazé et al. (2013) 

observed an increased proliferation of BrdU labelled cells within three days of HFD treatment. 

This led to an increase in both POMC expressing neurons and glial cells after three weeks 

(Gouazé et al., 2013). Additionally they reported that i.c.v. of AraC blocked cell proliferation 

and led to weight gain in mice fed HFD (Gouazé et al., 2013). This may suggest a mechanism 

whereby increased hypothalamic neurogenesis following short-term HFD exposure could serve 

as a compensatory response to counterbalance the elevated caloric intake by reducing food 

intake, a response typically observed in mice fed HFD for one week (Williams et al., 2014). 

Another group have also shown that HFD stimulates neurogenesis, as measured by BrdU 

labelling using intraperitoneal (i.p.) injection, specifically in the ME (Lee et al., 2014; Lee et 

al., 2012). The effects were observed in both sexes during early post weaning, but were only 

seen in females during pubescence. Furthermore, they reported that focal X-irradiation of the 

ME in P45 females fed HFD blocked cell proliferation and reduced their weight gain, despite 

no change in food intake. Importantly, the HFD induced increase in BrdU-positive cells was 

confined to the ME. They also confirmed observations from other studies (McNay et al., 2012; 

Li et al., 2012) where long-term HFD feeding (one month) reduced neurogenesis in the ArcN.  

While the studies suggest that a HFD may regulate hypothalamic neurogenesis, the link 

between the observed phenotypes and the generated neuronal subtypes is not obvious. The 

fraction of newly generated neurons that express anorexigenic or orexigenic markers is quite 

small and is not always correlated with the observed behavioural phenotypes. For example, Li 

et al. (2012) reported that only 10% of the newborn neurons were expressing POMC, and only 

4% expressed NPY. Similarly (Gouazé et al., 2013) reported that 6% of the newborn cells were 

POMC-positive in mice fed HFD. 
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1.4. Anti-obesity compounds 

1.4.1. Liraglutide (LIRA) 

T2DM is a significant global health concern closely associated with obesity (He et al., 2019). 

The identification of the gut-brain axis's role in regulating appetite has opened up new avenues 

for drug development, particularly nutrient stimulated, hormone based medications that mimic 

the metabolic effects of naturally occurring entero-pancreatic hormones, including glucagon-

like peptide-1 (GLP-1; Gudzune & Kushner, 2024). GLP-1 is an incretin hormone primarily 

secreted by intestinal L-cells in response to glucose intake. It induces insulin secretion through 

its receptor, GLP-1R, in a glucose-regulated manner (Kjems et al., 2003; Peyot et al., 2009). 

Moreover, GLP-1 modulates feeding behaviour by relaying meal related information on 

nutritional status to the CNS. Consequently, GLP-1 receptor agonists have been widely utilised 

for the management of T2DM and chronic weight management (He et al., 2019). GLP-1 is 

produced endogenously in pancreatic alpha cells (Imbernon et al., 2022; Chambers et al., 2017) 

and neurons in the NTS, which project to the hypothalamus (Holt et al., 2019). However, the 

rapid degradation of native GLP-1 limits its therapeutic potential. This has led to the 

development of GLP-1R agonists with longer half-lives, which has been shown to provide a 

range of benefits, including reduced food intake, increased weight loss, and improved 

glycaemic control. Some of these agonists, such as LIRA, have been approved for the treatment 

of obesity and T2DM (Drucker et al., 2017). Originally developed for the treatment of T2DM, 

LIRA has also demonstrated potent dose-dependent anti-obesity properties. In 2010, the United 

States Food and Drug Administration (FDA) approved LIRA as an injectable GLP-1 receptor 

agonist, for the management of T2DM (Myšková et al., 2023). Subsequently, in 2013, the FDA 

approved LIRA for the treatment of obesity (Myšková et al., 2023). There are six GLP-1 

receptor agonists approved for the treatment of T2DM, but only Liraglutide (Saxenda; here 

called LIRA) and Semaglutide (Ozempic) are approved as an anti-obesity treatment (Gabery 

et al., 2020; FDA, 2024). Extensive research has shown that LIRA regulates energy 

homeostasis by acting on the CNS, particularly the hypothalamus (Adams et al., 2018; Secher 

et al., 2014; Sisley et al., 2014; Imbernon et al., 2022) and the brainstem (Fortin et al., 2020).  

LIRA, differs from the native GLP-1 through specific structural modifications. These include 

the acylation of the lysine residue at position 26 with a hexadecanoyl-glutamyl side chain and 

a single amino acid substitution from lysine to arginine at position 34 (Jacobsen et al., 2015). 

These subtle changes, along with the acylation, contribute to LIRA's prolonged 

pharmacokinetic profile. Following injection, LIRA exhibits high non-covalent binding to the 
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predominant plasma protein, human serum albumin, likely mediated through a fatty acid-

binding site (Jacobsen et al., 2015). The extended action of LIRA is attributed to two key 

mechanisms: delayed absorption from the s.c. injection and reduced elimination rate due to 

slower metabolism and renal filtration (Jacobsen et al., 2015). This GLP-1 analogue also 

exhibits a significantly slower degradation rate by the enzyme dipeptidyl peptidase-4 (DPP-4) 

compared to endogenous GLP-1 (Soudahome et al., 2018). As a result, LIRA has a prolonged 

plasma half-life of 11-15 hours, compared to the half-life of native GLP-1 is only 2 to 3 minutes 

due to the rapid degradation by DPP-4 (Gudzune & Kushner, 2024). The slower degradation 

enables a once-daily subcutaneous administration. Similar to native GLP-1, LIRA stimulates 

insulin secretion, suppresses postprandial glucagon release, slows gastric emptying, and 

enhances feelings of satiety through its actions on the brain (Soudahome et al., 2018). 

Extensive evidence from rodent and mammalian studies indicates that LIRA's effects on satiety 

and weight involve activity within the CNS (Adams et al., 2018; Cork et al., 2015; Richards et 

al., 2014; Sisley et al., 2014; Tornehave et al., 2008). GLP-1 receptors are widely expressed in 

the CNS and GLP-1 receptors expressed in CNS glutamatergic neurons are essential for LIRA's 

physiological effects (Adams et al., 2018; He et al., 2019). Within the hypothalamus, ArcN 

residing POMC and NPY/AgRP neurons play a crucial role in regulating energy balance and 

glucose homeostasis. Notably, Arcuate POMC neurons are glutamatergic (Dicken et al., 2012; 

Jones et al., 2019; Mercer et al., 2013; Wittmann et al., 2013) and GLP-1 receptors in POMC 

neurons are required for weight regulation on a HFD. Peripheral and central administration of 

LIRA have been shown to modulate the activity of Arcuate POMC and NPY/AgRP neurons, 

ultimately influencing food intake and body weight (Kanoski et al., 2011; Secher et al., 2014). 

These findings underscore the crucial role of GLP-1 signalling within the central nervous 

system, particularly in the regulation of metabolism through melanocortin neurons (He et al., 

2019). 

Nutrient stimulated, hormone based therapies, including LIRA and Semaglutide, mimic the 

actions of enteropancreatic hormones that modify central appetite regulation and provide 

multiple cardiometabolic weight loss benefits (Gudzune & Kushner, 2024). The relative 

efficacy of adult obesity medications has been evaluated through meta analyses showing that 

compared to placebo, LIRA was associated with 4.7% greater weight loss, and Semaglutide 

with 11.4% greater weight loss. Although there are many benefits of these therapies, adverse 

effects of these drugs include nausea (28%-44%), diarrhoea (21%-30%), and constipation 

(11%-24%; Gudzune & Kushner, 2024). Although clinical trials have shown that these 
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medications can result in significant weight reductions relatively soon after initiation (Tak & 

Lee, 2021), the rate of loss typically decelerates as the body adapts (Ryan et al., 2024). This 

plateau effect is characteristic of most weight loss interventions (Ryan et al., 2024). Studies 

have also found that most individuals regain weight after discontinuing LIRA and Semaglutide, 

suggesting the need for sustained treatment to maintain the weight loss benefits (Holst, 2024). 

Randomised trials have shown that participants who stopped taking the active compounds and 

switched to placebo quickly reverted to their initial weight (Holst, 2024). Thus, the existing 

evidence indicates that the weight loss effects of LIRA and Semaglutide are largely contingent 

on continued administration of these therapies. While GLP-1 agonists remains a valuable tool 

in the fight against obesity, the need for continuous treatment and possible adverse effects 

underscore the need for continued research and development of novel therapeutic strategies. A 

new anti-obesity compound that can induce long-term changes in neurocircuitry, leading to 

sustained weight management after treatment discontinuation, represents a significant 

advancement in addressing this complex health challenge. 

1.4.2. Prolactin releasing peptide: PrRP 

Neuropeptides are peptides synthesised and released by different neuronal populations within 

the nervous system, where they exert regulatory functions (Strnadová et al., 2024). 

Neuropeptides produced in the ArcN influence the activity of other hypothalamic regions, such 

as the PVN, VMN, DMN, and lateral hypothalamic area (LHA). This influences the release of 

other neuropeptides that are both orexigenic, like galanin, Melanin-Concentrating Hormone 

(MCH), and orexins, as well as anorexigenic, including Corticotropin-Releasing Hormone 

(CRH), Pituitary Adenylate Cyclase-Activating Peptide (PACAP), Prolactin-Releasing Peptide 

(PrRP), and Thyrotropin-Releasing Hormone (TRH). The impulses from these hypothalamic 

areas are then projected to the thalamus and integrated with inputs from the brainstem, 

primarily the nucleus of the solitary tract (NTS; See Figure 1.2.; Strnadová et al., 2024).  

PrRP is a hypothalamic neuropeptide from the RF-amide family with a misleading name 

(Hinum et al., 1998). Although PrRP was originally named for its apparent ability to stimulate 

prolactin release, this function was later called into question. Despite the misleading 

nomenclature, the name PrRP has persisted (Dodd & Luckman, 2013). In vivo, there are two 

equally active isoforms of PrRP: PrRP31 with 31 amino acids, or its shorter analogue PrRP20 

with an identical C-terminal sequence. The last two amino acids at the C-terminus, Arg-Phe-

amide, are crucial for preserving PrRP's binding affinity to its receptor and ensuring its proper 

biological activity (Maletínská et al., 2011). PrRP acts as an endogenous ligand for the G-
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protein-coupled receptor 10 (GPR10), and its signalling may play diverse roles in 

neuroendocrinology, including regulation of energy homeostasis, stress responses, 

cardiovascular function, and circadian rhythms (Dodd & Luckman, 2013). It also displays high 

affinity for the receptor for neuropeptide FF (NPFFR2), another neuropeptide from the RF-

amide family (Strnadová et al., 2024). Both PrRP and GPR10 have been found to be expressed 

in brain regions implicated in the regulation of food intake, including the DMN, VMN, PVN 

and the NTS (Lawrence et al., 2000; Pražienková et al., 2019).  

Interestingly, studies using i.c.v. injections of PrRP showed that food intake and body weight 

was reduced in free fed rats (Seal et al., 2001; Lawrence et al., 2000; Maletínská et al., 2011). 

The weight loss observed with PrRP administration appears to be greater than that attributable 

solely to reduced food intake, suggesting that increased energy expenditure also contributes to 

the weight loss effects (Ellacott et al., 2003). The crucial role of PrRP in regulating food intake 

and energy balance is highlighted by evidence that its expression is directly stimulated by 

leptin, the primary regulator of energy homeostasis (Ellacott et al., 2002). Additionally, mice 

deficient in either PrRP (Takayanagi et al., 2008) or its receptor GPR10 (Bjursell et al., 2007; 

Pražienková et al., 2021) develop late-onset obesity accompanied by reduced energy 

expenditure. 

1.4.3. The lipidized analogue of PrRP: LiPrRP 

As described above, PrRP regulates feeding behaviour and energy balance directly in the 

hypothalamus (Pražienková et al., 2019), and has been described to work in synergistic action 

with the anti-hunger hormone leptin (Kuneš et al., 2016). PrRP is therefore a suitable candidate 

as a new anti-obesity compound that acts directly on the brain regions that regulates our feeding 

behaviour. While anorexigenic neuropeptides administered directly into the CNS have been 

shown to effectively reduce food intake and body weight, their peripheral administration fails 

to elicit a comparable response. This is due to the inability of these neuropeptides to cross the 

BBB and access their receptors, where they are primarily expressed (Strnadová et al., 2024). 

To achieve the same beneficial effects as when administered centrally, it is necessary to modify 

neuropeptides to enhance their stability and bioavailability.  

The development of long-lasting receptor agonists of GLP-1, which is approved for treating 

diabetes and obesity, demonstrated the enhanced properties achievable through peptide 

modification (Cummings et al., 2023; Hölscher, 2018). Since PrRP is a suitable candidate as a 

new anti-obesity compound, recent work at the Maletínská Lab at the Institute of Organic 
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Chemistry and Biochemistry in Prague therefore lipidized PrRP.  However, therapeutically 

targeting the central neuropeptide system poses a significant challenge, as peripherally 

administered neuropeptides must access the brain while avoiding undesirable side effects. The 

Maletínská lab has therefore extensively studied the functional properties of the PrRP 

analogues.  

The two isoforms of PrRP share an identical C-terminal sequence and exhibit similar in vitro 

activity (Hinuma et al., 1998). Previous research by Roland et al. (1999) revealed that N-

terminal deletions of PrRP20 slightly diminished the analogues’ affinity for the GPR10 

receptor (Roland et al., 1999) The shortest PrRP fragments retaining the highest GPR10 

binding affinity were PrRP20 and PrRP31, which exhibited nanomolar-range affinity. 

Conversely, replacing the C-terminal amide group with an acid completely abolished binding 

affinity (Hinuma et al., 1998; Roland et al., 1999). Furthermore, the arginine at positions 26 

and 30 were found to be crucial for receptor binding, and their modification resulted in a loss 

of affinity (Roland et al., 1999). 

PrRP could be shortened to a tridecapeptide without losing in vitro activity, retain binding 

affinity and agonist properties (Figure 1.3; Boyle et al., 2004). A structure-activity relationship 

study found that replacing amino acids at positions 21-31, particularly phenylalanine at position 

31 (Phe31), with bulky side chains like His(Bzl), Trp, Cys(Bzl), Glu(Obzl), norleucine (Nle) 

or a halogenated aromatic ring (Phe(4-Cl)) maintained or improved binding affinity and agonist 

activity (Figure 1.3). Subsequent studies by Maletínská et al. (2011) showed that PrRP20 

analogues with Phe31 replaced by different aromatic amino acids with different aromatic rings 

like (3,4-dichlor)phenylalanine (PheCl2), (4-nitro)phenylalanine (PheNO2), pentafluoro-

phenylalanine (PheF3), napthylalanine (1-Nal, 2-Nal), or Tyr retained high binding affinity and 

increased ERK and CREB phosphorylation in rat RC-4B/C pituitary cells (Figure 1.3; 

Maletínská et al., 2011). 

Lipidization, involving the attachment of fatty acids to peptides via ester or amide bonds, is a 

valuable strategy for developing novel peptide based therapeutics. One recent example is LIRA 

that is palmitoylated at position 26 through a γ-glutamyl linker (Knudsen et al., 2000). This 

lipidization can enhance potency, selectivity, and therapeutic efficacy by increasing peptide 

stability and prolonging the half-life in the organism. Additionally, lipidization may facilitate 

delivery across the BBB (Gault et al., 2011). Consequently, the lipidization of neuropeptides 

involved in the regulation of food intake represents a potential avenue for the development of 

anti-obesity drugs (Kuneš et al., 2016). 
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Maletínská et al. therefore developed novel lipidized analogues of PrRP, with various fatty acid 

lengths attached to the N-terminus (Maletínská et al., 2015). All PrRP20 and PrRP31 analogues 

lipidized with octanoic, decanoic, dodecanoic, myristic, palmitic, and stearic acids exhibited 

agonist characteristics and maintained high binding affinity to the GPR10 receptor, comparable 

to native PrRP20 or PrRP31 (Figure 1.3; Maletínská et al., 2015). Furthermore, lipidized 

PrRP31 analogues incorporating noncoded amino acids such as 1-Nal, PheCl2, PheNO2, PheF5, 

or Tyr at position 31, when myristoylated or palmitoylated at the N-terminus, demonstrated 

potent binding to GPR10. The original methionine at position 8 was substituted with the more 

stable Nle to prevent Met oxidation, without compromising binding and signalling activity 

(Figure 1.3; Prazienkova et al., 2016). 

The studies evaluated analogues of PrRP31 where palmitic acid was attached either through a 

γ-glutamyl linker or a short polyethylene glycol chain at the Lys11 position, as well as an 

analogue with two palmitic acids - one at Lys11 and one at the N-terminus. These analogues 

were tested in both in vitro and in vivo experiments. Binding and signalling assays 

demonstrated that the analogues maintained binding affinity to the GPR10 receptor, although 

the analogue with two palmitic acids was less potent. Additionally, the single palmitic acid 

attachment could be made at various positions along the peptide chain without compromising 

the binding affinity (Pražienková et al., 2017). The C-terminal 20 amino acids of PrRP are 

essential for maintaining the full anorexigenic effect.  

ICV administration of PrRP20 analogues incorporating various aromatic amino acids at 

position 31, such as PheCl2, PheNO2, PheF5, 1-Nal, 2-Nal, or Tyr, resulted in decreased food 

intake in fasted mice (Maletínská et al., 2011). Specifically, PrRP20 analogues 

(PheNO231)PrRP20, (1-Nal31)PrRP20, (2-Nal31)PrRP20, and (Tyr31)PrRP20 with these 

bulky aromatic substitutions at the C-terminus exhibited the most significant and prolonged 

anorexigenic response after ICV injection in fasted lean mice. This study demonstrated that a 

bulky aromatic ring, not necessarily phenylalanine, at the C-terminus enables the full 

anorexigenic activity of PrRP20 (Maletínská et al., 2011).  

The administration of PrRP can reduce food intake, but this effect depends on the PrRP 

analogues reaching the brain receptors and eliciting the central mechanism of action. As 

mentioned, Maletínská et al., (2015) demonstrated that lipidization of PrRP did not affect the 

binding to the GPR10 receptor but also that the analogues demonstrated increased affinity for 

the NPFFR2 receptor (Maletínská et al., 2015). Among the analogues with various fatty acid 

lengths attached to the N-terminus of PrRP, only the myristoylated PrRP20 (myr-PrRP20), 



23 

 

palmitoylated (palm-PrRP31), and stearoylated PrRP31 (stear-PrRP31) significantly decreased 

food intake in fasted or freely fed lean mice after s.c. administration (Maletínská et al., 2015). 

These lipidized analogues were suggested to cross the BBB and thus produce the central effect 

after peripheral administration. In contrast, analogues containing shorter fatty acids did not 

impact food intake. Thereafter, a subsequent study found that administering palm-PrRP31 to 

free-fed mice for three consecutive days via s.c. or intraperitoneal (i.p.) injections at a dose of 

5 mg/kg reduced food intake. A comparable effect was observed after intravenous (i.v.) 

administration at a lower dose of 0.1 mg/kg (Mikulaskova et al., 2016).  Furthermore, the palm-

PrRP31 and myr-PrRP20 analogues, but not the unmodified PrRP20, PrRP31, or octanoylated 

PrRP31, exhibited enhanced stability in rat plasma and significantly increased c-Fos 

immunoreactivity in hypothalamic and brainstem nuclei involved in the regulation of food 

intake, such as the PVN, ArcN, and NTS. Administration of palm-PrRP31 via s.c. injection 

elicited a significant elevation in c-Fos immunoreactivity within the PVN, ArcN, NTS, and 

DMN regions of the hypothalamus. Furthermore, palm-PrRP31 treatment substantially 

increased c-Fos expression specifically in the hypocretin neurons of the LHA and the oxytocin 

neurons of the PVN (Pirník et al., 2015). 

Among the lipidized PrRP analogues, PrRP31 palmitoylated or myristoylated at the N-terminus 

demonstrated the most potent and long lasting anorexigenic effects in fasted mice (Prazienkova 

et al., 2016). Furthermore, in DIO mice, a two week s.c. administration of palm-PrRP31 and 

myr-PrRP20 significantly reduced food intake, body weight, and improved metabolic 

parameters such as plasma insulin and leptin levels, as well as attenuated lipogenesis, compared 

to lean control mice (Maletínská et al., 2015). 

Repeated administration of PrRP analogues palmitoylated through various linkers to  Lys11, 

decreased body weight, liver weight, and levels of plasma insulin, leptin, triglycerides, 

cholesterol, and free fatty acids in DIO mice. Furthermore, enhanced energy expenditure shown 

by increased expression of uncoupling protein 1 (UCP-1) in brown adipose tissue (BAT; 

Pražienková et al., 2017). A single dose of PrRP31 palmitoylated at the Lys11 position through 

a γ-glutamyl linker (palm11-PrRP31; Figure 1.3) again triggered neuronal activation and 

reduced food intake, indicating its central effects after peripheral administration (Pražienková 

et al., 2017). This lipidized analogue, palm11-PrRP31, increased neural activity, as evidenced 

by elevated FosB immunostaining, specifically within the DMN and in VMN (Pirník et al., 

2018). Pražienková et al. (2019) also found that palm11-PrRP31 had improved bioavailability 

(Pražienková et al., 2019).  



24 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. Structure of PrRP20 and PrRP31 and its analogues. Amino acid sequence of 

PrRP analogues. Orange marked Ser marks the beginning of PrRP31 from the N-terminus. 

Orange-Thr marks the beginning of shorter isoform PrRP20. Orange-Trp marks tridecapeptide 

PrRP, and orange-Ile marks the shortest fragment heptapeptide PrRP as previously described 

by Pražienková et al. (2019). Beige amide group NH2 and yellow marked Arg23, Arg26, 

Arg30, and Phe31 are essential for the peptide functionality. The yellow marked amino acids 

represent the amino acids that can be changed and yet preserved good functional activity. Pink 

marked Arg11 could be substituted by Lys11 and its secondary amino group, fatty acids, were 

attached through different linkers. γ-E: γ-glutamic acid, MEG-FA: multiple ethylene glycol-

fatty acid (four ethylene glycol units attached to octadecanedioic acid via lysine linker 

incorporating carboxylated moiety), PheCl2: (3,4-dichlor)phenylalanine, PheNO2: (4-

nitro)phenylalanine, PheF5: pentafluoro-phenylalanine, 1-Nal, 2-Nal: napthylalanine, Phg: 

phenylglycine, TTDS: short chain of polyethylene glycol (1,13-diamino-4,7,10-trioxadecan-

succinamic acid). Orange-Lys with pink N-palmitoyl (N-γ-E) shows the LiPrRP (palm11-

PrRP31) changed structure used in the experiments in this study. Figure and legend modified 

from Pražienková et al. (2019). Figure made in BioRender (Biorender.com).   

 

A subsequent study examined the potential rebound effect after discontinuation of chronic 

subcutaneous administration of palm1-PrRP31 (Holubová et al., 2018). In the study, one group 

of DIO mice received s.c. injections of palm11-PrRP31 for 28 days, while another group was 

administered palm11-PrRP31 for 14 days, followed by saline injections for the subsequent 14 

days. As anticipated, prolonged administration of the treatment for 28 days substantially 

reduced the body weight of the mice. Notably, a comparable reduction in body weight was 
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observed in the mice that received the palm11-PrRP31 analogue for 14 days, followed by saline 

injections for the subsequent 14 days. Interestingly, there was no subsequent weight gain during 

the 14 days saline administration (Holubová et al., 2018). Holubová et al. (2018) here further 

revealed that prolonged administration of the lipidized PrRP analogue, palm11-PrRP31, for 28 

days did not elicit significantly greater weight loss compared to the 14 day treatment regimen. 

Notably, withdrawal of palm11-PrRP31 after 14 days of treatment did not result in a rebound 

weight gain, as the reduction in body weight and subcutaneous adipose tissue to body weight 

ratio was comparable to that seen with the 28 day continuous treatment (Holubová et al., 2018). 

This showed promising and long-lasting anti-obesity potential after two weeks administration.  

Similarly, several rat DIO models exhibited comparable trends, demonstrating reductions in 

food intake, body weight, and improvements in metabolic markers such as decreased glucose, 

leptin, and insulin levels. Furthermore, the degradation of palm-PrRP31 was examined in rat 

plasma, revealing its stability was prolonged to 24 hours compared to the 10-20 minute half-

life of native PrRP31 (Maletínská et al., 2015). This enhanced stability may account for the 

long-lasting anorexigenic effects of the compound. The prolonged stability is likely due to the 

compound's association with circulating plasma proteins, facilitated by the attached fatty acid 

moieties, similar to the mechanism seen with the GLP-1 analogue, LIRA (Maletínská et al., 

2015).  

All suggesting that the lipidized form of PrRP, palm11-PrRP31 (LiPrRP), has an increased 

stability, increased half-life, increased affinity to its receptor, slower biodegradation, elicit 

responses after peripheral administration, and has shown therapeutic potential as it decreased 

body weight by 15% compared to controls after subcutaneous administration for 14 days in 

DIO mice (Maletínská et al., 2015; Pražienková et al., 2019).  

Although direct evidence is lacking, some indirect evidence suggests that the lipidized form of 

PrRP, palm-PrRP31, may be able to cross the BBB and exert its effects directly within the brain 

(Figure 1.4. shows the proposed actions of palm-PrRP31/LiPrRP; Maletínská et al., 2015). 

Firstly, the pattern of neuronal activation (as measured by c-Fos) observed after peripheral 

administration of palm-PrRP31 was similar to that seen with i.c.v. administered natural PrRP 

into the brain at a dose causing an anorexigenic effect (Lawrence et al., 2000). Secondly, the 

anorexigenic effects were only observed with peripherally administered lipidized PrRP, not the 

unmodified peptide (Maletínská et al., 2015). Finally, the anorexigenic effects of lipidized 

PrRP were associated with increased neuronal activation in specific brain regions involved in 

regulating food intake and energy balance, including those containing GPR10 and NPFF2 
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receptors (Maletínská et al., 2015). Overall, these indirect lines of evidence suggest that the 

lipidized PrRP can after peripheral administration act within the CNS. The only direct way to 

show that LiPrRP can cross BBB would be by labelling it via a short hemaglutinin (HA)-tag, 

flourophore or by isotopes and thereafter detecting it in the MBH after peripheral 

administration. 

Importantly, peripheral administration of LiPrRP did not cause any side effects such as sedation 

(open field test), analgesia (hot plate test) or anxiety (elevated plus maze). The behavioural 

tests were performed at the time and the doses of the maximal anorexigenic effect of LiPrRP 

(Maletínská et al., 2015; Prazienkova et al., 2016). Suggesting that LiPrRP is an efficacious 

and safe potential anti-obesity treatment (Maletínská et al., 2015). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4. Proposed actions of the lipidized analogue of PrRP. Central and peripheral 

actions of natural PrRP31 and the palmitoylated analogue. Natural PrRP cannot act centrally 

after peripheral administration. LiPrRP stimulates anorexigenic pathways in the 

hypothalamus. LiPrRP has been described to work in synergistic action with the anti-hunger 

hormone leptin. Figure adapted from Mráziková et al. (2021). Figure made in BioRender 

(Biorender.com). 
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1.5. Exercise and adult neurogenesis  

1.5.1. Impact of exercise on adult neurogenesis in the hippocampus 

In the DG of the hippocampus new neurons are generated from neural stem cells. Around 9,000 

new cells are generated daily in the rodent hippocampus, with approximately 80%–90% of 

these differentiating into neurons (Cameron & McKay, 2001). This process of adult 

hippocampal neurogenesis involves three key developmental stages over 4 to 6 weeks: cell 

proliferation, differentiation, and functional maturation. The newborn neurons then migrate 

from the SGZ to the granule cell layer of the DG, where they become integrated into the local 

neural circuitry as mature granule cells (Duan et al., 2008; Baek, 2016).  

Exercise has been demonstrated to markedly enhance adult hippocampal neurogenesis, 

doubling the generation of new neurons (Praag et al., 1999; Clark et al., 2009). This effect may 

represent a critical mechanism by which exercise elicits improvements in various brain 

functions. Exercise positively influences multiple stages of new neuronal maturation, including 

stimulating cell proliferation, improving survival, and promoting differentiation in the DG. 

Furthermore, the exercise-induced increase in adult hippocampal neurogenesis plays a crucial 

role in learning, memory, and neural plasticity (Praag et al., 1999). In rodents, voluntary 

exercise increases the generation of new cells in the SGZ of the hippocampus in both young 

and older animals (Praag et al., 1999). Furthermore, voluntary exercise for a duration of three 

weeks enhances the survival of newly developed neurons within the hippocampus (Praag, 

2008).  

Multiple studies have demonstrated that 10 days of voluntary wheel running enhanced cell 

genesis in individually housed rodents (Allen et al., 2001; Borght et al., 2006). Furthermore, 

Kronenberg et al. (2006) reported that cell proliferation peaked after 3 days of running and 

remained significantly elevated at 10 days, although the pro-proliferative effect had returned 

to baseline by 32 days of running. This suggests that prolonged running leads to a transient 

peak in cell proliferation. Notably, the number of immature neurons continued to increase at 

the 32-day time point (Kronenberg et al., 2006). Early work by Praag et al. (1999) examined 

the potential relationship between running distance and hippocampal neurogenesis in mice. In 

their studies using individually housed C57Bl/6 mice, which displayed minimal variation in 

running activity, no clear correlation was observed. However, a subsequent investigation by 

(Allen et al., 2001) utilising a different mouse strain, the 129SvEv, revealed a wide range of 

individual differences in wheel running behaviour and a significant positive association was 

identified between cell proliferation/survival and the distance run by the animals (Praag, 2008). 
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This suggests that the extent of the effects of exercise on hippocampal neurogenesis can vary 

depending on the mouse strain and large individual differences in running behaviour.  

Although adult neurogenesis is well established in laboratory mice and rats (Kempermann et 

al., 1998; Praag et al., 1999; Praag et al., 2005; Kronenberg et al., 2006; Praag et al., 1999; 

Meshi et al., 2006), one study on wild long-tailed wood mice have shown that voluntary 

running and environmental changes did not influence hippocampal neurogenesis in these wild 

rodents (Häuser et al., 2009). While adult hippocampal neurogenesis has been linked to 

improved spatial learning and memory, the complete elimination of adult hippocampal 

neurogenesis has also been shown to have minimal or no effects on a wide range of behavioural 

measures in mice (Meshi et al., 2006). Importantly, wild wood mice exhibited no changes in 

hippocampal cell proliferation, neurogenesis, or apoptosis with voluntary running, suggesting 

their neurogenesis is resistant to environmental influences. This implies that running may only 

enhance neurogenesis when mice are kept in confined, sedentary conditions. However, the lab 

mice may indeed represent a good model for the current sedentary lifestyle of our society.  

1.5.2. The effect of HFD and running in the hippocampus  

High fat diets and metabolic disorders, including obesity and T2DM, have been shown to 

suppress adult hippocampal neurogenesis (Robison et al., 2020). A study by Park et al., (2010) 

revealed that HFD feeding for 7 weeks substantially reduced the generation of new cells in the 

DG region of the hippocampus, without any neuronal loss in rodents. This was attributed to 

elevated lipid peroxidation and diminished levels of BDNF (Park et al., 2010). Another study 

by Robison et al. (2020) revealed that in control conditions, female mice exhibited higher levels 

of cell proliferation (Ki67) and neuroblast/immature neuron (DCX) generation within the 

hippocampus compared to male counterparts. However, prolonged exposure to a HFD reduced 

these measures in females to levels comparable to males. Interestingly, the HFD did not impact 

neurogenesis in male mice. Furthermore, the number of proliferating cells and immature 

neurons was inversely associated with weight gain and glucose intolerance, but only in the 

female mice. Notably, these effects were most pronounced in the dorsal hippocampus, a region 

integral to cognitive functioning (Robison et al., 2020). Similarly, Lindqvist et al. (2006) 

showed that just 4 weeks HFD feeding decreased hippocampal neurogenesis in male, but not 

female, rats (Lindqvist et al., 2006).  

Crucially, exercise has been shown to reverse the negative effects of HFD on adult 

hippocampal neurogenesis. The study by Klein et al. (2016) explored the effects of various 
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HFD and exercise regimes in the hippocampus of female mice. They discovered that 12 weeks 

of HFD impaired flexible memory expression when initiated in adolescent sedentary mice, but 

not in young adult mice. However, this impairment was successfully prevented by concurrent 

exercise. Furthermore, long-term physical exercise (12 weeks) led to accelerated spatial 

learning during the acquisition period, which was accompanied by increased numbers of 

newborn mature neurons in both HFD and control diet runners. The researchers concluded that 

adolescent mice are specifically susceptible to the detrimental effects of HFD. Therefore, 

physical exercise, by modulating adult neurogenesis in the hippocampus, may represent a 

potential preventive approach for treating cognitive impairments associated with adolescent 

obesity (Klein et al., 2016). Additionally, a study (Han et al., 2019) also revealed that a 23-

week HFD regimen led to substantial increases in weight gain and hepatic triglyceride levels, 

which were subsequently reversed by 23 weeks of treadmill exercise. Furthermore, the exercise 

intervention enhanced hippocampal neurogenesis in the HFD fed mice and improved their 

memory function, as assessed in a water maze test (Han et al., 2019). 

1.5.3. The effect of HFD and running in the hypothalamus   

The hypothalamus demonstrates a high degree of plasticity and can respond to peripheral 

changes. As such, exercise may influence adult neurogenesis within this brain region. Indeed, 

one study by Klein et al. (2019) found that 12 weeks of a HFD increased the number of new 

neurons in the ArcN and their rate of maturation into POMC-expressing neurons. These results 

aligned with those of another study (Gouazé et al., 2013) that reported an increased number of 

POMC-expressing neurons in response to HFD. Furthermore, Klein et al. (2019) showed that 

while diet alone had no effect on general cell proliferation (Ki67+) in the ArcN, exercise 

specifically increased the number of Ki67-positive cells in HFD-fed mice, but not in controls. 

However, they found no change in long-term cell survival as measured by BrdU labelling. This 

analysis may have been hampered by the BrdU being administered at the start of the 12-week 

period, resulting in a pool of cells of mixed ages. Moreover, in other hypothalamic nuclei, the 

number of newly generated cells was significantly reduced by exercise in control conditions 

(Klein et al., 2019). This suggests that the influence of running on cell proliferation may be 

specific to different hypothalamic regions. Another study by Niwa et al. (2015) showed 5-7 

weeks of voluntary running led to beneficial effects in stroke-prone spontaneously hypertensive 

(SHRSP) rats. Exercise markedly increased both overall cell proliferation (BrdU+ cells) and 

adult neurogenesis in the ArcN and ME of both wild-type and SHRSP rats, compared to 

Sedentary controls (Niwa et al., 2015). Notably, even in the sedentary state, SHRSP rats 
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displayed increased levels of cell proliferation and neurogenesis relative to their wild type 

counterparts (Niwa et al., 2015). Furthermore, Laing et al. (2016) demonstrated that a 12-week 

HFD significantly reduced the number of POMC expressing neurons in male mice, but this 

detrimental effect was effectively reversed by exercise. Additionally, HFD administration 

substantially diminished leptin-induced signal transducer and activator of transcription 3 

phosphorylation (pSTAT3) signals in the ArcN and VMN, that was improved by voluntary 

exercise training, indicating that running improved central leptin signalling (Laing et al., 2016). 

The HFD group exhibited a significant reduction in Ki67-positive proliferating cells within the 

MBH, but this was reversed by voluntary exercise. Furthermore, TUNEL assay analysis 

revealed increased apoptosis in the ArcN of the hypothalamus in the HFD group. Notably, 

voluntary exercise significantly mitigated this diet-induced neuronal cell death, suggesting a 

protective mechanism by which exercise can ameliorate the detrimental effects of a HFD 

(Laing et al., 2016). According to a study by Borg et al. (2014), 7 days of forced running led 

to a 3.5-fold increase in hypothalamic cell proliferation compared to sedentary mice, and this 

effect was maintained even in DIO mice. However, blocking cell proliferation through AraC 

administration did not affect food intake, insulin action, or body mass in obese mice, suggesting 

that the proliferation of new neurons is not required for exercise training to maintain whole-

body homeostasis (Borg et al., 2014). 

The studies reviewed indicate that the hypothalamus exhibits a high degree of plasticity and 

can respond to peripheral changes, such as diet and exercise. A HFD has been shown to increase 

the number of new neurons and their maturation into POMC-expressing neurons in the ArcN. 

However, prolonged HFD exposure can also reduce the number of POMC neurons and cell 

proliferation in the hypothalamus. Importantly, voluntary exercise appears to have a protective 

effect, reversing the detrimental impacts of HFD on hypothalamic neurogenesis, cell 

proliferation, and neuronal survival. These findings suggest that exercise can ameliorate the 

negative effects of DIO on hypothalamic neuronal function and energy homeostasis.  

However, there is a gap in our knowledge regarding the effects of short-term voluntary running 

on hypothalamic neurogenesis in control and HFD conditions. The only current study 

examining the impact of short-term exercise on hypothalamic neurogenesis utilised forced 

running (Borg et al., 2014), which is a stressful paradigm for mice  (Leasure & Jones, 2008) 

and could therefore influence the outcomes. Moreover, surprisingly, no studies have employed 

lineage tracing techniques to investigate the origin and fate of newly generated neurons in the 

context of running.  
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1.6. Aims:  

The hypothalamus is a crucial brain region for regulating energy homeostasis, as neurons 

within the MBH sense metabolic and hormonal signals to control appetite and body weight. 

Anti-obesity compounds can reduce appetite and body weight by targeting these MBH neurons 

(Tak & Lee, 2021). However, several anti-obesity drugs previously approved for clinical use 

have been later rejected due to severe side effects such as foetal toxicity, nausea, or depression 

(Patel & Stanford, 2018; Saunders et al., 2016). Additionally, approved drugs for obesity act 

only acutely, with patients rapidly regaining weight after terminating treatment, highlighting 

the need for novel neuroactive anti-obesity compounds. Lipidized analogues of prolactin-

releasing peptide, LiPrRP, represent a promising new class of anti-obesity agents with potent 

appetite-suppressing and weight-lowering effects. Given the importance of adult neurogenesis 

in the hypothalamus for energy balance regulation, this study hypothesised that anti-obesity 

compounds like LiPrRP may exert their effects, at least partially, by influencing the cellular 

and molecular processes of hypothalamic adult neurogenesis, similar to the mechanisms of 

antidepressants (Eisch & Petřík, 2012; Malberg et al., 2000; Santarelli et al., 2003). To test this, 

LiPrRP and the GLP-1 receptor agonist LIRA was administered to mice on a HFD to examine 

the impact on hypothalamic adult neurogenesis. 

In contrast to anti-obesity compounds, we also explored the effects of physical exercise, as a 

physiological intervention, on hypothalamic adult neurogenesis. Only a handful of studies have 

previously investigated the role of exercise on the hypothalamus and none have reported the 

effects of short-term voluntary running or lineage traced hypothalamic stem cells. Given the 

importance of adult neurogenesis in the hypothalamus for energy balance regulation, this study 

hypothesised that exercise ameliorate HFD induced obesity by influencing cellular and 

molecular processes of hypothalamic adult neurogenesis, similar to the mechanism by which 

it reverse HFD induced impaired neurogenesis in the hippocampus (Han et al., 2019; Klein et 

al., 2016). By examining the impact of voluntary exercise on hypothalamic neurogenesis in 

both short-term and long-term protocols, using BrdU labelling in combination with inducible 

GLAST-CreERT2 mouse line this study aimed  to examine the impact of exercise on 

hypothalamic adult neurogenesis.  

To elucidate the effects of DIO, voluntary exercise, and anti-obesity treatment on hypothalamic 

neuronal stem cells, this study exposed adult mice to a HFD, together with LiPrRP, or voluntary 

wheel running. The influence on proliferation and self-renewal of adult neural stem cells, as 

well as the effects on differentiation, specification, and survival of adult-generated neurons was 



32 

 

assessed. Additionally, human induced Pluripotent Stem Cells were used to study neuronal 

specification after exposure to LiPrRP. 

This study aimed to: 1) investigate how LiPrRP influenced adult neurogenesis in the 

hypothalamus and hippocampus under short- and long-term exposure to an obesity-inducing 

diet; 2) determine how LiPrRP affected the fate specification of hypothalamic-like neurons 

generated from human induced pluripotent stem cells; and 3) elucidated the effects of short-

term and long-term voluntary running, in the context of diet-induced obesity, on neurogenesis 

in the hypothalamus compared to the hippocampus. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



33 

 

Chapter 2: Material and Methods 

 

2.1. Animals 

2.1.1. Husbandry 

Animal experiments were performed either in the United Kingdom (UK) or in the Czech 

Republic. All experimental procedures in the in UK were performed in accordance with the 

local ethical and Home Office approval under the UK Animals (Scientific Procedures) Act 

1986 (ASPA). All animals were housed in diurnal light conditions (12 hours light, 12 hours 

dark) and received food and water ad libitum. Mice were weaned 4 weeks post birth and kept 

in cages of no more than five animals per cage. All mice were 6-8 weeks old at the start of the 

regulated procedures. All C57BL/6J mice were purchased from Charles River Laboratories, 

UK. In the Czech Republic, all animal experiments followed the ethical guidelines for animal 

experiments and the Act of the Czech Republic Nr. 246/1992 and were approved by the 

Committee for Experiments with Laboratory Animals of the Academy of Sciences of the Czech 

Republic. C57BL/6 male mice that were 4 weeks old were obtained from Charles River 

Laboratories (Sulzfeld, Germany). Mice used for all running experiments, and in vitro 

experiments using LiPrRP, including time lapse imaging and RNAseq were treated in the UK. 

Mice used for the 7-day (7d), 21-day (21d), and 4-month (4mo) protocols with BrdU treatment 

were conducted in the Czech Republic. 

2.1.2. GLAST-CreERT2 x R26-tdTomato mouse line 

The GLAST-CreERT2 transgenic mice were developed in Magdalena Götz lab (Mori et al., 

2006) and the R26-tdTomato transgenic mice were developed in Hongkui Zeng lab (Madisen 

et al., 2010). GLAST-CreERT2 x R26-tdTomato breeders were generously provided by the lab 

of Dr. Florian Siebzehnrubl. This mouse line was used to label adult neural stem cells with 

tdTomato fluorophore to enable lineage tracing of adult born cells. The Glia High Affinity 

Glutamate Transporter (GLAST), encoded by the Slc1A3 gene, is expressed in Type-1 radial-

glia-like cells in the hippocampus, tanycytes in the hypothalamus, and astrocytes residing in 

the brain. The GLAST-CreERT2 knock-in construct in these mice has a partial Slc1A3 gene 

promoter that drives the expression of the bacteriophage Cre recombinase fused with a 

modified Estrogen Receptor T2 (Cre-ERT2) in GLAST expressing cells only. The mice also 

have an ubiquitous Rosa26 (R26) promoter that drives the expression of a modified, red light 

emitting GFP called tdTomato. However, a stop codon in the DNA sequence between the R26 

promoter and the tdTomato cDNA cassette prevents tdTomato expression normally. This stop 
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codon is floxed by two loxP sites (and can therefore be knocked out) that the Cre recombinase 

recognizes. When the Cre recombinase enters the cell nucleus, it removes one of the loxP sites, 

along with the stop codon, allowing the R26 to drive tdTomato expression. But just like the 

endogenous Estrogen receptor, the Cre-ERT2 fusion protein can only move to the nucleus when 

bound to its ligand. The modified ERT2 receptor is not sensitive to Estrogen but to a chemical 

analogue to Estrogen known as Tamoxifen. So, when Tamoxifen is administered 

intraperitoneally to mice, the Cre-ERT2 can move from the cytoplasm to the nucleus and remove 

the stop codon from the R26 construct. This, in turn, drives tdTomato expression in GLAST 

positive stem cells and astrocytes, as well as all daughter cells from tdTomato positive stem 

cells. 

 

 

Figure 2.1. Schematic of the GLAST-CreERT2 x R26-tdTomato mouse line before and 

after tamoxifen administration. Grey cell represent GLAST expressing cells before 

tamoxifen and the pink cell represent GLAST expressing cells and the events in the nucleus 

after tamoxifen administration. Figure made in BioRender (BioRender.com).  
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2.1.3. Genotyping 

Ear notches from adult mice were obtained and stored at -20°C for genotyping. Genotyping for 

wild type (WT) and mutant GLAST and R26-tdTomato was conducted. Genomic DNA was 

extracted from the samples using the MyTaq™ Extract-PCR Kit (Bioline, cat no. BIO-21126). 

First, a lysis buffer master mix of 5 μl Buffer A, 2.5 μl Buffer B, and 17.5 μl dimethyl 

pyrocarbonate (DEPC)-treated H2O were made for each sample. Then, 25 μl lysis buffer master 

mix was added to each sample. The samples were incubated at 75°C on a heat block for 30 

minutes and vortexed in 10 minute intervals. The samples were then incubated at 95°C for 10 

minutes to inactivate the protease. The digested solution was spun down for 5 minutes at 10,000 

rpm and put on ice. The supernatant was then used directly as the DNA template for the 

polymerase chain reaction (PCR) using 2x M-PCR OPTI™ mix which includes an optimized 

Taq Polymerase from the Mouse Direct PCR Kit (Selleckchem). For the PCR reaction, a 

solution containing 10 μl 2x M-PCR OPTI™ mix, 7.5 μl DEPC-treated H2O, 0.5 μl specific 

primers (10 μM), and 1 μl of the extracted DNA template, were combined for a final volume 

of 20 μl and loaded into a T100 Thermal Cycler (BIORAD). The following cycling program 

was used: 

GLAST: 

Lid: 105°C 

Step Degrees Time 

1 95°C 5 minutes 

2 95°C 20 seconds 

3 60°C 30 seconds 

4 72°C 1 minute 

 GOTO Step 2, 36x 

5 72°C 5 minutes 

6 4°C Hold 

Table 2.1. Cycling program for GLAST.  
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tdTomato 

Lid: 105°C 

Step Degrees Time 

1 95°C 5 minutes 

2 95°C 20 seconds 

3 50°C 30 seconds 

4 72°C 30 seconds 

 GOTO Step 2, 36x 

5 72°C 5 minutes 

6 12°C Hold 

Table 2.2. Cycling program for tdTomato. 

 

Primer pairs are shown in Table 2.3. PCR products were then separated on a 1-2% agarose gel 

and visualised using ethidium bromide. The gel was run at 90 Volt (V) for 5 minutes and then 

at 140 V for 25 minutes. The bands were compared to a 100 base pair (bp) DNA ladder 

(Biolabs). 
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Table 2.3. Primer sequences and product size for genotyping. Forward (Fwd). Reverse (Rev). 

Base pairs (bp). 

 

2.2. Diets 

Mice were given either Control diet or HFD. The control diet was purchased from Ssniff 

Germany with the energy composition of 24% calories from proteins, 7% from fats, and 67% 

from carbohydrates (#V1535 RM-Haltung, 15 mm pellets). 

2.2.1. High Fat Diet 

The HFD was prepared following the instructions described previously by Maletinska lab 

(Maletínská et al. 2015). The diet had energy content of 5.3 kcal/g, with 13% of calories derived 

from proteins, 60% from fats and 27% from carbohydrates. HFD was made by combining 400 

g Sniff base Diet (Ssniff® R/M-H #V1530-000 RM-Haltung, Mehl (ground/powder), Ssniff 

Spezialdiäten GmbH, Soest, Germany), 340 g of powdered cow-milk-based human baby 

formula (Sunar Complex 3, Dr Max Pharmacy, Mirakl, a.s., Bratislava, Slovakia), 10 g of Corn 

Primer name Fwd./rev. Product size 

(bp) 

Primer sequence (5’ – 3’) 

R26-tdTomato primers 

ROSA26 WT 

 

Forward  

297 bp 

AAGGGAGCTGCAGTGGAGTA 

ROSA26 WT 

 

Reverse CCGAAAATCTGTGGGAAGTC 

tdTomato  

 

Forward  

196 bp 

 

CTGTTCCTGTACGGCATGG 

tdTomato  

 

Reverse GGCATTAAAGCAGCGTATCC 

GLAST primers 

GLAST-F8 

 

Forward  

WT: 700 bp 

 

GAGGCACTTGGCTAGGCTCTGAGGA 

GLAST-R3 

 

WT Reverse GAGGAGATCCTGACCGATCAGTTGG 

GLAST-F8 

 

Forward  

Mutant:  

400 bp 

GAGGCACTTGGCTAGGCTCTGAGGA 

CERI 

 

Mutant 

Reverse 

GGTGTACGGTCAGTAAATTGGACAT 
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Starch and 250 g of pork lard (Lidl UK, Surbiton, UK). The dry ingredients were first combined 

in a mixer and the lard was slowly melted in the microwave and gradually poured into the 

mixture of dry ingrediencies while stirred. The combined liquid and dry ingrediencies were 

then left to stir on a low stir setting for 15 minutes which was turned up to a high stir setting 

for another 15 minutes or until it had reached the desired consistency where the resulting dough 

could be compacted into pellets. Pellets were handmade and stored at -80°C. Enough pellets 

for one week were thawed in 4°C two days before they were given to the mice. HFD pellets 

were changed 2-3 times per week. 

2.2.2. High fat diet protocols for pharmacological interventions 

Short term HFD and LiPrRP (7d): For the short-term HFD and LiPrRP experiments, our 

collaborators at the Maletínská lab provided isolated brains from control animals (animals on 

Control diet) or animals subjected to a 7d HFD with or without concurrent injections of LiPrRP 

(5 mg/kg i.p. daily, n = 5 per group) or LIRA (0.2 mg/kg s.c. daily, n = 5 per group). As a 

control, LiPrRP vehicle was injected s.c. These animals received two BrdU (150 mg/kg of body 

weight) i.p. injections 6 hours apart on day 1, followed by a BrdU chase period of 6 days 

(Figure 2.2A). Brains were cut into 40 μm thick coronal sections using a cryostat and stored in 

Eppendorf tubes containing 0.1% Sodium Azide (NaN3) in 1x PBS at 4°C until 

immunohistochemical staining was performed. 

Medium term HFD and LiPrRP (21d): The Maletínská lab provided brains isolated from 

control animals (animals on Control diet) or animals subjected to a 21d HFD with or without 

concurrent administration of LiPrRP (5 mg/kg s.c. daily, n = 5 per group) or LIRA (0.2 mg/kg 

s.c. daily, n = 5 per group). As a control, LiPrRP vehicle was injected s.c. During the first five 

days, BrdU (10 mg/ml) was given in the drinking water (followed by a 16-day BrdU chase). In 

the 21d protocols (Figure 2.2B), LiPrRP was also administered to animals on the Control diet. 

Brains were cut into 40 μm thick coronal sections using cryostat and stored in Eppendorf tubes 

containing 0.1% NaN3 in 1x PBS at 4 °C until immunohistochemical staining was carried out. 

Long term HFD and LiPrRP (4mo): The Maletínská lab provided isolated brains from control 

animals and those subjected to 4mo of a HFD with daily LiPrRP injections (5 mg/kg s.c., n = 

8 per group) for the last 14 days. As a control, LiPrRP vehicle was injected s.c. BrdU (10 

mg/ml) was provided in drinking water during the first 14 days of the final month, followed by 

a 14-day BrdU chase (Figure 2.2C). These samples were provided by our collaborators at the 

Maletínská lab. LiPrRP was also given to animals on the Control diet. Brains were cut into 40 
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μm thick coronal sections using cryostat and stored in Eppendorf tubes containing 0.1% NaN3 

in 1x PBS at 4°C until immunohistochemical staining was carried out. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. Timelines for 7d, 21, and 4mo protocols. Schematic of A) Short term HFD, 7 

days of HFD and concurrent LiPrRP with two BrdU injections 6 hours apart on day 1. B) 

Medium term HFD, 21 days of HFD or Control diet and concurrent LiPrRP, given BrdU in 

drinking water the first five days. C) Long term HFD, on 4 months HFD or Control diet with 

or without exposure to LiPrRP (5 mg/kg i.p. daily, n = 8 per group) or LIRA for the last 14 

days and BrdU in drinking water was given in the first 14 days of the last month. Figure made 

in BioRender (Biorender.com).   
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Two weeks of HFD and LiPrRP: Primary cell cultures for time lapse imaging and neurosphere 

assays were prepared from male WT C56BL/6j mice on two weeks HFD or Control diet with 

or without LiPrRP injections (5 mg/kg s.c. daily, n = 3 animals per group; Figure 2.3). The 

weight of each mouse was recorded at the beginning and end of the experiment as well as every 

2 days throughout the protocol duration. 

 

Figure 2.3. Timeline for two week HFD and LiPrRP protocol. Primary cell cultures for time 

lapse imaging and neurosphere assay were prepared from male WT mice on two weeks HFD 

or Control diet with or without LiPrRP injections. Figure made in BioRender (Biorender.com).   

 

2.3. Anti-Obesity Drugs 

2.3.1. Lipidized Prolactin Releasing Peptide (LiPrRP) 

LiPrRP is a human palmitoylated analogue of PrRP that was synthesized at the Institute of 

Organic Chemistry and Biochemistry, Prague (CAS), as previously described (Prazienkova et 

al., 2016). Desiccated LiPrRP (M.W. = 4004) was stored at -20°C until reconstituted in the 

sterile physiological solution (0.9% NaCl, pH = 7.4) as 1 mg/ml concentration (corresponding 

to approx. 0.25 mM) and aliquoted into protein LoBind tubes (Eppendorf, Stevenage, UK). 

After LiPrRP was reconstituted, it was kept at -20°C for up to two weeks. A fresh aliquot was 

thawed each time before administration to animals. Mice received a single s.c. injection of 5 

mg LiPrRP/kg of body weight before the onset of the dark cycle. 

2.3.2. Liraglutide (LIRA) 

Liraglutide (Saxenda, PubChem CID: 16134956, (Cant et al., 2013) was obtained from 

Pharmacy (Victoza®, Novo Nordisk A/S, Bagsværd, Denmark). Liraglutide works by 

increasing insulin secretion, it suppresses glucagon secretion, and slows gastric emptying by 

binding the GLP-1R (Liraglutide, 2020). Liraglutide was administered in physiological 

solution (40 μg/ml) s.c. daily in 0.2 mg/kg concentration at the Institute of Organic Chemistry 

and Biochemistry, Prague (CAS). 
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2.3.3. hPrRP31 

Full-length, 31 amino acid long human Prolactin Releasing Peptide (hPrRP31) was used in one 

time lapse and hiPSC experiment. Purified, desiccated, crystal hPrRP31 (M.W. =  3665.15) 

was stored at -20°C. Stock solution of 1 mM hPrRP31 in sterile cell culture grade distilled 

water was added to cell media to the final concentration of 1 μM. 

2.4. Running experiments 

2.4.1. High fat diet and running protocols  

Short HFD and Running (Two weeks): WT C56BL/6j male mice were administered two weeks 

Control diet or HFD and housed in cages with a vertical running wheel and counter developed 

and generously provided by Dr. Andrew Want (n = 5 per group). Sedentary animals were held 

in the same cages with a fixed vertical wheel (Figure 2.4A). Mice were housed in pairs with a 

clear divider. The divider had holes to allow the mice to smell each other as well as some touch. 

Mice were given BrdU (10 mg/ml) in drinking water given the first 5 days, with a 9-day BrdU 

chase. The weight of each mouse was recorded at the beginning and at the end of the experiment 

due to the configuration of the cages. Brains were cut into 50 μm thick coronal sections using 

cryostat and stored in Eppendorf tubes containing 0.1% NaN3 in 1x PBS at 4°C until 

immunohistochemical staining was carried out. This protocol was also used before tissue 

extraction for time lapse imaging, but without BrdU administration (Figure 2.6). 

Long HFD and Running (3mo): Male and female GLAST-CreERT2 x R26-tdTomato mice (n 

= 5 per group) were administered 3 months (3mo) of Control diet or HFD. Mice were induced 

by 3 days i.p. tamoxifen injections and placed in the same running cages as described previous 

(Figure 2.2 B). Mice were given BrdU (10 mg/ml) in drinking water in the first 5 days of the 

last two weeks with a 9-day BrdU chase (Figure 2.4B). The weight of each mouse was recorded 

at the beginning and end of the experiments and every two weeks throughout the 3 month 

protocol. Brains were cut into 50 μm thick coronal sections using cryostat and stored in 

Eppendorf tubes containing 0.1% NaN3 in 1x PBS at 4°C until immunohistochemical staining 

was carried out.  
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Figure 2.4. High Fat Diet and Running protocols. Schematic of A) Two weeks (14d) HFD 

and Running. B) 3mo HFD and Running (n = 5 per group). Figure made in BioRender 

(Biorender.com). 

 

2.4.2. Tamoxifen injections 

Tamoxifen powder (M.W. = 371.52) was stored at -20°C. Tamoxifen (ThermoScientific; Cat. 

No. J63509.03) was diluted in corn oil (Sigma-Aldrich; C8267-500mL; kept sterile at room 

temperature; 30 mg/ml) and sonicated in a Ultrasonic bath (Grant and administered via i.p. 

once daily for 3 days in 150 mg/kg body weight.  

The modified ERT2 receptor is not sensitive to Estrogen but to the chemical analogue 

Tamoxifen. When Tamoxifen is administered via i.p. to mice, the Cre-ERT2 can move from the 

cytoplasm to the nucleus (Figure 2.1.)  

2.4.3. Exercise trackers   

Custom tracking equipment was constructed by Dr. Andrew Want to monitor the activity of 

mice continuously over several days. To reduce isolation stress the cages were constructed to 

house two mice, separated by a barrier that allowed some social interaction. The barrier was 

made with small perforations and allowed feeding from a communal food hopper. The divider 

still allowed the mice to see, smell and interact with each other, while also allowing tracking 

of running on individual wheels. 

Rotations of the wheels were monitored using an infrared sensor (Infrared Obstable Avoidance 

Sensor Module, 3 wire, Frienda, Frienda-Obstable-431S). The sensor was constructed by Dr. 

Want from hand cut 3mm Perspex arms secured to a crab clamp (TRIXES Crab Clamp Mount 

Stand Desk Wall Panel Holder Clip Professional 1/4" and 3/8” Thread), which allowed the 

A 

B 
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sensor to be mounted outside the cage. The crab clamp allowed for convenient detachment of 

the sensor for cleaning the cages. The electronic equipment was triggered by the interruption 

of the infrared beam and the sensors were connected to a Raspberry pi 4B Model B via a 

breadboard using an electronic circuit designed by Dr. Want. The Raspberry pi was connected 

to an uninterruptable power supply (Tecnoware UPS ERA PLUS 800 Together On - 

Uninterruptable power supply). Using a python script, the input from all exercise wheel sensors 

was tracked simultaneously and the counts of the total number of rotations for each wheel was 

tracked. At the end of the experiment, all data was collected and processed using RStudio 

Version 1.2.1335. To account for false positive triggering of the sensors, events with a time 

interval of 0.275 seconds were excluded. The time interval of the updated results was used to 

calculate the revolutions per minute (rpm) and kilometres (km) ran.  

2.5. Histological analysis 

2.5.1. BrdU 

Bromodeoxyuridine, BrdU (Sigma-Aldrich, Gillingham, UK) was administrated either by 

intraperitoneal (i.p.) or in drinking water. For i.p. injections, BrdU (10 mg/ml) was dissolved 

in the physiological solution (0.9% NaCl, pH = 7.4) and injected as 150 mg/kg of body weight 

(Petrik et al., 2012). For drinking water, BrdU (1 mg/ml) was dissolved in autoclaved tap water 

with 1% sucrose (Petrik et al., 2018). BrdU drinking water was protected from light by 

wrapping the bottles in foil and changed once in the 5 days period. 

2.5.2. Perfusion 

Animals were euthanized with an intraperitoneal injection of Euthatal. Transcranial perfusion 

with ice cold 1x phosphate buffered saline (1xPBS; Thermo-Fisher Scientific, 18912014) was 

followed by ice cold 4% paraformaldehyde (PFA; Sigma-Aldrich, 252549) using a compact 

pump (World Precision Instruments, Peri-Star Pro). The 1xPBS was used to flush out the blood 

for 5 minutes (5 ml/minute), followed by 15 minutes of cold 4% PFA (5 ml/minute). The mice 

were decapitated, and the skull was exposed. Brains were then isolated from the scull by 

carefully making a straight cut from the brainstem to the rostral part of the brain to uncover the 

olfactory bulb and the overlapping skull fragments were manually removed carefully by 

forceps. The brain was then carefully removed without damaging the hypothalamus and post 

fixed overnight in 4% PFA at room temperature (RT). The brains were the next day transferred 

into 30% sucrose solution (30% sucrose, 0.1% NaN3 in 1xPBS) and let to sink and kept in 4°C 

awaiting cryostat cutting in 4°C. Brains were cut into 40 μm (LiPrRP experiments) or 50 μm 

(Running experiments) thick coronal sections using cryostat (Observer.Z1 Zeiss LSM780) and 
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stored in Eppendorf tubes containing 0.1% NaN3 in 1xPBS at 4°C until immunohistochemical 

staining was carried out. Slide-mounted immunohistochemistry (IHC) was performed. 

2.5.3.  Immunohistochemistry 

The brain sections were mounted and immunohistochemically stained following an established 

protocol by Dr Petrik (Petrik et al., 2012). Mounted sections were pre-treated with 2.5 N 

Hydrochloric acid (HCl; Sigma-Aldrich, ACS reagent 37%, 258148-2.5L), prepared fresh from 

12 N saturated stock of HCl diluted in 1xPBS, for 30 minutes at room temperature (RT). The 

sections were neutralised using 0.1 M Na-Borate (Na2B4O7; Sigma-Aldrich, 221732; pH = 

8.5) for 10 minutes, pH adjusted to 7.4 by 5-minute incubation of 1xPBS, then blocked with 

the carrier (3% bovine serum albumin; Sigma-Aldrich, A7030; 0.5% TritonTM X-100; Sigma 

Aldrich, T9284; in 1x PBS, pH = 7.4) for 30 minutes and incubated overnight at RT with 

primary antibodies. The primary antibodies used can be found in table 2.4. The next day the 

slides were washed three times with 1xPBS (5 minutes each), followed by 2 hours of secondary 

antibody incubation (1:300) at RT (using parafilm to ensure the slides did not dry out). After 

another three washes with 1xPBS (5 minutes each) the sections were stained with 4′,6-

diamidino-2-phenylindole (DAPI; 1:1000; Roche) for 10 minutes. DAPI was used as nuclear 

stain. After 3 washes with 1xPBS (5 minutes each), the slides were briefly dried and cover-

slipped using ProLong Diamond antifade mountant (InvitrogenTM; P36970). The staining was 

visualised using confocal microscopy (Observer.Z1 Zeiss LSM780). 

For Ki67 stained sections Sodium Citrate (10mM tri-sodium citrate; Sigma-Aldrich W302600-

1kg-k, pH = 6.0 plus 0.03% Triton X-100) in 70°C (15 minutes) was used instead of HCl as 

antigen retrieval. The sections were cooled down and pH adjusted to 7.4 by 5-minute 

incubation of 1xPBS, then blocked with the carrier (1x PBS, 0.5% Triton X-100, 5% normal 

donkey serum; Sigma-Aldrich, S30-100ML) for 30 minutes and incubated overnight at RT 

with primary antibodies. 
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Antibody Dilution; Supplier 

Rat monoclonal anti-BrdU 1:400; MCA6144 BioRad, Watford, UK 

Mouse monoclonal anti-NeuN 1:500; MAB377 Thermo 

Rabbit polyclonal anti-GFAP 1:500; Z0334 Agilent/Dako, Stockport, UK 

Mouse monoclonal anti-HuC/HuD 1:500; A21271 Thermo 

Mouse monoclonal anti-Ki67 1:400; CPCA-Ki67-100ul EnCor 

Biotechnology/2BScientific, Upper Heyford, UK 

Rabbit polyclonal anti-GPR10 receptor 1:200; PA5-29809 Thermo Scientific, Paisley, 

UK 

Rabbit polyclonal anti-activated caspase 3(AC3) 1:500; 9661S Cell Signalling, Leiden, The 

Netherlands 

Guinea pig polyclonal anti-Doublecortin (DCX) 1:400; AB2253 Thermo 

Rabbit polyclonal anti-NPFF2 receptor 1:200; ab1420 AbCam, Cambridge, UK 

Chicken polyclonal anti-MAP2 1:400; a92434 AbCam 

Mouse monoclonal anti-beta-III-Tubulin 1:400; ab14545 AbCam 

Goat polyclonal anti-Vimentin 1:50; ab1620 Chemicon, Watford, UK 

Mouse monoclonal anti-PCNA 1:300; M087901-2 Agilent 

Guinea pig polyclonal anti-RAX 1:200; M229 Takara Bio Europe Ab, Goteborg, 

Sweden 

Rabbit anti-NPY  1:600; GR8284305-1 Abcam 

Mouse anti A1H5 (POMC) 1:5000 for ICC 

1:800 for IHC 

Developed and generously provided by the lab of 

Dr Anne White 

Goat anti-Sox2 1:300; AF2018 Bio-Techoe 

Rabbit polyclonal anti-FOXG1 1:500; AB18259 Abcam 

Mouse monoclonal anti-Nkx2.1 1:500; MAB5460 Millipore  

Table 2.4. Primary antibody dilutions and distributors.  

2.5.4. IHC quantification 

Quantification was performed in the Medial Basal Hypothalamus (MBH), including the VMN 

and DMN, ArcN and ME, as well as the ArcN and ME alone, and the SGZ of the hippocampus 

was done stereologically (Figure 2.5). Graphs marked with MBH or Parenchyma + ME (4mo 

group) includes analysis of VMN, DMN, ArcN and ME. If an nuclei was individually analysed 

the graph was marked accordingly. All images were taken in a sequential scanning mode (z-
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stacks) to identify superposed cell nuclei. Z-stack images were obtained in the ZEN Blue 

software (Zeiss) using 10X, 20X or 40X apochromatic objectives on the Observer.Z1 Zeiss 

LSM780 confocal microscope. All coronal sections from one well in the series of 12 were 

stained as described above. The sections containing the hippocampus (around bregma −0.6 to 

−4.0 mm) and MHB (around bregma −1.2 to −2.3 mm  (Paxinos & Franklin, 2004) was 

analysed as tanycytes are present from bregma −1.3 to −2.5 mm (Pasquettaz et al., 2020). The 

area of each region mentioned above was measured in the ZEN software in 2–4 brain sections 

and multiplied by the brain section thickness to obtain the volume. Cell density was quantified 

as number of cells per mm cubic of tissue. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. Quantification of the Medial Basal Hypothalamus (MBH). A) MBH includes 

the Parenchyma (VMN and DMN) as well as the ArcN and ME. The ArcN and ME was also 

analysed individually. B) The Subgranular Zone (SGZ) of Dentate Gyrus (DG) of the 

hippocampus.  
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2.6. Cell culture 

2.6.1. Tissue generation for cell cultures  

Primary cell cultures were prepared from adult male WT C57Bl/6J mice. Mice were given 

Control diet or HFD for 14 days with or without concurrent administration of LiPrRP daily s.c. 

injections or vertical running wheels (Figure 2.6B). Tissue from the hypothalamic neurogenic 

niche was isolated for time lapse imaging and neurosphere assays (Full workflow in Figure 

2.7).  

Additionally, primary cells from untreated male C57Bl/6J mice were exposed to LiPrRP in 

vitro (1 μM added every day) during the first 3 days of the culture and time lapse imaged for 

the following 4 days or grown as neurospheres for 10 days (Figure 2.6A).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6. Timeline for primary cell cultures used in time lapse and neurosphere assays. 

A) Primary cells from untreated mice were exposed to LiPrRP in vitro (1 μM added every day) 

during the first 3 days of the culture and time lapse imaged for the following 4 days or grown 

as neurospheres for 10 days. B) Mice were given Control diet or HFD for 14 days with or 

without concurrent administration of LiPrRP daily s.c. injections. After tissue extraction, 

primary cell cultures were time lapse imaged for the following 4 days or grown as neurospheres 

for 10 days. 

 

 

A 
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Removal and dissection of the brain: 

Adult male mice (6-7 weeks old) were culled by cervical dislocation and decapitated. The 

surface of the skull was revealed by reflecting the skin. The fur was sprayed with 70% ethanol 

(EtOH) before cutting the skin on top of the skull open to keep sterile. Additional cuts in the 

skin were made to expose the sides of the skull just below the ears. The muscles on the back 

of the skull were removed to expose the spinal cord. The scissor was placed in the canal and 

small cuts along the mid brain was made. The skull was broken off with forceps, the brain 

removed and transferred to centrifuge tubes with ice-cold HBSS-HEPES and 

Penicillin/Streptomycin (final con. 100 units/ml; for all consumables refer to Table 2.5). 

Isolation of the hypothalamic 3V: 

The brains were washed three times in ice-cold HBSS with 10 mM HEPES and 

Penicillin/Streptomycin and the MBH and hippocampus were isolated in the same media. First 

the cerebellum and olfactory bulb were removed and then a horizontal cut was made at the 

level of the thalamus to separate the cerebral cortex and to level the dorsal aspect. The dorsal 

aspect was cut in half in the rostro-caudal axis to expose the hippocampus which were isolated 

using microdissection surgical scissors and forceps. Next to isolate the 3V walls, the ventral 

aspect was placed facing up, and using microdissection surgical scissors, cuts parallel to the 

3V wall were made to isolate the region of interest. Finally, cuts were made in the rostro-caudal 

axis to separate the segment containing the HVZ corresponding approximately to bregma −1.0 

to −2.5 mm. 

Dissociation of tissue: 

The tissue was collected in 5 ml ice-cold HBSS-HEPES (for all solutions refer to Table 2.5). 

Once the tissue had settled down the supernatant was removed under sterile hood and 2.5 ml 

of sterile dissociation media (HBSS, D-Glucose, HEPES 1M, Trypsin, Hyaluronidase) warmed 

to 37°C was added to the tissue (See table 2.3 for full media details) for digestion of the tissue. 

Incubation lasted for 15 minutes at 37°C and the tissue was titrated gently with a 1 ml 

(hippocampus) or 5ml pipette (hypothalamus) to break up the pellet before another 15 minutes 

of incubation in 37°C. One volume of an ice cold mix of BSA, EBSS and HEPES (solution 3) 

was used to inactivate the digestion by trypsin. Cells were triturated with a 5ml pipette and 

passed through a 40 μm filter/strainer into a 50 mL Falcon Tube to remove large pieces of un-

digested tissue. The cells were transferred to 15 ml tubes and centrifuged down for 5 minutes 

at 1300 rpm and the supernatant removed. The cells were resuspended in 1 ml ice cold solution 
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3 and added slowly on top of another 10 ml ice cold solution 3. The cells were again centrifuged 

down for 7 minutes at 1500 rpm. The supernatant was again removed and the cells were 

resuspended in 1 ml Cell Maintenance media (Table 2.5 for full media details) and counted 

under microscope on a hemacytometer. Cells were then plated in two biological and technical 

replicates for treatment (hPrRP31/LiPrRP) and control. Cells were plated in DMEM/F12 with 

EGF/FGF2 (final concentration: 5 ng/ml) to grow as neurospheres or to be attached to PDL-

coated bottoms of wells. Plated cells on PDL covered plates (treatment group) were given 

LiPrRP (1 μM) for 3 consecutive days (starting the day of plating) after which the attached 

cells were left in a 37°C incubator and continuously imaged (10X objective) (Ortega et al., 

2013; Petrik et al., 2018) for 5 days (every 10 minutes). After imaging, cell identity was 

determined by immunocytochemistry (ICC). 

For the next 7 days the neurospheres were incubated at 37°C in DMEM/F12 with EGF/FGF2 

(final concentration: 5 ng/mL) boosts ever 3-4 days without LiPrRP boosts. At day 5 and 10 

the neurospheres were counted under the microscope. At day 10 the neurospheres were 

collected by blasting them off gently with the media and transferred to Eppendorf tubes that 

were centrifuged at 1500 g for 7 minutes. The supernatant were then removed and the 

neuropsheres were flash frozen on dry ice and placed in -80°C awaiting further analysis by RT-

qPCR.  
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Media Components Volume 

 

EGF-Stock with a 

concentration of 5 µg/ml 

 

EGF (ThermoFisher PHG0311) 

DMEM:F12 (low Glucose) 
100 µg 

10 ml 

 

 

FGF-Stock with a 

concentration of 5 µg/ml 

 

FGF (Roche PHG0264) 

DMEM:F12 (low Glucose) 

 

10 µg 

1 ml 

 

 

 

Dissection medium 

 

 

1x HBSS (Thermo 24020117) 

10 mM HEPES 

 

 

 

 

 

Solution 3 (BSA-EBSS-

HEPES) 500 ml 

    

  

BSA (Sigma A2153) 

HEPES (Life Tech, 1M) 

 

20 g 

10 ml 

in 490 ml EBSS 

(LifeTech, 1x) 

 
 

Dissociation Media 

    

 

 

Solution 1 

Trypsin (Sigma T9201-100MG) 

Hyaluronidase (Sigma H3884-

50MG)  

 

10 ml 

7 mg 

 

7 mg 

 

Disk filtered to be 

sterile 

 

 

Solution1 (HBSS-Glucose) 

500 ml 

HBSS (Life Tech, 10x) 

D-Glucose (Stock 45%, Sigma: 

G8769) 

HEPES (1M, Gibco: 15630) 

50 ml 

9.0 ml 

 

7.5 ml 

in 433.5 ml H2O 

 

Cell Maintenance Medium 

 

Penicillin/Streptomycin 

B27 (Thermo 17504044) 

FGF (Stock 5µg/ml) 

EGF (Stock 5µg/ml) 

DMEM:F12/Glutamax (Gibco: 

31331) 

 

1:100 (final con. 100 

units/ml) 

1:50 

1:1000 (final con. 5 

ng/ml) 

1:1000 (final con. 5 

ng/ml) 

Fill up to 50 ml 

 

Table 2.5. Media used for time lapse experiments.  
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Figure 2.7. Isolation of the hypothalamic 3V. For time lapse experiments and neurosphere 

assays mice were fed HFD or Control diet and treated 1) in vivo with LiPrRP 2) Vertical 

running wheels 3) or LiPrRP in vitro (WT mice on Control diet).  

 

 2.6.2. Time lapse imaging  

Primary cell cultures, processed as described above, were continuously imaged as described 

previously (Ortega 2013; Petrik et al. 2018). Four regions of 2x2 tiles were selected in each 

well using the ZEN Blue software (Zeiss). Imaging was done using an inverted 10X 

apochromat objective on a Zeiss Axio Observer 7 microscope in an environmental chamber, 

where the cells were kept in 37°C in 5 % CO2 and pictures were taken every 10 min for 4 days. 

The microscope is also equipped with a motorized stage and Zeiss Definitive Focus module. 

At the end of imaging the cells were fixed and immunocytochemically stained for Vimentin, 

Sox2 and/or GFAP and Ki67 as described below (Table 2.4). Cellular events from a single 

seeding stem cell was analysed using Timm’s Tracking Tool software as described previously 

(Hilsenbeck et al., 2016; Petrik et al., 2018). Stem cells were distinguished from rare astrocytes 

by morphology, where stem cells were identified as marker positive cells with elongated soma 

and one or two elongated processes compared to astrocytes that had a stellate morphology. 
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2.6.3. Immunocytochemistry 

Firstly, the cells were blocked with carrier media (1x PBS, 0.5% Triton X-100, 2% bovine 

serum albumin), then the cells were incubated at room temperature (RT) overnight with 

primary antibodies (Table 2.4), diluted in the carrier media. The next day the slides were 

washed three times (for the hiPSCs, once for at least 30 minutes) followed by 1.5 hours of 

secondary antibody incubation (1:300) at RT. After another three washes (for the hiPSCs, once 

for at least 30 minutes), the cells were stained for DAPI (1:1000; Roche). DAPI was used as 

nuclear stain. The cells were washed another 3 times and then mounted using the ProLong 

Diamond antifade mountant. The wells or slides were imaged using a Zeiss Axio Observer 7 

microscope for the time lapse imaging or on the confocal microscopy for the hiPSCs 

(Observer.Z1 Zeiss LSM780). 

2.7. Human induced pluripotent stem cells (hiPSCs) 

Maintenance and differentiation of the hiPSCs to hypothalamic neurons were performed as 

previously described with slight modifications (Merkle et al., 2015; Kirwan et al., 2017). To 

ensure cultures are kept sterile all cells were handled in a Class II biosafety cabinet using 

standard sterile techniques. The cell lines used were the Kolf-Cl (HPSI0114i-Kolf_2), the 18n6 

(CS25iCTR-18n2) and the i900 cell line (generated in Professor Meng Li’s lab at Cardiff 

University). All were from a fibroblasts tissue source from healthy male donors (age 46-75). 

The passage numbers ranged between 23-28 when received.  

2.7.1. Differentiation 

6 well plates were coated with 1 ml/well Vitronectin (VTN) (1:100) diluted with DPBS without 

Calcium and Magnesium and left in 37°C incubator (5% CO2 humidified incubator) for at least 

one hour. Undifferentiated Kolf, 18n6 and i900 hiPSCs were plated on 6 well VTN coated 

Nunclon plates (Thermo Scientific™, 140675) to grow to approximately 80% confluence. 

Undifferentiated hiPSCs were thawed until half frozen and 0.5-1 ml mTesR’ (RT) were added 

to the vial. The cells were transferred to new 15 ml tube and spun down at 1000 rpm for 3 

minutes. The media was aspirated from the cell pellet, and a new 1 ml mTesR’ was added to 

the cell pellet and was triturated gently. Another 5 ml media was added and the cells were again 

titrated carefully, and evenly distributed (1 ml/well) to the plate after aspirating the VTN and 

adding an additional 1ml of mTesR’ to the well (2 ml total/well). The cells were left to settle 

in the 37°C incubator overnight. The cells were fed with mTesR’ (RT) every day until the cells 

reached 80% confluency when then passaged and replated into 6 well Geltrex (Cat.No. T303; 

Takara Bio Inc) coated plates at a density of 9.5 x 105 cells/well in N2B27 medium (Table 2.9) 
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for differentiation. To re-plate the cells all media for each well was transferred to a new 15 ml 

falcon tube and 1 ml/well Accutase was added and the plate was left in the incubator for 5-10 

minutes. The cells were gently blasted off completely using the old media and collected into a 

new falcon tube and spun down for 3 minutes at 1000 rmp. The media was aspirated and cells 

resuspended in 1 ml mTesR’ and Rock Inhibitor (Y-27632, 10 µM). 10 µl was used to count 

the single cell suspension in a hemacytometer. Correct volume of media and cell suspension 

was plated into the wells after aspirating the Geltrex. Left over cells were banked as 1 million 

cells per vile in Cryostor. The cells were left to settle overnight in the incubator and the next 

day they were fed with N2B27 and first day of small molecules. The small molecules were 

added as follows: 

Small molecules were added freshly with each feeding (Table 2.6) and changed every day for 

14 days for directed differentiation into a hypothalamic neuronal cell fate. 

 

Day Media and small molecules 

Day 0 N2B27 + 1.5 μM iwr1 + 100 nM LDN-193189 + 10 μM SB431542 

Day 2  N2B27 + 1.5 μM iwr1 + 100 nM LDN-193189 + 10 μM SB431542 + 1 μM SAG 

+ 1 μM Purmorphamine 

Day 4  N2B27 + 1 μM iwr1 + 75 nM LDN-193189 + 7.5 μM SB431542 + 1 μM SAG + 

1 μM Purmorphamine 

Day 6  N2B27 + 0.5 μM iwr1 + 50 nM LDN-193189 + 5 μM SB431542 + 1 μM SAG + 

1 μM Purmorphamine 

Day 8  N2B27 + 0.25 μM iwr1 + 25 nM LDN-193189 + 2.5 μM SB431542 + 5 μM 

DAPT 

Day 10  N2B27 + 5 μM DAPT 

Day 12  N2B27 + 5 μM DAPT   

Day 14  dissociation and re-plating in Maturation medium + 5 μM DAPT + Y- 27632 

Table 2.6. Differentiation protocol. From Kirwan et al. (2017).  

 

Hypothalamic cultures were frozen down after 14 days differentiation. Some wells were lysed 

and used for a d14 qPCR checkpoint and some were replated onto PDL and Geltrex coated 

coverslips for ICC. Cells were dissociated using Accutase as described and banked 6 million 

cells per vile in Cryostor.  
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2.7.2. Maturation                            

The hiPSCs were thawed and replated onto PDL and Geltrex coated 12 well plates and 

coverslips in 24 well plates (Cat.No. 81156; Ibidi) at a concentration of 1x105 cells per cm2 

(corresponding to density of 500 000 cells/well of a 12 well plate and 80 000 cells/ 13 mm 

coverslip). The immature neurons were thawed into Geltrex coated t25 flask in N2B27 and 

Rock Inhibitor to avoid cell death the first day. The cells were let to rest for 4 days with full 

media changes each day (N2B27 + 5 μM DAPT). On day 4 the cells were dissociated using 

Accutase as previously described and plated onto the PDL and Geltrex coated 12 well plates 

and coverslips in 24 well plates as mentioned. Cells were plated into maturation media with 

10uM rock inhibitor + 5 μM DAPT and left to settle in the incubator overnight. Full media 

change was made without Rock Inhibitor and DAPT the following day (day 15) and 75% media 

changes every other day until day 30. BDNF was added fresh to each feed and the well were 

split in to control and treatment. hPrRP31 was added into the stock maturation media and then 

distributed into each well fresh at each feeding. The neurons were matured until day 30 when 

they were collected for mRNA extraction and later on PCR of target genes or fixed for ICC. 

 

 

 

 

 

 

Figure 2.8. Timeline of hiPSC protocol and checkpoints as descried in the text.  

 

2.7.3. Cortical neuronal differentiation and maturation  

The cortical neurons were generated concurrently with the hypothalamic neurons and 

processed as previously described (Figure 2.8), with the modifications as shown in table 2.7. 
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Day Media and small molecules 

Day 0 N2B27 + 1.5 μM iwr1 + 100 nM LDN-193189 + 10 μM SB431542 

Day 2  N2B27 + 1.5 μM iwr1 + 100 nM LDN-193189 + 10 μM SB431542  

Day 4  N2B27 + 1 μM iwr1 + 75 nM LDN-193189 + 7.5 μM SB431542  

Day 6  N2B27 + 0.5 μM iwr1 + 50 nM LDN-193189 + 5 μM SB431542  

Day 8  N2B27 + 0.25 μM iwr1 + 25 nM LDN-193189 + 2.5 μM SB431542  

Day 10  N2B27  

Day 12  N2B27 + 20 ng/ml FGF2 

Day 14  Dissociation and re-plating in Maturation medium + 20 ng/ml FGF2 + Y- 27632 

Table 2.7. Differentiation protocol for cortical neurons. From Kirwan et al. (2017).  

 

2.7.4. hiPSC ICC quantification  

Quantification was performed from 3 regions of interest per cover slide, resulting in a total of 

9 images from each control or treatment group for each cell line (Figure 2.9). All images were 

taken in a sequential scanning mode (z-stacks) to identify superposed cell nuclei. Z-stack 

images were obtained in the ZEN Blue software (Zeiss) using 40X apochromatic objectives on 

the Observer.Z1 Zeiss LSM780 confocal microscope.  Cell counts are reported as percentages. 

Figure 2.9. ICC quantification of marker positive hiPSC cells. Quantification was 

performed from 3 regions of interest per cover slide, resulting in a total of 9 images from each 

control or treatment group for each cell line.  
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Small molecules Reconstitution instructions from Kirwan et al. (2017) Supplier, catalogue 

number (cat. no.) 

 

BDNF 

 

Reconstitute powder in DPBS with 0.1% BSA (sterile 

filtered) to 100 µg/ml, aliquot, and store aliquots at -

80°C. Use at 1:1000 for a 10 ng/ml final concentration. 

 

Stemcell 

technologies, cat. no. 

78005 

 

DAPT Reconstitute powder in DMSO to generate a 50 mM 

stock, aliquot, and store aliquots at -20°C. Use at 

1:10000 for a 5 µM final concentration. 

Stemcell 

technologies, Cat. no. 

72082 

 

LDN-193189 Reconstitute powder in DMSO according to 

manufacturer’s directions to generate a 1 mM stock, 

aliquot, and store aliquots at -20°C. Use at 1:10000 for a 

100 nM final concentration 

 

Stemgent, cat. no. 04-

0074 

Purmorphamine Reconstitute powder in DMSO to generate a 10 mM 

stock, aliquot, and store aliquots at -80°C. Use at 

1:10000 for a 1 µM final concentration. 

Stemcell 

technologies, cat. no. 

100-1049 

 

SB431542 Reconstitute powder in DMSO to generate a 10 mM 

stock, aliquot, and store aliquots at -80°C. Use at 1:1000 

for a 10 µM final concentration. 

Stemcell 

technologies, cat. no. 

72232 

 

Smoothed 

agonist (SAG) 

Reconstitute powder in DMSO to generate a 10 mM 

stock, aliquot, and store aliquots at -80°C. Use at 

1:10000 for a 1 µM final concentration. 

 

Sigma-Aldrich, 

566660-1MG 

Y-27632 

dihydrochloride 

Rock inhibitor 

Reconstitute powder in sterile distilled water to generate 

a 10 mM stock, aliquot, and store aliquots at -20°C. Use 

at 1:1000 for a 10 µM final concentration. 

DNSK International, 

cat. no. DNSK-KI-

15-02 

Table 2.8. Small molecules and distributors. From Kirwan et al. (2017).  
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Media Components, product code and supplier 

 

Maturation Medium (1 L) 

 

1 L N2B27 medium  

BDNF to a final concentration of 10 ng/ml, added fresh at each 

feeding, Stemcell technologies, cat. no. 78005 

 

mTeSR1 (0.5 L) 400 ml mTeSR1 medium, Stemcell Technologies, cat. no 05851 

100 ml mTeSR1 5x Supplements, Stemcell Technologies, cat. no 

05852 

 

N2B27 (1.07 L) 

 

 

500 ml Neurobasal-A, (LS), Thermo Fisher Scientific, cat. no 

10888022 

500 ml DMEM/F12 with GlutaMAX, (LS), Thermo Fisher 

Scientific, cat. no 31331093 

10 ml Glutamax, Thermo Fisher Scientific, cat. no 35050038 

10 ml Sodium Bicarbonate, Thermo Fisher Scientific, cat. no 

25080-094 

5 ml MEM Nonessential Amino Acids, Thermo Fisher Scientific, 

cat. no 11140035 

1 ml Ascorbic Acid (200 mM, use 1:1000), Sigma Aldrich, cat. no 

A4403 

10 ml Penicillin-Streptomycin, Thermo Fisher Scientific, cat. no. 

15140122 

Sterile filter, then add the following supplements:  

20 ml B27 supplement (x50), Thermo Fisher Scientific, cat. no 

17504044 

10 ml N2 supplement (x100), Thermo Fisher Scientific, cat. no 

17502048 

Table 2.9. Media for hiPS cell cultures. From Kirwan et al. (2017). 
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Other consumables Supplier 

Geltrex LDEV-Free Reduced Growth Factor Basement 

Membrane Matrix  

Thermo Fisher Scientific, cat. no. 

A1413202 

 

Phosphate Buffered Saline, calcium and magnesium-free 

(DPBS), pH range 7.0-7.3 

Thermo Fisher Scientific, cat. no. 

14190250 

 

Dimethyl Sulfoxide, DMSO Sigma Aldrich, cat. no. D2650-100 

mL 

 

Vitronectin (VTN-N) Recombinant Human Protein, 

Truncated 

 

Thermo Fisher, cat. no. A14700 

Accutase Solution Sigma, cat. no. A6964 

 

Cryostor  STEMCELL technologies , cat no. 

CS10 

 

ReLeSR™ STEMCELL technologies, cat. no. 

100-0484 

 

Distilled Water  Thermofisher, cat. no. 15230204 

Table 2.10. Other media and consumables for hiPS cell cultures. From Kirwan et al. (2017). 

 

2.8. RT-qPCR 

2.8.1. RT-qPCR protocol 

Total RNA was isolated using the RNeasy Mini plus kit (Qiagen, Manchester, UK) according 

to manufacturer’s manual. The tissue, cells or neurospheres was titrated with 350 μl Buffer 

RLT Plus and transferred to a gDNA Eliminator spin column. The column was then centrifuged 

for 30 seconds at 10 000 rpm. 350 μl 70% EtOH was added to the flow through and transferred 

to an RNeasy spin column. The column was then centrifuged for 15 seconds at 10 000 rpm and 

flow through discarded. 700 μl RW1 was added to the column that was centrifuged for another 

15 seconds (10 000 rpm) and flow through discarded. 500 μl Buffer RPE was then added to the 

column that was centrifuged for another 15 seconds (10 000 rpm). Another 500 μl Buffer RPE 

was added to the column and centrifuged for 2 minutes at 10 000 rpm. 30 μl RNase free water 
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was added on top of the filter in the column and then centrifuged for 1 minute into new 

Eppendorf tubes that were placed in -80°C until transcribed to cDNA. 

To transcribe the isolated RNA into cDNA we used Super Script III polymerase with random 

primers and RNAse Out (Thermo). The qPCR reaction was performed using Fast SYBR Green 

dye (Thermo). Technical duplicates was used for each sample and primer pair. First, random 

primers (1 μl/reaction, 200ng), dNTPs (1 μl/reaction, 10 mM) and RNAse free water (1 

μl/reaction or up to 13 μl total including the Total RNA) into one master mix. Three μl of the 

master mix was added to 10 μl of the thawed RNA and added to RNAse free PCR tubes. The 

PCR tubes were ran in the PCR cycler for 5 minutes at 65°C (volume 13 μl) the samples were 

then briefly spun and put on ice for at least 1 minute. A master mix of 4 μl 5x First Strand 

Buffer/reaction, 1 μl DTT (0.1 M)/reaction, 1 μl RNAse OUT(inhibitor)/ reaction, 1 μl 

Superscript III/ reaction was made and thoroughly mixed. Seven μl of the master mix was 

added to the PCR tubes and incubated at 25°C for 5 minutes. The reactions were ran for 5 

minutes 25°C, 1h 50°C, 15 minutes 70°C, cooled to 4°C and put in -20°C until qPCR was 

performed. A Step One Plus Real time PCR system (Life Technologies) was used to determine 

the relative expression of mRNA transcripts. The cycler was set up for 45 cycles, 95°C for 20 

seconds at the holding stage, 95°C for 3 seconds at the first cycling stage (denaturation), and 

60°C for 30 seconds at the second cycling stage (annealing and elongation). The sequences of 

used primers (250 nM for all) were designed by using the Primer-BLAST online tool (NCBI-

NIH). 
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Primer Forward and reverse reads Supplier 

 

POMC 

 

Fwd: CTCACCACGGAAAGCAACC 

Rvs: CTGCTCGTCGCCATTTCC 

 

 

Sigma-Aldrich 

(Zimmer et al., 2016) 

NPY Fwd: GCTGCGACACTACATCAACCTC 

Rvs: CTGTGCTTTCTCTCATCAAGAGG 

 

Sigma-Aldrich 

GPR10 Fwd: TTTGGATCCGTTCAGCTCCC 

Rvs: GGAAGTTCGTCACGTTGTGC 

 

Sigma-Aldrich 

NPFFR2 Fwd: TCCTCAGTTGCGAAATTAGGATGT 

Rvs: CCACTTGAGGCTGGTGAAGA 

 

Sigma-Aldrich 

PrRP Fwd: GCACCCCTGACATCAATCCT 

Rvs: AGCCATCCTGGGACGACATA 

 

Sigma-Aldrich 

NKX2.1 Fwd: ACTCGCTCGCTCATTTGTTG 

Rvs: GGAGTCGTGTGCTTTGGACT 

 

Sigma-Aldrich 

 

FOXG1 Fwd: CACCTACTCCCTCAACCCCT 

Rvs: GCTGCTCTGCGAAGTCATTG 

 

Sigma-Aldrich 

(Neaverson et al., 2023) 

GAPDH Fwd: GCACCGTCAAGGCTGAGAAC 

Rvs: TGGTGAAGACGCCAGTGGA 

Sigma-Aldrich 

(Chen et al., 2022) 

Table 2.11. Primer pairs for hiPSC experiments. If no reference is indicated the primer pair 

was generated using the Primer-BLAST (NCBI-NIH) function.  

 

The results were analysed using the AccuSEQ software (Life Technologies). The amplification 

cycle (Ct) values was determined by maximum 2nd derivation method and following the 2−ΔΔCt 

method (Livak and Schmittgen, 2001) with normalization to the expression levels of GAPDH. 
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2.9. Statistical analysis 

Data were statistically analysed, and graphs generated by using with Microsoft Excel and 

GraphPad Prism. Numbers of biological and technical replicates are provided in the Figure 

Legends and in the Methods. The statistical analysis followed a determined workflow. First, 

data sets were analysed by the Grubb’s test (ESD method) to identify statistically significant 

outliers (alpha = 0.05), which were removed from all statistical analyses. Second, it was 

determined if the data are normally distributed by D’Agostino & Pearson’s omnibus normality 

test. If the data set is smaller than n = 5, the Kolmogorov–Smirnov normality test was used. If 

data were not normally distributed or if this could not be reliably determined due to small 

number of replicates, non-parametric statistical tests were used. Including Mann–Whitney for 

un-paired experiments, or Kruskal–Wallis test with Dunn’s post-hoc test (for group 

comparison). Parametric tests were instead used if data were normally distributed. For simple 

comparison of two data groups, the unpaired two-tailed t-test was used. The t-test was also 

used for selected data groups containing three data sets that were not interdependent. For 

multiple factor or group comparison, One-way or two-way analysis of variance (ANOVA) was 

used with the Bonferroni’s or Tukey’s post-hoc test for the cross-comparison of individual data 

sets. For non-parametric tests, the data were presented as median ± interquartile range (IQR). 

For parametric tests, the data were presented as mean ± standard error of mean (SEM). Results 

were considered significant with P < 0.05 (*). In graphs, two asterisks (**) represent values of 

P ≤ 0.01, three asterisks (***) for P ≤ 0.001.  

2.9.1. hiPSC ICC statistical analysis  

Image analysis and cell quantification of iPSC ICC was performed on Fiji ImageJ. Image 

processing involved compressing the z-stack using the "Z project" function set to average 

intensity and adjusting the brightness and contrast levels (min, 60, max, 0). Manual and 

automated quantification was conducted by May Surrdige-Smith when working in Petrik lab. 

Automated cell quantification was conducted by using an automated particle analysis macro 

pipeline. Statistical tests were performed as described above.  

2.9.2. RT-qPCR analysis  

The results were analysed using the AccuSEQ software (Life Technologies). The amplification 

cycle (Ct) values were determined by maximum 2nd derivation method and following the 2−ΔΔCt 

method (Livak and Schmittgen, 2001) with normalisation to the expression levels of GAPDH.  
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The cycle threshold (Ct) values, which indicate the number of cycles required for the 

fluorescent signal to exceed a defined threshold, were normalised to the housekeeping gene 

(GAPDH) to obtain the ΔCt values (ΔCt = Cttest gene – CtGAPDH). The ΔCt values are 

presented as fold change(2-ΔCt). The relative expression of the gene of interest in the treatment 

group compared to the control is represented as the ΔΔCt values (ΔΔCt  = ΔCttreatment - 

ΔCtcontrol), calculated using the arithmetic mean average of the ΔCt values for individual cell 

lines. In qPCR, the Ct value is inversely proportional to the initial quantity of the target nucleic 

acid in the sample. Thus, a higher Ct value signifies that more PCR cycles were needed to 

detect the gene of interest, implying lower expression levels of the target gene. Consequently, 

in graphs displaying fold change, a taller bar indicates diminished gene expression. For graphs 

depicting ΔΔCt values, a negative value represents increased gene expression, while a positive 

value indicates reduced gene expression.  
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Chapter 3: The Effects of a Lipidized Analogue of Prolactin 

Releasing Peptide on Adult Neurogenesis in the Hypothalamus 

Results from this chapter have been published (full figures from the paper are presented in 

Appendix 1)  

 

 

 

 

 

 

 

3.1. Short Introduction  

Obesity is a chronic serious disease with many co-morbidities (Cope et al., 2018). 

Unfortunately, due to low long-term adherence, 1 out of 3 individuals return to their original 

weight within a year (Kushner et al., 2020; Tak & Lee, 2021). Given the multifaceted nature 

of obesity, alternative treatment options are essential to effectively support patients. To fill this 

clinical need, research is needed to identify new compounds with anti-obesity potential. One 

of such compounds is PrRP. A human palmitoylated analogue of PrRP (LiPrRP) was 

synthesized at the Institute of Organic Chemistry and Biochemistry, Prague (CAS), as 

previously described (Pražienková et al., 2017). Previous results from Petrik lab suggested that 

LiPrRP reduces weight in DIO mice and affects adult neurogenesis in the hypothalamus. The 

only neuroactive medications also approved as anti-obesity treatments in the UK and EU are 

analogues of the Glucagon-like Peptide-1 Receptor (GLP-1R) ( Bray et al., 2016; Collins & 

Costello, 2022; NICE, 2020), such as Liraglutide (Saxenda) or Semaglutide (Ozempic). 

However, their primary clinical use is for the treatment of T2DM (Ard et al., 2021; Bailey et 

al., 2023; Mahase, 2022).  

Research has established that the mammalian hypothalamus contains a neurogenic niche, 

where progenitor cells can proliferate and differentiate into neurons, astrocytes, and 

oligodendrocytes, integrating into existing neural circuits (Yoo & Blackshaw, 2018; Sharif et 

al., 2021). Hypothalamic neurogenesis, predominantly studied in the medio-basal region due 

to its role in regulating feeding and metabolism (Lee et al., 2014; Kokoeva et al., 2005), is a 

central homeostatic mechanism that governs various physiological processes like sleep, 

Jorgensen, S., Karnošová, A., Mazzaferro, S., Rowley, O., Hsiao-Jou, C C., Robbins, S J., Christofides, S., 

Merkle, F T., Maletínská, L., & Petrik, D. (2024, January 1). An analogue of the Prolactin 

Releasing Peptide reduces obesity and promotes adult neurogenesis. EMBO Reports, 25(1). 

https://doi.org/https://doi.org/10.1038/s44319-023-00016-2 

 

https://doi.org/https:/doi.org/10.1038/s44319-023-00016-2
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circadian rhythms, and appetite control (Lee et al., 2014). Metabolic factors, including diet and 

associated cytokines, can modulate the proliferation of neural precursors and neurogenesis in 

the hypothalamus. Interestingly, hypothalamic neurogenesis may play a dual role in obesity - 

contributing to its onset through dysregulation of appetite and metabolism, while also offering 

a compensatory mechanism in response to over-nutrition and metabolic dysfunction. 

In the MBH, neurons that suppress (anorexigenic) or stimulate (orexigenic) appetite sense 

metabolic and hormonal signals from the periphery to control eating behaviour and appetite 

(Lechan & Toni, 2013; Timper & Brüning, 2017; Betley et al., 2013; Farooqi, 2022). Anti-

obesity compounds exert their effects by targeting neurons in the MBH to reduce the sensation 

of appetite and the body weight (Tak & Lee, 2021). Appetite-regulating neurons in the MBH 

are generated from both embryonic development and adult neurogenesis from aNSCs in the 

HVZ (Petrik et al., 2022). These newly born neurons, along with the aNSCs, play a vital role 

in regulating energy homeostasis (Gouazé et al., 2013; Kokoeva et al., 2005). 

DIO has been demonstrated to reduce adult hypothalamic neurogenesis through reduced 

survival and increased apoptosis of newborn neurons, or by decreased proliferation of tanycytes 

(Li et al., 2012; Lee et al., 2014; McNay et al., 2012). Conversely, ablation of adult 

hypothalamic neurogenesis leads to greater weight gain in HFD-fed animals (Gouazé et al., 

2013; Kokoeva et al., 2005), while enhancing hypothalamic adult neurogenesis protects against 

the adverse effects of HFD, suggesting that newly generated neurons serve an anorexigenic 

role. Nonetheless, the association between adult hypothalamic neurogenesis and DIO remains 

incompletely understood, with conflicting findings reported in literature (Lee et al., 2014; Li et 

al., 2012; McNay et al., 2012). 

Given the critical role of adult hypothalamic neurogenesis in energy homeostasis, we 

hypothesised that anti-obesity compounds may elicit neurogenic effects similar to 

antidepressants (Eisch & Petrik, 2012; Malberg et al., 2000; Santarelli et al., 2003). To evaluate 

this hypothesis, we administered LiPrRP and LIRA to mice on a HFD and examined the impact 

on the cellular and molecular processes of adult hypothalamic neurogenesis. 

To determine the neuroprotective effects of LiPrRP and LIRA in the context of DIO, six-week-

old male mice were fed HFD for 7 days (7d), 21 days (21d), or 4 months (4mo). The two 

shorter-duration HFD protocols were expected to trigger HFD-induced neuroinflammation and 

astrogliosis in the hypothalamus (Sugiyama et al., 2020; Thaler et al., 2012), while the longer 

protocol would result in the development of DIO (Pražienková et al., 2017). The 4mo protocol 
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allowed investigating the effects of the anti-obesity compounds in the context of established 

obesity, while the shorter 7d and 21d protocols enabled examining their effects during 

neuroinflammation and the developing metabolic syndrome. In the 7d and 21d protocols, 

LiPrRP and LIRA (21d) were administered concurrently with the HFD. In the 4mo protocol, 

the LiPrRP was given during the last two weeks. As a control to HFD + LiPrRP, mice were 

also administered LiPrRP in the context of the Control diet in the 21d and 4mo protocols.  

The LiPrRP protocols used in the current study were performed in the Maletínská lab. Their 

previous research demonstrated that administering the palmitoylated PrRP31 analogue (palm-

PrRP31) to freely-fed mice for three consecutive days led to reduced food intake (Maletínská 

et al., 2015). Additionally, they showed that chronic two week administration of palm-PrRP31 

in DIO mice resulted in substantial weight loss and improvements in metabolic parameters that 

had been elevated due to obesity, such as decreased plasma leptin and insulin levels 

(Maletínská et al., 2015). In these experiments, mice were treated with LiPrRP or LIRA and 

exposed to different BrdU pulse and chase protocols as described in Chapter 2. To test the 

effects of the anti-obesity compounds on the survival of newly generated cells in the MBH, 

mice exposed to 4mo HFD were administered BrdU for two weeks (on day 92) followed by 

two week chase. In the 7d and 21d HFD protocols there were 6d and 16d chase periods 

respectively, to determine the effects of the compounds on newly generated cells in the context 

of developing metabolic syndrome. Quantification of BrdU labelled cells was done in the MBH 

(including the DMN, VMN, ArcN and ME, ArcN alone, and the ME alone).  

The aim of this chapter was to elucidate the mechanism of action of LiPrRP by determine the 

effects on cell proliferation, differentiation and survival of adult generated neurons in context 

of acute HFD and DIO, as well as the impact on stem cell proliferation in the HVZ. 
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3.1.1. LiPrRP reversed the DIO-induced reduction of newly generated neurons, induced weight 

loss, and reduced the HFD-induced plasma concentrations of insulin, leptin, and cholesterol 

Previous results from Dr Petrik (Figure 3.1) showed that compared to Controls, mice on long-

term (4mo) HFD feeding had significantly fewer BrdU labelled neurons in the MBH. 

Markedly, the reduction of newborn neurons was rescued by LiPrRP in the MBH to the level 

of Controls. The rescue effect of LiPrRP was observed not only in the MBH but also in the ME 

alone. This rescue effect was not limited only to new neurons but also to other BrdU labelled 

cells in the MBH, although DIO did not significantly reduce other BrdU labelled cells in the 

MBH. 

The Maletínská lab showed that exposure to HFD with or without LiPrRP for 7d did not 

significantly change the body weight (Appendix Figure 1A). In the 21d protocol exposure to 

HFD or Control diet with or without LiPrRP had a statistical significant effect on body weight 

of male mice. The Two-Way ANOVA revealed a significant effect, however no significance 

were found between the groups by the multiple comparison Bonferroni post-hoc test. This 

indicated that neither HFD or LiPrRP alone could cause the variance found by ANOVA 

(Appendix Figure 1B). They also showed that LiPrRP administration in the last 2 weeks of 

4mo HFD significantly reduced body weight compared to mice on 4mo HFD (Appendix Figure 

1C) (Maletínská et al., 2015). In contrast, LiPrRP had no effect on body weight in male mice 

kept on Control diet (Appendix Figure 1C). In addition, the Maletínská lab showed a reduction 

of HFD-induced plasma concentration of insulin, leptin and cholesterol which had been 

significantly elevated in mice on 4mo HFD as expected with the development of obesity 

(Kennedy et al., 2010). 
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Figure 3.1. LiPrRP rescued newborn neurons in the MBH and ME in obese mice. Mice 

were exposed to HFD for 4 months. A–C) Representative confocal images of HVZ stained as 

indicated in Control (A), HFD (B) and HFD + LiPrRP (C) of 4mo HFD group. D-D’’’) An 

example of BrdU+ neuron in the MBH parenchyma. E) Quantification of all BrdU+ cells in the 

MBH. F-G) Quantification of BrdU+ neurons in MBH (F) and ME (G). Data information: Scale 

bars (s.b.): 50 μm (A–C), 10 μm (D). n = 8 mice per data set for the 4mo group. In all panels, 

One-way ANOVA with Bonferroni’s test (E: F(2,21) = 3.87, p = 0.037; F: 

F(2,20) = 14.21, p < 0.0001; G: F(2,20) = 21.37, p < 0.0001). Data are presented as 

mean ± SEM. 
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3.2. Results  

3.2.1. Majority of adult generated neurons in the hypothalamus expressed the PrRP receptor 

LiPrRP exerts its effect by binding to the PrRP receptors GPR10 and NPFFR2 (Maletínská et 

al., 2015). While numerous studies have examined the distribution of GPR10 in the brain, its 

precise sub-cellular localisation within neurons remains less well characterised. The existing 

literature primarily focuses on the broader expression patterns of this receptor in brain regions 

such as the hypothalamus, thalamus, and pituitary gland (Bjursell et al., 2007; Dodd & 

Luckman, 2013; Pražienková et al., 2019, 2021). As a transmembrane protein, GPCRs like 

GPR10 span the cell membrane and have portions exposed to both the extracellular and 

intracellular environments, which is crucial for their role in signal transduction. Dr Karnošová, 

when working in Petrik lab, identified GPR10 positive puncta co-localized with the 

cytoskeletal marker Microtubule - associated protein 2 (Map2) and/or Human neuronal protein 

C and D (HuC/D) surrounding neuronal nuclei, both markers of mature neurons in the MBH 

(Appendix Figure 1I–K). She also showed that the density of GPR10 was reduced by 21d of 

HFD exposure which was rescued by LiPrRP administration (Appendix Figure 1L). The data 

suggests that GPR10 co-localizes with both the cell body and dendrites of neurons, but its 

precise distribution and density along the neuronal membrane require further study. To further 

investigate the presence of the receptor in adult born neurons co-immunostaining with BrdU, 

GPR10 and the cytoskeletal mature neuronal marker Map2 was done in animals on Control 

diet for 21d. Quantification showed not only that newborn neurons in the MBH express the 

receptor, but also that over 90% of Map2+BrdU+ cells in the MBH co-localized with GPR10 

(Figure 3.2). Thus, the data confirmed that adult-generated hypothalamic neurons expressed 

the PrRP receptor GPR10. Besides GPR10, Dr Karnošová co-localized neuronal structures 

with NPFFR2 in the MBH (Appendix Figure 1O and P). NPFFR2 was expressed as previously 

described in the hypothalamus (Zhang et al., 2021). This suggested that PrRP can act on adult 

generated neurons in the MBH.  
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Figure 3.2. Majority of adult generated 

Map2+ neurons expressed the GPR10 

receptor. GPR10 co-localizes with both 

the cell body and dendrites of neurons. 

Quantification showed not only that 

newborn neurons in the MBH express the 

receptor, but also that over 90% of 

Map2+BrdU+ cells in the MBH co-

localized with GPR10. A-A’) A 

representative image of GPR10+ puncta 

associated with Map2+ processes around 

a BrdU+ nucleus in ME. B) 

Quantification of the proportion of 

BrdU+Map2+ GPR10+ cells in MBH. 

Data information: S.b: 10 μm. n = 5 mice 

for the 21d group on  Control diet. Data 

are presented as mean ± SEM. 

 

3.2.2. LiPrRP treatment restored HFD-induced decrease in new MBH neurons only in the 

context of DIO  

Building on the data by Dr. Petrik as previously described, HFD was administered for shorter 

periods to investigate the impact of LiPrRP and LIRA during acute HFD. Mice fed HFD for 

the shorter term of 7d and 21d did not show the same reduction in BrdU-labelled neurons 

(BrdU+HuC/D+). While 21d of HFD did not change the number of BrdU-labelled cells, or 

neurons in the MBH, a significant increase of BrdU-labelled neurons (BrdU+HuC/D+) in the 

ArcN was observed in the HFD group (Figure 3.3I). Interestingly, a significant reduction in all 

BrdU-labelled cells in mice treated with HFD+LIRA compared to Controls was observed. In 

addition, treatment with LiPrRP and LIRA reversed the effects of HFD by decreasing the 

number of BrdU-labelled neurons in the ArcN, however, non-significant. In the 7d protocol, 

there was no difference between any of the treatment groups in number of BrdU-labelled cells 

or neurons (Figure 3.3 E-F). Taken together, the data suggested a common mechanism between 

the anti-obesity compounds that may protect against short and intermediate term HFD by 

reducing neurogenesis that was elevated by HFD. 
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Figure 3.3. 21d HFD increased newly generated neurons in the ArcN. Mice were exposed 

to HFD for 7d and 21d. A–D) Representative confocal images of HVZ and MBH stained as 

indicated in Control (A-A’), HFD (B-B’), HFD + LiPrRP (C-C’), HFD + LIRA (D-D’) of 21d 

group. E–F) Quantification of BrdU+ cells (E), BrdU+ neurons (F) in the MBH of 7d groups. 

G–I) Quantification of BrdU+ cells (G), BrdU+ neurons (H) in the MBH and in the ArcN (I) 

of 21d group. Data information: S.b.: 20 μm. n = 5 mice per data set for the 7d, 21d groups. In 

panel I, Kruskal–Wallis test with Dunn’s test (H = 9.88, p = 0.02). In panels E, F, G, H, One-

Way ANOVA with Tukey’s test (G: F(3,19) = 3.58, p = 0.038). Data are presented as median 

± IQR (I and F) or mean ± SEM (all other). 
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3.2.3. LiPrRP reduced cell death in the MBH  

One of the ways LiPrRP can increase number of 

newborn neurons during DIO is by reducing cell 

death and thereby promote neuronal survival. To 

test this, the number of cells positive for the 

apoptotic marker Activated Caspase 3 (AC3) in the 

3V walls and MBH was quantified (Figure 3.4B). 

DIO mice treated with LiPrRP showed a 

statistically significant decrease in the number of 

AC3+ cells compared to Controls but not HFD. 

Taken together, these findings suggested that 

LiPrRP reduced cell death in the MBH but not 

compared to HFD. 

Figure 3.4. LiPrRP reduces cell death in the MBH. Cell death was measured by quantifying 

the number of cells positive for the apoptotic marker AC3 in the MBH.  A-A’) An example of 

AC3+ cell near 3V wall. B) Quantification of AC3+ cells in MBH. Data information: S.b.: 10 

μm. n = 8 mice per data set for the 4mo group. One-way ANOVA with Bonferroni’s test (B: 

F(2, 22) = 2.46, p = 0.025). Data are presented as mean ± SEM.  

 

3.2.4. LiPrRP increased neuronal survival even in Control conditions  

To address whether LiPrRP exhibits its neuroprotective and neurogenic effects also in 

physiological conditions, mice on Control diet were administrated the compound. In the 

context of Control diet, LiPrRP significantly increased the number of BrdU labelled neurons 

in the MBH (Figure 3.5F) but did not change overall newly generated cells (all BrdU+ cells) 

in the 4mo protocol. This suggested that the compound promoted neurogenesis in the MBH in 

old mice even under control conditions. In 21d protocols LiPrRP did not change BrdU labelled 

neurons or newly generated cells (Figure 3.5C-D). 
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Figure 3.5. LiPrRP promoted neurogenesis in the MBH even under control conditions. 

A–B) Representative confocal images of HVZ and MBH stained as indicated in Control (A-

A’), Control + LiPrRP (B-B’) in the 4mo group. C–F) Quantification of BrdU+ cells (C, E) 

and BrdU+ neurons (D, F) in MBH of Control and Control + LiPrRP treated mice of 21d and 

4mo groups. Data information: S.b.: 50 μm. n = 5 mice per data set for the 21d group, n = 4 

mice per data set for the 4mo group. In panels C, D, Unpaired T-test, Two-tailed. In panels E, 

F, Mann Whitney test, Two-tailed (F: p = 0.0162). Data are presented as median ± IQR (E-F) 

or mean ± SEM (all other). 

 

3.2.5. LiPrRP treatment showed no effect on astrocytes under HFD conditions 

Obesity induce an inflammatory response and increases reactivity of glial cells (Thaler et al., 

2012; Valdearcos et al., 2017). To investigate the effects of short and long-term HFD and 

LiPrRP or LIRA administration on astrogliosis and astrogliogenesis, immunohistochemical 

staining of GFAP and BrdU was performed. Immunostaining for the astrocyte marker GFAP 

found no significant effects of HFD, LiPrRP, or LIRA on number of new BrdU+ astrocytes in 

the MBH (Figure 3.6 A-C). Astrogliosis was also investigated by Dr. Petrik as shown in 

Appendix Figure S1. A significant increase in number of GFAP+ astrocytes in the MBH after 

4mo exposure of HFD was observed. However, this increase was not altered by LiPrRP 

treatment. While treatment with LiPrRP in Control conditions did not affect astrogliosis or 

astrogliogenesis in 21d but a significant decreased adult born (BrdU+) astrocytes in the 4mo 

group was found (Figure 3.6D). These data suggested that the effects of LiPrRP is confined to 

adult generated neurons in the context of HFD, as it has no effect on astrocytes under the same 

conditions.  
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Figure 3.6. LiPrRP did not affect astrogliogenesis when mice are treated with HFD. A–

C) Quantification of BrdU+ astrocytes in the MBH of 4mo (A), 21d (B), and 7d (C) HFD 

groups. D–E) Quantification of BrdU+ astrocytes in the MBH in the 4mo (D) and 21d (D) 

Control + LiPrRP groups. Data information: S.b.: 50 μm. n = 5 mice per data set for the 7d and 

21d groups, n = 8 mice for the HFD 4mo group, n = 4 mice for the Control + LiPrRP 4mo 

group. In panels A, B, C, One-Way ANOVA. In panels A, B, Bonferroni’s test (B: F(3,19) = 

4.3, p = 0.021) or in panel C, Tukey’s test. In panels D, E, Mann Whitney test, Two-tailed (D: 

p = 0.0485). Data are presented as median ± IQR (A,B,D,E) or mean ± SEM (C).  

 

3.2.6. Anti-obesity compounds reduced proliferation in the MBH  

One of the cellular mechanisms how LiPrRP could influence adult neurogenesis is changing 

cell proliferation. To examine the effects of LiPrRP on overall cell proliferation in the MBH 

sections from the three HFD protocols were immunohistochemically stained for the cell 

proliferation maker Ki67 and cells were quantified in the MBH, and ME (Figure 3.8). 4mo, 

21d and 7d HFD had no statistically significant effect on number of Ki67+ cells in the MBH 

or ME. Which is in accordance with previous studies (Gouazé et al., 2013; Klein et al., 2019). 

However, LiPrRP reduced cell proliferation compared to Controls when fed HFD for 21d in 

the MBH, even further than the reduction (non-significant) observed in the HFD group. The 

same effect was also observed in the group treated with LIRA (Figure 3.8E). In Control 

conditions LiPrRP also reduced cell proliferation in the MBH and ME, in the 21d group (Figure 

3.8E, H). Both obesity compounds therefore exert similar effects on cell proliferation in the 

MBH in the context of HFD.  

The effects of HFD, LiPrRP and LIRA were also investigated in another neurogenic niche, the 

SGZ of the hippocampus by Dr. Karnošová (Appendix Figure EV2). Dr. Karnošová showed 
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that LiPrRP treatment significantly reduced Ki67+ and PCNA+ cells in the SGZ (Appendix 

Figure EV2 E-F), did not rescue HFD-induced reduction of proliferating cells, and in contrast 

rescued the HFD-induced reduction in DCX+ neurons and neuroblasts in the SGZ in the 21d 

protocol (Appendix Figure EV2 G-H). In contrast, LIRA rescued the HFD induced decrease in 

Ki67+ cells in 21d but failed to rescue the same reduction of DCX+ neuroblasts and further 

reduced DCX+ neurons (Appendix Figure EV2 J-K ).  

Taken together, while both anti-obesity compounds exert similar effects on cell proliferation 

in the MBH, they instead exert contrasting effects in the SGZ. Suggesting that their effects are 

context dependent.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7. LiPrRP and LIRA reduced cell proliferation in the MBH and ME after 21d 

HFD. A–C) Representative confocal images of the MBH stained as indicated for the 21d group. 

D–I) Quantification of cells positive for Ki67 in MBH for the 4mo (D), 21d (E) or 7d (F), and 

in ME for the 4mo (G), 21d (H) and 7d (I) groups. Data information: S.b.: 100 μm, n = 5 mice 

per data set for the 7d and 21d groups, n = 8 mice per data set for the 4mo group. In panels D, 

G, One-way ANOVA with Bonferroni’s test (E: F(4,24) =704725, p = 0.0006). In panels H, I, 

Kruskal-Wallis test with Dunn’s test (H: Control diet vs Control diet + LiPrRP, p = 0.0172). 

Data are presented as mean ± SEM (D-G), median ± IQR (H-I). 
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3.2.7. LiPrRP treatment did not change Rax+ tanycyte proliferation  

Tanycytes are the putative stem cells of the hypothalamic neurogenic niche. Tanycyte specific 

cell proliferation was investigated by co-staining of Ki67 and the universal marker of tanycytes, 

the Retina and anterior neural fold homeobox transcription factor, Rax (Miranda-Angulo et al., 

2014; Yoo & Blackshaw, 2018). Unfortunately, due to the rare proliferative nature of the 

Ki67+Rax+ tanycytes it did not allow for reliable quantification. However, volume Rax+ 

tanycytes was used as a proxy for tanycyte proliferation. Since the volume of the MBH did not 

change in these animals (results not shown), one could assume that if the volume Rax+ cells 

increase it is due to an increased proliferation resulting in more cells and increased volume. It 

was concluded that neither diet nor LiPrRP changes the volume of Rax+ cells in the 3V in 

animals fed HFD for 4mo. Number of Rax+GFAP+ β-tanycytes and the total number of Rax+ 

tanycytes were additionally investigated by our lab, which showed that HFD significantly 

reduced their number which was not rescued by LiPrRP (Appendix Figure 2L-M).This 

suggested that LiPrRP does not rescue all tanycytes positive by default for Rax.  

However, results from Sarah Robbins 

when working in Petrik lab showed that 

LiPrRP increases the number and 

proportion of GFAP+ α- and β-

tanycytes. The number of β-tanycytes 

was reduced at 7d and 4mo by the HFD, 

but this reduction was not rescued by 

LiPrRP administration. Where the levels 

of β-tanycytes were increased at all time 

points, exceeding even the control group 

levels at 7d (Appendix Figure 2G). This 

further suggested that LiPrRP can 

influence tanycyte proliferation.  

Figure 3.8. No change observed in 

volume Rax+ tanycytes in the walls of 

the 3V. A-A’) Representative images of 

Rax+ tanycytes. B) Volume Rax+ 

tanycytes in the 3V walls. Data 

information: S.b.: 100 μm, n = 5 mice 

per data set for the 21d group. In panel 

B, One-way ANOVA with Bonferroni’s 

test. Data are presented mean ± SEM.  
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3.2.8. LiPrRP treatment generated smaller MBH-derived neurospheres and affected cell 

activation and cell cycle lengths of hypothalamic neural stem cells 

One of the mechanisms how LiPrRP could influence adult neurogenesis is changing 

proliferation and activation of htNSCs. To further understand LiPrRP effect on stem cells, we 

examined stem cell proliferation in the hypothalamic niche after acute LiPrRP treatment in 

vitro. Primary cell cultures of stem cells from the MBH were treated in vitro with LiPrRP as 

described in Chapter 2 and analysed by time lapse imaging or neurosphere assay in 

collaboration with Dr Karnošová. Acute, in vitro LiPrRP treatment of stem cells from adult 

mice on normal chow showed no significant difference in number of neurospheres, apoptotic 

cells per clone or number of cells per clone.  

 

Figure 3.9. In vitro LiPrRP treatment of stem cells from adult mice on normal chow 

showed no significant difference in clone size or apoptotic cell count per clone. A) 

Neurosphere count per 10 000 plated cells. B) Number of apoptotic cells per clone. C) Number 

of cells per clone at the end of 4 days of imaging. Data information: n = 3 mice per data set. In 

panels A, B, Unpaired T-test, Two-tailed. In panel C, Mann Whitney test, Two-tailed. Data are 

presented as mean ± SEM (A-B), median ± IQR (C).  

 

To further explore the possibility of LiPrRP acting on the htNSCs in the context of DIO, adult 

mice were fed Control diet or HFD with or without concurrent injections of LiPrRP for 14 

days. Primary cell cultures were again prepared and analysed by time lapse imaging and 

neurosphere assay in collaboration with Oliver Rowley. 

Neurospheres from HFD-treated mice showed no difference in diameter after 5 days or 10 days 

compared to Controls. However, neurospheres from animals exposed to HFD + LiPrRP had 

smaller diameter at both 5 days and 10 days compared to both Control and HFD. Similarly, 

neurospheres from animals from the Control + LiPrRP group had a smaller diameter after 5 

days in culture compared to Controls. These data are in agreement with the in vivo observations, 

suggesting that LiPrRP reduces the proliferation of htNSCs. 
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Time lapse imaging analysis was performed to understand the effects of LiPrRP on cell cycle 

parameters and proliferation in vitro. Individual htNSCs were continuously imaged, as 

described in Chapter 2, to obtain cell division trees for analysis. HFD significantly increased 

the number of cell divisions per clone (Figure 3.11E). HFD + LiPrRP treatment reduced the 

number of active clones (defined as clones with at least one cell division during the 4 days 

widow). Where the generation of observed cell cycle from 1st to 4th has a statistically 

significant effect on cell cycle length, eventually resulting in shorter cell cycle in HFD + 

LiPrRP cells. Time lapse imaging also showed that there were fewer clones with at least one 

apoptotic cell (Figure 3.11I) in both the HFD and HFD + LiPrRP groups (Figure 3.11J). LiPrRP 

treatment in Control mice did not change the number of cell divisions, but reduced the number 

of active clones (Figure 3.11H). This suggested that LiPrRP reduced htNSC activation 

regardless of diet.  

Finally, our lab also investigated whether PrRP signalling is cell intrinsic to htNSCs (Appendix 

figure EV4). Due to LiPrRP being highly adhesive to plasticware, recombinant human 

PrRP31(hPrRP31) protein was used instead for these experiments. hPrRP31 was added to WT 

primary htNSCs to determine its effects on cell dynamics and proliferation in contrast to in 

vivo administration as described previously. Exposure to hPrRP31 in vitro significantly 

reduced the number of cell divisions per clone. This suggested that PrRP signalling acted 

directly on htNSCs to reduce their proliferation. In summary, these results suggested that 

LiPrRP and hPrRP31 decrease the activation and proliferation of htNSCs in vitro.  
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Figure 3.10. LiPrRP reduced cell proliferation of hypothalamic stem cells in vitro. A-B) 

Quantification of diameter of neurospheres 5d (A) and 10d (B) in culture for Control, HFD and 

HFD + LiPrRP groups. C-D) Quantification of diameter of neurospheres 5d (C) and 10d (D) 

in culture of Control + LiPrRP group. E) Quantification of the number of cell divisions per 

division tree for Control, HFD and HFD + LiPrRP (E) and Control + LiPrRP (F). G-H) Time 

lapse quantification of active (dividing) clones per animal for Control, HFD and HFD + LiPrRP 

(G) and Control + LiPrRP (H). I) Cell cycle length from the time lapse imaging. J) Proportion 

of active clones containing at least one apoptotic cell. Data information: In all panels, n = 3 

mice for each data set. In panel B, Kruskal–Wallis test with Dunn’s test (H = 10.30, p = 0.0058). 

In panels C,D,F,G,H, Unpaired T-test, Two-tailed. In other panels, One-way ANOVA with 

Bonferroni’s test (A: F(2,73) = 15.80, p < 0.0001; E: F(2,6) = 5.61, p = 0.042). Data are 

presented as median ± IQR (B) or mean ± SEM (all other panels).  
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3.3 Short discussion  

In this chapter the effects of LiPrRP on neurogenesis, neuronal survival and specification, 

astrogliogenesis and stem cell proliferation was determined in context of Control diet or DIO 

using in vitro and in vivo analysis. The main results detailed here indicated that LiPrRP 

improved neuronal survival independently of diet in older mice and reduced cell proliferation 

in the MBH.  

3.3.1. LiPrRP increased neuronal survival in older mice in a diet-independent manner  

The neurogenic response to HFD is largely attributed to the length of the HFD protocol. The 

exposure to the HFD was shown to increase or decrease hypothalamic adult neurogenesis 

depending on the length of HFD treatment and timing of cell birth-dating protocols (Gouazé et 

al., 2013; Lee et al., 2014; Li et al., 2012; McNay et al., 2012). The short and intermediate HFD 

protocols used here enabled the examination of effects of LiPrRP on neurogenesis in the 

context of neuroinflammation and emerging metabolic syndrome (Sugiyama et al., 2020; 

Thaler et al., 2012), whereas the long protocol provided the context of established obesity 

(Pražienková et al., 2017). 

In vivo analysis of the action of LiPrRP on neurogenesis after HFD administration showed that 

LiPrRP increased the number of adult generated neurons that was reduced in the context of 

DIO (at 4mo). The DIO induced reduction in neurons is in agreement with previous literature 

(Li et al., 2012; McNay et al., 2012). However, this effect was not observed in shorter HFD 

protocols. While the long-term HFD reduced adult generated neurons, the short and 

intermediate exposure to HFD did not change the number of newly generated (BrdU+) cells, 

neurons, or astrocytes in the MBH, and it instead increased the number of new neurons in the 

ArcN, the primary nutrient and hormone sensing nuclei (Betley et al., 2013), which was 

reversed by concurrent administration of LiPrRP or LIRA. These findings are also in agreement 

with previous studies that used short and intermediate HFD protocols (Gouazé et al., 2013; Lee 

et al., 2014), which can induce reactive gliosis or inflammation but not obesity (Nakandakari 

et al., 2019; Thaler et al., 2012). While LiPrRP did not alter the number of new cells in the 

MBH, it was able to reverse the increased production of new neurons in the ArcN observed in 

the context of the intermediate HFD exposure. 

The initial increase in adult generated neurons observed after 21d of HFD may represent a 

counteractive response aimed at regaining control of the energy circuitry and counterbalancing 

the effects of the HFD. Indeed, a previous study suggested that acute HFD exposure led to 
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transient inflammation and hypothalamic injury (Thaler et al., 2012). Additionally, Thaler et 

al. (2012) indicated that the inflammatory responses are temporarily subsided following the 

initial increase, implying that neuroprotective mechanisms may initially mitigate the damage 

(Thaler et al., 2012). Hence, the increased neurogenesis in the intermediate protocol (ArcN) 

may serve to increase anorexigenic subtypes of neurons to reduce food intake (Gouazé et al., 

2013) or replace damaged neurons in this region after inflammatory injury (Thaler et al., 2012) 

to mitigate HFD induced damage. Indeed, Gouazé et al., (2013) found an increase maturation 

of newborn cells into POMC expressing neurons in the ArcN in response to 3 weeks HFD 

feeding. The study revealed that HFD rapidly and transiently increased cell proliferation in the 

hypothalamus, leading to a surge of newly generated cells within 3 days of HFD exposure 

before a sharp decline in the number of newly formed cells at 5 days. (Gouazé et al., 2013). 

Suggesting the fate of POMC neurons is regulated by nutritional conditions. In addition, Thaler 

et al., (2012)  reported that markers of hypothalamic inflammation are elevated within 24 hours 

of HFD exposure (Thaler et al., 2012). Furthermore, within the first week of HFD consumption, 

indicators of neuronal injury become apparent in the ArcN and ME, concomitant with reactive 

gliosis involving the recruitment of both microglia and astrocytes (Thaler et al., 2012). The 

HFD-fed group exhibited a complex pattern of hypothalamic gene expression, with pro-

inflammatory genes like Il6, Tnfa, Socs3, Ikbkb, and Ikbke mRNA showing an "on-off-on" 

trend. Levels were elevated in the first 3 days of HFD, then declined, and subsequently From 

days 7-14 and increased again by day 28. These changes in pro-inflammatory gene expression 

mirrored the initial fluctuations in energy intake, occurring before significant weight gain. This 

rapid onset of hypothalamic inflammation and reactive gliosis is a hallmark of the neuron injury 

response observed in rodents consuming a HFD. To directly test if HFD exposure causes injury 

to ArcN neurons, Thaler et al., (2012) performed immunohistochemistry to detect induction of 

the chaperone Hsp72, a marker of neuroprotective responses to injury. In rats fed HFD for 7 

days, Hsp72 immunostaining, a marker of neuroprotective responses to injury, was increased 

compared to chow-fed controls. Additionally, hypothalamic Hsp72 mRNA was elevated within 

3 days of HFD exposure. The ArcN neurons that showed Hsp72 induction include those 

containing POMC. The transient nature of this hypothalamic response suggests that 

neuroprotective mechanisms are activated to mitigate or reverse the injury during the initial 

stages of HFD feeding (Thaler et al., 2012).However, the specific neuronal subtypes generated 

following the intermediate HFD protocol in this work were not determined, and the 

interpretation of the data is currently limited. The finding that LiPrRP reduced the generation 

of newly generated neurons in the ArcN suggests that LiPrRP counteracts this initial 
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compensatory response to HFD. It is possible that LiPrRP achieves this by either reducing the 

proliferation of stem and progenitor cells, or by ameliorating the inflammatory environment 

associated with short-term HFD exposure, thereby negating the need to generate new neurons 

to replace those that were lost. Future studies would indeed be advised to investigate the 

influence of HFD and LiPrRP specifically on distinct neuronal subtypes in this critical 

hypothalamic region. 

The response to HFD observed in the intermediate protocol is not sustained long-term, as 

evidenced by the reduction in newly generated neurons in DIO mice, as reported in this study 

and others (McNay et al., 2012). In contrast, LiPrRP increased number of new neurons in the 

DIO mice. This suggests that LiPrRP may help prolong protective responses in the 

hypothalamus, possibly by decreasing the activation and proliferation of stem cells and thereby 

preventing their depletion and thereby prolonging their potential to contribute to and maintain 

the neural population. Additionally, LiPrRP may increase neuronal survival in the context of 

DIO.  

These data suggested that LiPrRP plays a neuroprotective role, similar to the effects of 

antidepressants in the hippocampus (D'Sa & Duman, 2002; Banasr et al., 2006; Olianas et al., 

2017), or GLP-1 receptor agonists in models of neurodegeneration and type 2 diabetes (Zhao 

et al., 2021; Maletínská et al., 2019). Indeed, prior studies have shown that DIO can increase 

cell death in the adult hypothalamus (Moraes et al., 2009; McNay et al., 2012). The results 

presented here indicate that DIO mice treated with LiPrRP had a statistically significant 

reduction in the number of AC3+ cells (apoptotic cells), suggesting that LiPrRP increased the 

survival of cells in the context of DIO. However, the phenotypes of the quantified AC3+ cells 

were not determined. Therefore, it is unclear whether the reduced number of AC3+ cells 

indicated a decrease in apoptotic neurons specifically. The neuroprotective effects of LiPrRP 

is further supported by the fact that LiPrRP did not mitigate gliosis, which could be a 

contributor to the increased inflammation and cell death observed after HFD intake (Thaler et 

al., 2012; Seong et al., 2019) and did not affect astrogliogenesis at all time points. This 

suggested that the pro-survival effects of LiPrRP apply only to adult generated neurons in the 

context of DIO. This is in agreement with the previous studies that has shown that PrRP and 

LiPrRP increase neuronal survival in addition to its function in reducing food intake (Lawrence 

et al., 2000; Lawrence et al., 2002; Pražienková et al., 2019; Maletínská et al., 2019). Since no 

change in adult-generated neurons was observed in the short and intermediate HFD exposure, 

one could conclude that the pro-survival effects of LiPrRP are not required in these contexts.  
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Furthermore, the decreased neuronal survival observed in the long HFD protocol can be 

compared to the involvement of metabolic dysregulation in the development of 

neurodegenerative disorders. In the elderly, the combination of obesity, insulin resistance, and 

metabolic syndrome increases the probability of developing AD and other neurodegenerative 

diseases (Raffaitin et al., 2009; Razay et al., 2007). The underlying mechanisms driving the 

development of AD are not fully elucidated. However, one hypothesis posits that AD can be 

considered a form of "type 3 diabetes mellitus" due to several shared features between AD and 

T2DM, including insulin resistance, impaired glucose metabolism, and heightened 

inflammation or oxidative stress (Steen et al., 2005; de la Monte & Wands, 2008; Takeda et 

al., 2010). Alzheimer's disease is a progressive neurodegenerative disorder characterized by 

key neuropathological hallmarks, including the extracellular accumulation of amyloid-β into 

senile plaques and the intraneuronal aggregation of hyperphosphorylated and truncated tau 

proteins into neurofibrillary tangles. These pathological features are closely associated with 

neuroinflammation and substantial neuronal loss (Liu et al., 2022). T2DM on the other hand, 

characterised by hyperglycaemia, insulin resistance, and peripheral inflammation, has been 

associated with an elevated risk of AD (Profenno et al., 2009). The underlying mechanisms are 

not fully understood, but may involve the accumulation of misfolded Aβ and 

hyperphosphorylated Tau proteins in the pancreases and insulin resistance in the brain (Kuehn, 

2020; Miklossy et al., 2008). Impairments in brain insulin signalling, reduced glucose 

utilisation and deficient energy metabolism are early features of AD, suggesting a link between 

the two conditions. Even without the presence of T2DM, insulin resistance has been associated 

with accelerated cognitive decline with aging (Messier et al., 2004; Watson & Craft, 2004). 

Consequently, disruptions in brain insulin signalling and metabolism have been proposed as a 

potential pathophysiological mechanism underlying this neurodegenerative disorder (de la 

Monte, 2012; Hölscher & Lin, 2008; Liu et al., 2022; Watson & Craft, 2004).  

Overconsumption of HFD leads to obesity and elevated circulating free fatty acids, which can 

trigger low-grade inflammation that plays a key role in insulin resistance. Studies examining 

inflammatory pathways in obesity have found that inflammatory events are common in both 

diabetes and obesity (Lee et al., 2012; Snodgrass et al., 2013). Indeed, a recent study (Liu et 

al., 2022) found that inflammation associated with obesity and diabetes induced by HFD 

activates the neuronal C/EBPβ/AEP signalling pathway, which drives the development of AD 

pathologies and cognitive impairments. The study found that a HFD triggered the onset of 

diabetes and insulin resistance in neuronal Thy1-C/EBPβ transgenic mice. This was 
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accompanied by prominent accumulation of amyloid-β and hyperphosphorylated tau 

aggregation in the brain, leading to cognitive deficits. Remarkably, the anti-inflammatory drug 

aspirin strongly mitigated the HFD-induced diabetes and Alzheimer's disease pathologies in 

these transgenic mice. Collectively, these findings demonstrated that inflammation-activated 

neuronal C/EBPβ/AEP signalling serves as a mechanistic link between diabetes and the 

pathogenesis of AD (Liu et al., 2022). 

Other studies (Karmi et al., 2010; Wilson & Bindert, 1997) have additionally found that fatty 

acid uptake and accumulation in the brain are associated with metabolic syndrome and AD 

pathogenesis. Elevated brain uptake and accumulation of fatty acids have been associated with 

metabolic syndrome, and these changes are reversible through weight loss (Karmi et al., 2010). 

Additionally, a high-fat, diabetogenic diet has been shown to promote AD pathogenesis, while 

in contrast, a diet rich in docosahexaenoic acid (such as fish like salmon and tuna) exhibits 

protective effects against AD (Cole et al., 2010; Liu et al., 2022). Elevated levels of the protein 

tau have also been observed both in diabetic and AD mice, independent of the peripheral 

metabolic status indicating a link between these conditions (Takaloa et al., 2014). Free fatty 

acids can directly stimulate the assembly of amyloid and tau filaments in vitro (Wilson & 

Bindert, 1997). Collectively, these findings suggest that saturated fatty acids can directly 

influence glial activation in the brain by crossing the BBB. This may represent one potential 

mechanism by which obesity leads to cognitive dysfunction (Pugazhenthi et al., 2017). The 

CNS was previously considered immune-privileged, but this view has been challenged due to 

the bidirectional communication between peripheral and central inflammation (Filippo et al., 

2013). Chronic low-grade inflammation, or "inflammaging," is an important factor in insulin 

resistance and the development of T2DM (Franceschi, 2008; Shoelson et al., 2006). Further 

research is still required to elucidate the molecular pathways that interconnect diabetes, obesity, 

and AD (Pugazhenthi et al., 2017). 

LiPrRP have been investigated in models of AD where it seems to be a potential tool for the 

attenuation of neurodegenerative disorders (Špolcová et al., 2015). Further supporting the pro-

survival effects in hypothalamic cells after LiPrRP administration observed in this study. The 

PrRP analogue palm1-PrRP31 and LIRA have both been shown to ameliorate hippocampal 

insulin signalling, decrease the activity of major tau kinases, and attenuate the pathological 

hyperphosphorylation of tau in MSG-obese mice, which are a model of obesity and pre-

diabetes (Špolcová et al., 2015). In a mouse model of Alzheimer's-like tau pathology (THY-

Tau22 mice), treatment with the PrRP analogue palm11-PrRP (LiPrRP) for two months 
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improved spatial memory and reduced tau hyperphosphorylation at specific sites in the 

hippocampus. The treatment also increased phosphorylation of Akt, which is important for 

activating PSD95, which is further important for synaptic stability and proper memory function 

(Popelova  et al., 2018). While the anti-apoptotic and  neuroprotective effect of PrRP analogues 

has been shown by us and others, their mechanism of action is poorly understood. To speculate, 

the neuroprotective effects of LiPrRP may involve the insulin and leptin signalling pathways, 

both of which are influenced by the administration of LiPrRP also in this study. Activating 

receptors for leptin, insulin, PrRP, and GLP-1 can initiate neuroprotective signalling pathways, 

such as the Insulin Receptor Substrate-1 (IRS-1)/PI3K/Akt pathway, which inhibits apoptosis 

and increases phosphorylation of glycogen synthase kinase 3β (GSK-3β; Maletínská et al., 

2019). In the CNS, insulin plays a crucial role in supporting neuronal synaptic and dendritic 

plasticity, and cognitive processes such as memory formation (Dineley et al., 2014). PrRP and 

its lipidized analogue can activate components of the insulin signalling pathway, including 

increased levels of 3-phosphoinositide-dependent kinase 1 (PDK1) and Akt (Zmeškalová et al., 

2020), and enhance the activation of mTORC1, GSK-3β, and the ERK-CREB pathway, similar 

to insulin (Zmeškalová et al., 2020). The same signalling pathways has been shown to be 

activated in models of neurodegeneration (Kořínková et al., 2020). These pathways could 

therefore underlie the neuroprotective effects of PrRP (Zmeškalová et al., 2020), allowing it to 

exert beneficial impacts on neuropathological processes akin to those of insulin (Chapman et 

al., 2018). The neuroprotective effects of PrRP may alternatively be mediated through the 

leptin signalling pathway. Leptin, like insulin, contributes to the activation of the Akt signalling 

pathway, which is an important anti-apoptotic factor (King et al., 2018; Zmeškalová et al., 

2020). Conversely, leptin resistance leads to reduced Akt activation, which has been linked to 

impaired leptin signalling in AD models (APP/PS1 mice) (King et al., 2018). Additionally, 

improper leptin signalling can contribute to the development of insulin resistance, which is 

associated with neurodegenerative disorders (Zmeškalová et al., 2020). Furthermore, leptin 

modulates the production of PrRP in the hypothalamus, and the anorexigenic effects of PrRP 

are synergistic with those of leptin (Kořínková et al., 2020). Therefore, the neuroprotective 

effects of PrRP in the hypothalamus may be partly attributed to its interactions with the leptin 

signalling pathway through Akt activation. 

In a study by Popelova et al. (2018), the researchers found that treatment with the PrRP 

analogue palm11-PrRP improved spatial memory and reduced tau hyperphosphorylation in a 

mouse model of Alzheimer's-like tau pathology (THY-Tau22 mice). Interestingly, this study 



85 

 

also showed that long-term administration of the lipidized PrRP analogue did not result in 

changes to food intake or body weight, even in lean WT littermates of THY-Tau22 mice. This 

suggests that, outside the context of obesity, the lipidized analogues of PrRP have no influence 

on body weight. This is consistent with the findings presented here, where LiPrRP increased 

the survival of newborn neurons in older mice on a Control diet, without causing any weight 

loss (Popelova et al., 2018). This is similar to the effect of LIRA, which has been previously 

shown to affect food intake and body weight only in obese animals (Porter et al., 2010) but not 

in the lean ones (Hansen et al., 2015). Indeed, the pro-survival effects of LiPrRP were observed 

again in mice fed a Control diet for 4mo, suggesting that LiPrRP exerts its neuroprotective 

effects in a diet-independent manner in older mice. Moreover, the finding that LiPrRP 

improved the survival of newborn neurons in Control fed mice indicates that neurogenesis was 

enhanced as a consequence of LiPrRP-induced activation, rather than solely through the 

improvement of the brain pathology. Interestingly, in older Control mice, treatment with 

LiPrRP reduced GFAP-positive astrocytes while increasing NeuN-positive neurons, despite 

the number of adult-generated cells remaining unchanged. This suggests that under control 

conditions, LiPrRP promotes neurogenesis without altering overall cellular output in older 

mice. Taken together, this suggests that LiPrRP can exert neuroprotective effects regardless of 

the metabolic state, not just in the presence of a dysregulated metabolism. One question that 

remains unanswered is the impact of LiPrRP on specific neuronal populations involved in 

feeding regulation, which was further explored by treating hiPSC-derived hypothalamic 

neurons with PrRP during maturation, as discussed in Chapter 4.  

3.3.2. LiPrRP reduced cell proliferation  

The pool of proliferating cells in the MBH consists not only of proliferating htNSCs, but also 

neural and glial precursors as well as invading peripheral macrophages (Valdearcos et al., 2017; 

Sharif et al., 2021). Further investigation revealed that LiPrRP reduced cell proliferation in the 

MBH and ME of mice fed either a Control diet or HFD for 21d, compared to Controls. 

Similarly, LIRA had the same anti-proliferative effect as LiPrRP in the MBH of mice fed HFD 

for 21d. This indicates that reduced cell proliferation is a shared feature of these anti-obesity 

compounds. Future studies should quantify the additional proliferating cell types, including 

macrophages, to further elucidate how the anti-obesity compounds affect the cellular 

composition in the hypothalamus. 

Despite the observed reduction in proliferating cells, proliferating tanycytes were rarely 

observed in vivo. Since it is not technically feasible to image the dynamics of stem cells in the 
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hypothalamus in vivo, we instead observed these characteristics in vitro. In vitro analysis of 

htNSCs through neurosphere assays and time-lapse analysis revealed that LiPrRP also reduced 

cell proliferation when administered for 14 days in vivo. The reduction in cell proliferation was 

accompanied by a decreased number of active clones when mice were treated with HFD and 

LiPrRP, suggesting that LiPrRP reduces the activation of stem cells. This was further 

confirmed by immunohistochemical staining for β-tanycytes, and α-tanycytes, performed by 

Sarah Robbins when she worked in the Petrik lab. Her work showed that LiPrRP increases the 

number and proportion of GFAP-positive α- and β-tanycytes. The number of β-tanycytes was 

reduced at 7d and 4mo by the HFD, but this reduction was not only rescued by LiPrRP 

administration - the levels of β-tanycytes were actually increased at all time points, exceeding 

even the control group levels at 7d (Appendix Figure 2). The lowered proliferation of stem 

cells may help preserve the stem cell pool over time. Since stem cells have a limited number 

of divisions over their lifespan (Petrik et al., 2022), reducing their activation could extend their 

availability for future tissue regeneration and repair. Together, these findings suggest that 

LiPrRP increases the number of stem cells by reducing their activation, thereby prolonging 

their potential to contribute to and maintain the neural population, even during prolonged HFD 

exposure, as observed. This is further supported by the observed reduction in body weight.  

The finding that both LiPrRP and LIRA reduce cell proliferation and increased β-tanycytes in 

the hypothalamus suggests that this is a critical mechanism for their anti-obesity effects. These 

intriguing results can be compared to other studies on anti-obesity medications. Similarly to 

LiPrRP and LIRA, some GLP-1 receptor agonists used to treat T2DM have also been shown 

to have anti-proliferative effects in cancer studies, although these effects appear to be cancer-

type specific (Sánchez-Garrido et al., 2017). Given that obesity is a recognised risk factor for 

various cancers, as it can create a microenvironment that favours tumour growth, it is plausible 

that the anti-proliferative effects of LiPrRP and LIRA on hypothalamic cells contribute to their 

anti-obesity properties. For example, research in rodents has shown that GLP-1 agonists can 

reduce tumour growth and metastasis in some cancer models, indicating a general anti-

proliferative effect of these compounds as part of their mechanism against disease progression 

(Zhao et al., 2021). LIRA exhibits anti-proliferative and pro-apoptotic effects on gemcitabine-

resistant pancreatic cancer cells by inhibiting the PI3K/Akt and NF-κB signalling pathways 

(Zhao et al., 2020). In fact, NF-κB is a critical transcription factor that regulates a wide range 

of cellular processes, including inflammation, immune responses, cell proliferation, and 

apoptosis (Baker et al., 2011). Importantly, it has also been identified as a key mediator of 
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tumour growth and resistance to chemotherapy resistance (Pramanik et al., 2018). Interestingly, 

the NF-κB pathway is also dysregulated in htNSCs cells during obesity (Li et al., 2012), where 

HFD induces inflammation in the hypothalamus, upregulating c-Jun N-terminal kinase (JNK) 

and NF-κB pathways, leading to increased apoptosis, suppression of neural differentiation of 

htNSCs and disrupts central insulin and leptin signalling (Zhang et al., 2008). In contrast, the 

lipidized PrRP analogue, palm11-PrRP31, attenuates diet-induced obesity and reduces JNK/c-

JUN phosphorylation in the hypothalamus, suggesting it may modulate these pathways to exert 

its anti-obesity effects (Holubová et al., 2018). NF-κB is known to be an upstream regulator of 

the JNK (Nakano, 2004), but research has also shown that JNK can regulate the activity of NF-

κB, suggesting a complex interplay (Pan et al., 2013; Yang et al., 2017). The complex interplay 

between NF-κB and JNK signalling further highlights the importance of these pathways in the 

regulation of cell proliferation, survival and differentiation in the context of obesity and related 

disorders. The findings suggest that LiPrRP and LIRA may exert their shared anti-proliferative 

and tanycyte-protective effects through their influence on the NF-κB signalling pathways in 

DIO. Nevertheless, given that LiPrRP exhibited neuroprotective effects even in control 

conditions, this may represent only one of the mechanisms through which LiPrRP influences 

cell proliferation. 

Similar to the protective effects of LiPrRP on the neuronal population in Control conditions, 

LiPrRP also reduced cell proliferation and activation of stem cells in control conditions, both 

in vivo and in vitro. To further investigate whether PrRP signalling is intrinsic to htNSCs, our 

laboratory conducted additional experiments. Recombinant human PrRP31 protein, which does 

not adhere to cell culture plasticware, was added to primary WT htNSCs. This allowed us to 

directly assess the impact of PrRP on the dynamics and proliferation of these stem cells. The 

findings demonstrated that exposure to hPrRP31 in vitro significantly decreased the number of 

cells per clone and cell divisions (Appendix Figure EV4). These results suggest that PrRP 

signalling directly acts on htNSCs to suppress their proliferation, indicating that PrRP 

signalling is cell intrinsic to htNSCs. Further confirming that, the anti-proliferative effects of 

LiPrRP, similarly to its neuroprotective effects, are not dependent on the pathological 

conditions of the metabolic syndrome.  

Taken together, these results suggest that LiPrRP and PrRP decrease activation and 

proliferation of htNSCs. Interestingly, mice on a Control diet and treated with the compound 

did not lose any body weight, in contrast to those treated with LiPrRP and HFD. These findings 

indicate that LiPrRP protects the neurogenic niche by maintaining the proliferative capacity of 
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htNSCs under obesity inducing diets, likely through direct signalling on the stem cells 

themselves, but does not lead to weight loss in healthy, non-obese animals. These findings have 

important implications for understanding the mechanisms by which LiPrRP mediates its anti-

obesity effects and the signalling pathways involved. Future studies should focus on unpacking 

the intracellular mechanisms by which LiPrRP reduces htNSCs proliferation both in the context 

of DIO and physiological conditions. Interestingly, the potential applications of this compound 

may extend beyond just anti-obesity effects, as it could potentially be utilised in the context of 

neurodegenerative diseases, similar to how LIRA has been shown to have a positive effect on 

hippocampal neurogenesis (Maletínská et al., 2019). Although our lab did not observe these 

beneficial effects of LIRA in the hippocampus, as described in Appendix Figure EV2. The data 

collectively indicates that LiPrRP prolongs the ability of the stem cell population to respond to 

HFD and also improves the long-term survival of adult-generated neurons. However, it cannot 

be claimed that LiPrRP reduces body weight in mice solely through neurogenesis.  

The cell-intrinsic effects of LiPrRP are indeed intriguing, and the fact that the compound 

exhibits an effect even in a Control diet suggests that it directly influences hypothalamic cell 

populations, rather than solely reducing body weight by modulating the surrounding 

environment. While LiPrRP may assist the normal response to hypothalamic injury to endure 

even when protective mechanisms become dysregulated, these mechanisms are typically 

activated as a response. Thus, it is unsurprising that LiPrRP works through the same pathways 

in both Control and HFD conditions, but with differing physiological outcomes. Obesity is a 

complex chronic disease, and the influence of LiPrRP on neurogenesis may only be a small 

part of the mechanism by which it lowers body weight. Future research should therefore 

investigate whether selective inhibition of neurogenesis in the hypothalamus would attenuate 

the appetite-suppressing effects of anti-obesity compounds, akin to the evidence that 

neurogenesis in the hippocampus is necessary for the action of antidepressants (Santarelli et 

al., 2003). 

In conclusion, the main results detailed in this chapter indicated that LiPrRP improved neuronal 

survival independently of diet in older mice and reduced cell proliferation in the MBH. LiPrRP 

appears to directly act on hypothalamic neural stem/progenitor cells, suppressing their 

proliferation and activation, thereby preserving the stem cell pool in adverse conditions such 

as DIO. However, the underlying mechanisms linking the effects of LiPrRP on neurogenesis 

and its anti-obesity actions requires further investigation.   
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Figure 3.12. Graphical summary of the overall effects of short-term and long-term HFD 

and LiPrRP administration on adult neurogenesis in the hypothalamus. The summary 

represents results from the experiments outlined in Chapter 3 and published data outlined in 

Appendix 1. (Left) LiPrRP decreases proliferation and activation of htNSCs during short and 

intermediate HFD protocols. (Right) LiPrRP increases survival of new hypothalamic neurons 

during long-term HFD and obesity. Figure adapted from Jorgensen et al. (2024). Figure made 

in BioRender (Biorender.com). 
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Chapter 4: The Effects of a Lipidized Analogue of Prolactin 

Releasing Peptide on Human Induced Pluripotent Stem cells  

 

4.1. Short Introduction:  

The hypothalamus, comprising a mere 0.3 % of the adult human brain, plays a pivotal role in 

regulating the autonomic nervous system and endocrine function (Rajamani et al., 2018). This 

small yet vital structure holds significant physiological importance, serving as a central 

regulator of appetite and energy homeostasis (McNay et al., 2012; Kirwan et al., 2017; 

Rajamani et al., 2018), making it an ideal target for combatting obesity. Within the MBH lies 

the ArcN where two distinct populations of anorexigenic and orexigenic neurons reside. The 

anorexigenic neurons suppress appetite and express POMC, a precursor of the bioactive peptide 

α-MSH (Millington, 2007; Sonnefeld et al., 2023; Strnadová et al., 2024), which have potent 

anorectic effects through activation of MC4R in the PVN (Sonnefeld et al., 2023; Merkle et 

al., 2015; Kirwan et al., 2017). The orexigenic neurons instead promote appetite and secrete 

NPY. One of the key functions of these neuronal populations is to respond appropriately to 

hormones and neuropeptides both locally and peripherally (Rajamani et al., 2018). By secreting 

neuropeptides like NPY and α-MSH (Wang et al., 2015), the hypothalamus coordinates the 

body's responses to hunger and satiety signals, thereby regulating food intake and energy 

expenditure (Rajamani et al., 2018). The importance of POMC expressing neurons in the 

regulation of food intake has been firmly established (Millington, 2007; De Solis et al., 2024). 

Mutations affecting hypothalamic-specific genes, including POMC, in monogenic obesity 

syndromes further corroborate the notion that the hypothalamus is a central regulator of obesity 

in humans (Rajamani et al., 2018). These rare cases in humans where genetic mutations results 

in POMC deficiency display striking hyperphagia and early onset obesity (Çetinkaya et al., 

2018). Given the central role of the hypothalamus in the regulation of appetite and energy 

homeostasis, it represents an attractive target for anti-obesity pharmacotherapies.  

LiPrRP is a novel anti-obesity compound that has shown to reduce food intake (Kuneš et al., 

2016) and weight in mice (Maletínská et al., 2015). LiPrRP (palm11-PrRP31) is a lipidized 

form of the endogenous neuropeptide hPrRP31. PrRP is an anorexigenic neuropeptide and is a 

ligand of the GPR10 receptor. Importantly, LiPrRP has been shown to have long lasting effects 

even after treatment cessation with no weight regain after two weeks of stopped treatment 
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(Holubová et al., 2018). This may indicate a capability to modify the appetite circuitry of the 

adult brain for long lasting results.  

The relative inaccessibility of hypothalamus tissue has hindered the acquisition of live cells 

from human subjects, which is a significant obstacle for obesity research (Rajamani et al., 

2018). However, the utilisation of human induced pluripotent stem cells (hiPSCs) circumvents 

the challenge of direct collection by enabling the generation of hypothalamic-like neuronal 

cultures from readily available sources, such as blood or fibroblasts. This approach facilitates 

the investigation of mechanisms underlying the metabolic dysregulation that affects the CNS. 

Indeed, hiPSCs have emerged as a powerful tool for regenerative medicine, disease modelling, 

and drug discovery. These cells have the ability to differentiate into various cell types, making 

them highly valuable for understanding disease mechanisms and testing novel therapeutic 

compounds (Singh et al., 2015; Inoue & Yamanaka, 2011). Kirwan et al. (2017) published a 

protocol to efficiently generate neuropeptidergic hypothalamic neurons from human induced 

pluripotent stem cells, some of which express POMC (Kirwan et al., 2017). The initial protocol 

(Merkle et al., 2015) was reported to yield around 0.3% of POMC expressing cells (around 3 

POMC-positive cells per 1000 nuclei). 

hiPSCs originate from adult somatic cells, including skin or blood cells, that have been 

genetically reprogrammed to an embryonic stem cell-like state. These hiPSCs can proliferate 

indefinitely while maintaining the capacity to differentiate into diverse cell types from the three 

germ layers, through the application of specific small molecules, transcription factors, and 

growth factors (Takahashi & Yamanaka, 2006; Yamanaka, 2012; Hamazaki et al., 2017; Shi 

et al., 2016; Karagiannis et al., 2019; Rowe & Daley, 2019). Despite successful differentiation 

of neuronal progenitors from mouse and human embryonic stem cells (ES) /iPSCs, few studies 

have managed to pattern these progenitors into diverse hypothalamic neurons. Differentiation 

methods can be broadly classified as 3D or 2D approaches. While 3D, or self-patterning, 

approaches have relied on the inherent tendencies of undirected stem cells, 2D, or small 

molecule induction, approaches have utilised carefully controlled activation of specific 

pathways (Santos et al., 2021). For example, a study by Wataya et al. (2008) used a 3D culture 

system with mouse ES to generate hypothalamic progenitor cells by minimising the presence 

of exogenous signals (Watanabe et al., 2007; Wataya et al., 2008). It involved dissociating ES 

cells, allowing them to re-aggregate in low-adhesion plates, and culturing the aggregates in a 

medium containing knockout serum replacement (KSR) with no major exogenous inductive 

factors. In this condition, the cells spontaneously differentiate into neuronal progenitors with a 
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forebrain identity (Watanabe et al., 2007). To further refine this approach, the authors replaced 

the knockout serum replacement with a strictly chemically defined N2 neurobasal medium and 

B27 supplement, which efficiently directed the cells to express markers of the embryonic 

rostral hypothalamus, including SIX3 around day 5 of differentiation, and 

RAX+/NESTIN+/SOX1+ cells around day 7. By day 25, hypothalamic cells expressed 

NKX2.1, AgRP, and NPY markers when treated with Sonic hedgehog (Shh; Wataya et al., 

2008). In contrast, small molecule-based approaches utilise defined combinations of small 

molecules to guide the differentiation towards a hypothalamic neuron fate (Santos et al., 2021). 

A protocol for differentiating hPSCs into hypothalamic neurons was published in 2015 by the 

research group at Harvard University (Merkle et al., 2015). The researchers used inhibitors of 

the transforming growth factor-beta (TGF-b), Nodal, and Activin signalling pathways, as well 

as bone morphogenetic protein (BMP) signalling (SMAD inhibitors: LDL-193189 and 

SB431542), to efficiently promote the generation of neuronal progenitor cells from hPSCs. 

This involved suppressing Wnt signalling and activating the ventralizing Shh pathway. The 

differentiation protocol utilised a medium containing KSR initially, before transitioning to the 

N2 neurobasal medium from day 4 to day 8, consistent with previous methods. Additionally, 

the Wnt inhibitor XAV939 was included from day 0 to day 8 as well as inhibiting SMAD 

signalling, and Shh activators SAG and Purmorphamine were introduced on day 2, 48 hours 

after SMAD inhibition (Merkle et al., 2015). The researchers reported that after 30 days of 

differentiation,  around 93% of the neurons were positive for the early neuronal markers. 

Merkle et al. (2015) found that actively directing the differentiation towards a hypothalamic 

fate resulted in a higher proportion of hypothalamic-like cells and lower variability compared 

to an undirected approach. In a follow-up study (Kirwan et al., 2017), the researchers improved 

their initial protocol by replacing the KRS serum with N2 medium and introducing Notch 

inhibition using DAPT during days 8-14 of differentiation, which is the protocol used in the 

current study (Figure 4.1). 
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Figure 4.1. hiPSC visual protocol. In this study the protocol published by Kirwan et al. (2017) 

was used. With one substitution of the Wnt inhibitor XAV939 to iwr1 as indicated in the figure. 

Treatment with hPrRP31 was introduced during maturation as indicated. Figure made in 

BioRender (Biorender.com). 

 

The rate of neurogenesis in the hypothalamus have been found to be modulated by 

environmental interventions (McNay et al., 2012; Jorgensen et al., 2024) However, the research 

have not yet identified the stages of neurogenesis in the hypothalamic neurogenic niche and if 

external interventions can drive specific neuronal fate specification. Given that the potential to 

alter the fate specification of human neurons through external interventions, such as 

pharmacological interventions, in turn could lead to lasting structural changes with long lasting 

functional implications within the appetite circuitry of the adult brain highlights the importance 

of this research. This could offer people who struggle with obesity a treatment option with 

persisting benefits and efficacy even after treatment cessation.  

Thereby, one of the ways LiPrRP may exert their long lasting anti-obesity effects is by 

modulating the proportion of anorexigenic POMC expressing neurons to the orexigenic NPY 

expressing neurons. Therefore, these experiments aimed to investigate the effects of the novel 

anti-obesity compound LiPrRP, on the specification and gene expression profiles of hiPSC-

derived hypothalamic neurons. This will provide insights into the mechanisms by which these 

compounds may modulate energy balance and offer a platform for testing potential therapies 

targeting the hypothalamic control of feeding behaviour. 
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Due to the tendency of the LiPrRP compound to adhere to plastic surfaces, the endogenous 

protein hPrRP31 was used instead. To determine the effects of hPrRP31 on neuronal fate 

specification in vitro, hypothalamic-like neurons were generated from human induced 

pluripotent stem cells using previously an established protocol (Kirwan et al., 2017) as 

described in detail in Chapter 2 (Figure 4.1.). Briefly, the hiPSC lines, all from healthy male 

donors, Kolf-Cl (Kolf), 18n6 and i900 were differentiated into hypothalamic neurons for 14 

days. The cells were cryopreserved on d14 and quality checked for expression of Forkhead box 

protein G1 (FOXG1/FOXG1) and NK2 homeobox 1 (NKX2.1/NKX2.1). After thawing and re-

plating for maturation the immature neurons were matured in the presence or absence of 

hPrRP31 until d30 when they were fixed and immunocytochemically stained or lysed for RT-

qPCR of selected genes. The relative expression of genes and the proportions of neurons 

expressing key neuropeptides involved in feeding and energy homeostasis, such as POMC, 

NPY, and the PrRP receptor GPR10, were quantified after treatment with the anti-obesity 

compound. These experiments were conducted in collaboration with May Surridge-Smith 

when working in Petrik lab.  
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4.2. Results: 

4.2.1. Preliminary findings indicated a promising increase in the proportion of Map2+ mature 

neurons that co-expressed POMC after treatment with hPrRP31 

Preliminary results using the Kolf cell line, suggested a promising increase in the proportion 

of Map2+ neurons and POMC+Map2+ neurons out of all Map2+ neurons with hPrRP31 

treatment compared to Controls (Figure 4.2A). However, due to the low sample size, the 

quantifications were conducted with N = 1. Therefore, the experiment was expanded as 

described above. 

 

Figure 4.2. Preliminary results showed a promising increase in POMC expressing Map2+ 

neurons. A) Percent Map2+ neurons out of DAPI+ nuclei generated after 30 days in culture in 

control and hPrRP31 treated wells. B) Percent Map2+POMC+ cells out of all Map2+ cells 

(both POMC+ and POMC-) after 30 days in culture in control and hPrRP31 treated wells. C-

C’’’) Representative confocal images of DAPI, POMC, and Map2 in a Control well. D-D’’’) 

Representative images of DAPI, POMC and Map2 in a hPrRP31 treated well. Kolf cells were 

used in this experiment. Data information: S.b.: 100 μm. N = 1 cell line (n = 2 replicate wells). 

Statistical analysis not possible due to the low number of replicates. Data are presented as 

median  IQR (all panels). Confocal scans: 20X. 



96 

 

In the preliminary experiment, human induced pluripotent stem cell derived cortical-like 

neurons (hiCTNs) were generated as a quality control to the human induced pluripotent stem 

cell derived hypothalamic-like neurons (hiHTNs). Cell identity was determined by 

immunocytochemical staining (ICC) of the cortical neuronal markers COUP-TF-interacting 

protein 2 (CTIP2) and T-box brain 1 (TBR1), as well as the hypothalamic neuronal markers 

NPY, NKX2.1, POMC and NPY. The ICC of the NPY and NKX2.1 markers showed non-

specific staining (Data not shown). The hiHTNs did not express the cortical marker CTIP2, but 

it was successfully expressed in the hiCTNs. The hiCTNs additionally expressed TBR1, 

another marker for cortical neuronal differentiation (Kirwan et al., 2017), but did not express 

the hypothalamic markers for POMC. The quantified hiHTNs were cryopreserved at d14 and 

thawed for maturation and treatment, in contrast to the hiHTNs shown in Figure 4.3, which 

were not cryopreserved at day 14 and were not quantified. 
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Figure 4.3. Preliminary results showed promising expression of markers specific for 

hypothalamic differentiation. A-A’’’) Representative confocal images of DAPI, POMC, and 

Map2 in hypothalamic neurons at d30 (cells were not cryopreserved at d14 and were treated 

with hPrRP31). B-B’’) Representative images of DAPI, and CITIP2 in hypothalamic neurons 

at d30 (cells were not cryopreserved at d14 and were treated with hPrRP31).  C-C’’’) 

Representative images of DAPI, POMC, and Map2 in cortical neurons at d30. D-D’’’) 

Representative images of DAPI, Map2, CTIP2, and TBR1 in cortical neurons at d30. Kolf cells 

were used in this experiment. Qualitative analysis of marker expression only. Data information: 

S.b.: 50 μm. Confocal scans: 20X. 
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4.2.3. Treatment with hPrRP31 did not significantly alter the proportion of POMC-expressing 

hiHTNs 

The anti-obesity effects of LiPrRP may be mediated by modulating the balance between 

anorexigenic POMC-expressing neurons and orexigenic NPY-expressing neurons. To 

determine if hPrRP31 treatment alter neuronal specification and encourages an anorexigenic 

fate when administered throughout maturation, ICC analysis of POMC and NPY expression 

was performed. The preliminary experiments were expanded to include three cell lines as 

described above and in detail in Chapter 2. The percentage of POMC-expressing Map2+ 

neurons out of all Map2+ cells were quantified in the Control and treated groups at d30 by May 

Surridge-Smith. The results showed that treatment with 1 μM hPrRP31 did not significantly 

alter the proportion of POMC-expressing hiHTNs compared to the Control group as shown in 

Figure 4.4A. ICC of the orexigenic neuropeptide NPY was deemed unreliable for 

quantification (Data not shown). Due to the error bars reflecting a wide variability between 

data points, the cell lines were separated graphically to identify the source of variation. This 

revealed a big difference in the percent of POMC expressing neurons between the cell lines. 

Specifically the i900 cell line had a much higher percentage of POMC expressing neurons 

(ranging 50-60%) in both control and hPrRP31 treated cultures compared to the Kolf (10-20%) 

and 18n6 cultures (10-20%). This suggested a potential variability in the differentiation 

efficiency across the hiPSC lines used in the study (Figure 4.4B). All together these data 

suggests that hPrRP31 did not significantly alter the proportion of POMC-expressing hiHTNs.  
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Figure 4.4. Treatment with hPrRP31 did not alter the proportion of hiHTNs expressing 

POMC. Percentage of POMC positive neurons relative to the total number of Map2 neurons 

in Control hiHTNs and hiHTNs treated with hPrRP31 show no significant difference between 

treatment and control. A) Percent Map2+POMC+ cells out of all Map2+ cells (both POMC+ 

and POMC-) after 30 days in culture in control and hPrRP31 treated wells. B) Percent 

Map2+POMC+ cells out of all Map2+ cells (both POMC+ and POMC-) after 30 days in culture 

in control and hPrRP31 treated wells split per cell line. Showing a big difference in 

Map2+POMC+ cells generated in the i900 cells compared to Kolf and 18n6. C-C’’’) 

Representative confocal images of DAPI, POMC, and Map2 in a Control well. D-D’’’) 

Representative confocal images of DAPI, POMC, and Map2 in a well treated with hPrRP31. 

Data information: S.b: 20 μm. N = 3 cell lines (n = 3 replicate wells). In panel A, Mann Whitney 

test, Two-tailed. In panel B, One-way ANOVA with Bonferroni’s test (*** p <  0.0001) not 

shown on graph. Data are presented as median  IQR (A) or mean  SEM (B). Confocal scans: 

63X. 
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4.2.4. Treatment with hPrRP31 does not consistently alter the expression of genes encoding 

POMC, NPY, PrRP or GPR10 

The effects of hPrRP31 treatment may be mediated by altering the expression of genes 

encoding key neuropeptides and receptors involved in energy homeostasis. Thus, RT-qPCR 

was performed on the matured hypothalamic neurons. The results showed that treatment with 

1 μM hPrRP31 did not significantly alter the expression levels of POMC, NPY, PrRP or the 

PrRP receptor GPR10 compared to control (Figure 4.5A). This suggests that the anti-obesity 

effects of hPrRP31 may not be mediated through direct modulation of the transcription of these 

key genes in hypothalamic neurons under the conditions tested. Due to the error bars reflecting 

a wide variability between data points, the cell lines were separated graphically for individual 

genes to visualise the source of variation (Figure 4.5B-E). The results showed an independent 

and inconsistent response to hPrRP31 in each cell line. Specifically, the POMC gene expression 

was reduced in Kolf, whereas it was increased in the 18n6 and i900 cells lines. PrRP expression 

was reduced in both Kolf and i900 but increased in the 18n6. NPY expression was reduced in 

all cell lines. GPR10 expression was reduced in Kolf whereas it was increased in the 18n6 and 

i900 cell lines. Suggesting that the protocol may need to be optimised further for these specific 

cell lines. All together, these data suggests that treatment with hPrRP31 did not consistently 

alter gene expression of key neuropeptides and receptors involved in energy homeostasis. 
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Figure 4.5. Treatment with hPrRP31 did not alter expression of POMC, NPY, PrRP or 

GPR10. qPCR found no significant difference between control cells versus cells treated with 

hPrRP31. A) Ct values representing gene expression, normalized to the housekeeping gene 

(GAPDH), in cells treated hPrRP31 relative to their control counterparts. B-E) Ct values of 

POMC, NPY, PrRP, and GPR10, respectively, separated into individual cell lines. Data 

information: N = 3 cell lines (each with n = 3 replicate wells). In panel A, Kruskal-Wallis test 

with Dunn’s test. Data are presented as median  IQR.  

 

4.2.5.The gene expression of POMC and GPR10 remained unchanged between d14 and d30 

In these experimental parameters, hPrRP31 was administered during maturation. Therefore, it 

was of interest to further investigate the effects of maturation, both with and without the 

administration of 1 μM hPrRP31, on the expression of selected genes between d14 and d30. A 

previous study (Jorgensen et al., 2024) have shown that a LiPrRP can dynamically regulate 

PrRP signalling. Specifically, LiPrRP has been found to rescue HFD induced decrease in the 

protein density of the PrRP receptor GPR10 in the MBH. Additionally, LiPrRP has been 

observed to increase PrRP expression both in the MBH and in MHB-derived neurospheres 

(Appendix Figure 1 and 3). This LiPrRP-induced increase in PrRP expression may suggest a 

positive feedback mechanism of the agonist on its own signalling pathway (Jorgensen et al., 

2024). Accordingly, the present investigation examined whether the hiHTNs also expressed 
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the PrRP receptor GPR10.The presence of the PrRP receptor GPR10 at the onset and end of 

maturation helped establish the responsiveness of the neuronal cells to the presence of 

hPrRP31, both in the early stages and throughout the maturation process. Furthermore, the 

expression of POMC was examined before and after maturation, both with and without the 

presence of hPrRP31, to provide deeper insights into the potential impact of hPrRP31 on the 

proportion of POMC-expressing cells. No significant difference was observed in the expression 

of POMC and GPR10 between d14 and d30 in both Control and hPrRP31-treated groups 

(Figure 4.6). Suggesting that the specification of hiHTNs cannot be changed by hPrRP31 when 

administered during maturation.  

 

Figure 4.6. Neuronal maturation 

did not affect gene expression of 

POMC or GPR10. Gene 

expression levels of POMC and 

GPR10 at d14 post differentiation 

compared to gene expression levels 

at d30 post maturation. Either 

treated with hPrRP31 or their 

Control counterparts. Gene 

expression displayed as the fold 

change representing 2-Ct. Data 

information: N = 3 cell lines (n = 3 

replicate wells). Kruskal-Wallis 

test with Dunn’s test. Data are 

presented as median  IQR. 

 

 

4.2.6. hiHTNs showed mixed identity at d14 and d30 

To ensure the proper patterning of the hiHTNs, many studies assess the presence of 

telencephalic and diencephalic markers. Most studies have declared that FOXG1 is a marker 

for telencephalic identity, while NKX2.1 is expressed in the ventral forebrain in vivo and is a 

marker for hypothalamic identity (Kirwan et al., 2017). Determining the expression of these 

two markers therefore provided insights into the regional identity of the differentiated iPSC-

derived neurons. NKX2.1 is essential for the specification and development of POMC neurons 

in the hypothalamus, as it directly activates the Pomc gene expression in the developing 

hypothalamus. The absence of NKX2.1 results in a severe reduction or even complete loss of 

POMC neurons (Orquera et al., 2019). This underscores the importance of assessing NKX2.1 

expression to confirm the hypothalamic identity of the differentiated neurons. 
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Thus the expression of FOXG1 and NKX2.1 was examined by RT-qPCR to confirm that the 

differentiated hiHTNs had indeed taken on a hypothalamic identity. Contrary to the expected 

profile described in the hiHTN differentiation and maturation protocol (Kirwan et al., 2017; 

Merkle et al., 2015), FOXG1 was expressed significantly more than NKX2.1 at both time 

points, irrespective of hPrRP31 treatment (Figure 4.7). Suggesting a stronger telencephalic 

identity of the hiHTNs. Maturation significantly decreased the expression of both FOXG1 and 

NKX2.1. However, this was unaffected by hPrRP31 treatment. This indicated that the hiHTNs 

were differentiated toward a hypothalamic phenotype, although not to the extent that FOXG1 

expression was diminished as shown by Merkle et al. (2015).  

Qualitative expression analysis by ICC was performed of both markers at d14 and d30 (Figure 

4.7A-A’’’). Confirming the RT-qPCR data, a high expression of FOXG1 was observed 

compared to a very low expression of NKX2.1. Surprisingly, many cells showed an overlap 

between the markers, suggesting that these cells may have adapted a mixed identity and did 

not successfully differentiate into a phenotype of hypothalamic neurons found in the MBH.  
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Figure 4.7. hiHTNs co-expressed FOXG1 and NKX2.1. A-A’’’) Representative confocal 

image from a i900 d30 Control well. B) Gene expression displayed as the fold change (2-Ct) 

for FOXG1 and NKX2.1 expression for d14 and d30, both Control and hPrRP31. Expression 

of FOXG1 and NKX2.1 increased post-maturation irrespective of treatment with hPrRP31. C) 

FOXG1 and NKX2.1 expression in cells treated with hPrRP31 at d30 (N = 3). D-E) FOXG1 

and NKX2.1 expression in control cells at d30 (D; N = 3), d14 (E; N = 3). Data information: 

S.b. = 20 μm. In panels B, Kruskal Wallis test with Dunn’s test (p < 0.0001). In panels C, E, 

Unpaired T-test, Two-tailed (B: p = 0.0005; E: p = 0.0009). In panel D, Mann Whitney test, 

Two-tailed (p < 0.0001). Data are presented as median  IQR (A, D) or mean  SEM (all other 

panels). 
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4.3. Short discussion: 

In this chapter the effects of hPrRP31 on the proportion of POMC expressing hiHTNs when 

administrated during maturation was determined. The main results detailed here indicated that 

hPrRP31 did not influence fate specification of hiHTNs to POMC expressing hypothalamic 

neurons when administered during maturation. Although, the hiHTNs may not have 

successfully differentiated into a complete hypothalamic identity, which could have obscured 

the impact of these compounds. 

4.3.1. Proportions of POMC expressing hiHTNs was not affected by hPrRP31 treatment 

In vivo, LiPrRP has been shown to have long lasting effects even after treatment cessation with 

no weight regain after stopped treatment (Holubová et al., 2018). This suggests the potential to 

induce lasting changes within the appetite circuitry of the adult brain, thereby resulting in 

prolonged anti-obesity effects. The potential to alter fate specification of hypothalamic neurons 

though pharmacological interventions could be a potential mechanism of action of the long 

lasting anti-obesity effects seen by LiPrRP.  

hPrRP31 did not significantly change the proportion of Map2+POMC+ hiHTNs compared to 

Controls. Suggesting that hPrRP31 have no influence over fate specification to POMC 

expressing neurons when administered during maturation. Further investigation is needed to 

determine if the compounds could impact neuronal specification at earlier stages of 

differentiation. To do so, it would be advisable to determine if earlier stages of these cells 

express the hPrRP31 receptor GPR10 and therefore could respond to its administration in 

culture.  

The hPrRP31 effects may be altering other aspects of neuronal function rather than cell 

specification, including neuronal activation. In fact, results from Jorgensen et al. (2024) 

showed that PrRP signalling stimulates increase in the intracellular calcium in hiPSC-derived 

hypothalamic neurons, which suggests a direct responsiveness to PrRP (Appendix Figure 5) 

(Jorgensen et al., 2024). Furthermore, the detection of gene expression for PrRP and its receptor 

in the hiHTNs indicates that these neurons can respond to hPrRP31 stimulation. Indeed, in vivo 

studies in rodents have reported a similar reduction in adult born POMC and NPY expressing 

neurons in response to external stimuli of HFD (Li et al., 2012; Gouazé et al., 2013). This 

observation is inconsistent with the proposed model which postulates that selective generation 

of appetite-suppressing (anorexigenic) neurons modulates the neural circuits governing feeding 

behaviour (Yoo & Blackshaw, 2018). Highlighting the complexity of the interplay and 
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response of these neurons to external stimuli. Due to unreliable signal, NPY expression was 

not investigated in these experiments. Further hampering our ability to determine the effects of 

PrRP on the proportion of cells with anorexigenic compared to orexigenic cell fate. Unravelling 

the precise mechanism of action of the anorexigenic hPrRP31 and LiPrRP is yet to be 

elucidated.  

As discussed, these findings suggest that the fate specification and cell identity of immature 

neurons are unaffected by pharmacological intervention. Notably, studies on direct 

reprogramming have encountered barriers in converting one post-mitotic cell type to another, 

and evidence indicates that cell identity is determined prior to or in early differentiation, 

rendering direct reprogramming impossible after this event (Rouaux & Arlotta, 2013; Gascón 

et al., 2017). The findings indicate that the opportunity to influence the fate of the differentiated 

hiHTNs had potentially elapsed, as the hiHTNs may had already established their 

predetermined identity by the time of the interventions. This is further supported by the 

unchanged gene expression of POMC and GPR10 from d14 to d30, as analysed by RT-qPCR.  

Postmitotic neurons generally maintain their identity throughout life, unlike reactive glial cells. 

Altering neuronal fates is highly complex, as evidenced by the difficulties in direct neuronal 

reprogramming. This is due to the inherent mechanisms that restrict changes in cell fate as 

progenitor cells differentiate and commit to specific cellular identities (Niu et al., 2018; Péron 

et al., 2023; Rouaux & Arlotta, 2013; Gascón et al., 2017). While both fibroblast-to-neuron 

and neuron-to-neuron direct reprogramming hold promise for regenerative medicine and 

disease modelling, the latter is technically more challenging due to the inherent stability and 

complexity of neuronal identity. In contrast, fibroblasts are generally considered more plastic 

than mature neurons (Schaukowitch et al., 2023; Vierbuchen et al., 2010). A study by Péron et 

al. (2023) found that the transcription factor Neurog2 can redirect the fate of proliferating 

aNSCs, shifting them from a GABAergic to a glutamatergic lineage. However, once these cells 

have differentiated into postmitotic neurons, Neurog2 can no longer induce a lineage switch. 

This indicates a restricted developmental window during which Neurog2 can alter neuronal 

identity (Péron et al., 2023). Additionally, there appears to be a critical period of nuclear 

plasticity that closes as neurons undergo epigenetic changes during maturation (Amamoto & 

Arlotta, 2014; Gascón et al., 2017). This study suggests that the broader lineage determination 

of neurons is fixed during direct cell reprogramming, rather than at the level of cell 

specification. Nonetheless, it provides insights into the inherent rigidity of postmitotic neurons. 

An earlier study has shown that neuronal identity is relatively plastic during early postmitotic 



107 

 

development, with factors like Fezf2 able to switch neuronal subtypes within the first postnatal 

week (Rouaux & Arlotta, 2013; Niu et al., 2018) However, this window of plasticity 

progressively restricts over time, with later-stage postmitotic neurons becoming less amenable 

to fate reprogramming. This suggests the presence of mechanisms that stabilise neuronal 

identity as neurons mature (Rouaux & Arlotta, 2013). While the decision to administer 

hPrRP31 was based on preliminary data of the PrRP receptor GPR10 expression, it is evident 

that at this late stage of neuronal maturation, the cells are unlikely to be influenced to alter their 

established cellular identity. Future studies should therefore explore administering hPrRP31 at 

different time points during differentiation. This would also better replicate the response of 

stem cells to external cues in vivo, and thus represent the neural plasticity observed in adults. 

Another general consideration for the lack of observed phenotypic changes in hiHTNs in 

response to hPrRP31 administration may be inherent limitations of the iPSC-based model 

system. Although the hiPSC model allows us to investigate the effects of hPrRP31 on 

hypothalamic neuronal development, these pluripotent cells and succedent neurons have not 

been exposed to any obesity related epigenetic changes. Instead, they would likely represent 

the in vivo administration in mice on Control diet. An alternative approach could be using iPSC 

models derived from obese donors, as these have been shown to retain obesity-associated 

signatures after reprogramming (Rajamani et al., 2018). Thus, the lack of observed phenotypic 

changes in response to hPrRP31 administration may be attributable to the absence of obesity-

associated epigenetic profiles observed in vivo in obesity models. Rajamani et al. (2018) 

utilized lymphoblastoid cells as the as the parent cell type  for generating iPSCs from "super 

obese patients" (BMI ≥ 50). Their iPSC differentiation protocol to hypothalamic neurons shares 

many similarities with the approach used to create the hiHTNs in this experiment. In addition, 

the use of iPSCs for modelling age-related diseases has significant limitations. The 

reprogramming process resets the epigenetic age of the original somatic cells, meaning the 

resulting iPSC-derived neurons may not fully recapitulate the characteristics of mature, adult 

neurons (Samoylova & Baklaushev, 2020). Utilising direct conversion also known as 

transdifferentiation techniques may offer a more suitable model for recapitulating the age-

related characteristics (Samoylova & Baklaushev, 2020). Although iPSC-based models offer a 

valuable bridge between animal and human research, they may not fully recapitulate the 

characteristics of mature, adult neurons, which was the focus of this study's investigation.  
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4.3.2. The hiHTNs showed an inverse expression of FOXG1 and NKX2.1 

The differentiated hiHTNs exhibited an inverse expression pattern of FOXG1 and NKX2.1 to 

the expected expression pattern. This suggested that the cell population contained a mix of 

telencephalic and hypothalamic identities (Merkle et al., 2015; Kirwan et al., 2017). The co-

expression of these markers in some cells further indicated a mixed cell identity, rather than a 

distinct and homogeneous hypothalamic neuronal population. This discrepancy indicate a 

deviation from the intended differentiation pathway of these cells and raises doubts to the 

unresponsiveness to the anti-obesity compounds, as well as their physiological significance. It 

may additionally explain the huge variations in gene expression profiles and proportions of 

POMC expressing neurons shown between the cell lines. The discrepancy may be attributed to 

technical errors in optimisation. From d0 to d9 the (Kirwan et al., 2017) protocol used XAV939 

as the tankyrase inhibitor, inhibiting Wnt signalling. In the protocol used here, XAV939 was 

substituted by iwr1, also a tankyrase inhibitor which work by inhibiting Wnt signalling. Iwr1 

was used in relatively low concentrations ranging from 1.5 µM on d1, gradually reduced to 

0.25 µM on d9. A recent study evaluated the impact of varying concentrations of iwr1 of 

NKX2.1 expression when generating iPSC derived hypothalamic-like neurons (Rajamani et al., 

2018). They found that absence and low concentrations of 1 µM generated low proportions of 

hiHTNs expressing NKX2.1 at d9 of differentiation while higher concentrations of 10 µM 

produced the highest number of NKX2.1 expressing hiHTNs. Interestingly, the higher 

concentrations of 100 µM of iwr1 again produced low numbers of NKX2.1. Indicating that iwr1 

concentrations needed to be optimised for this protocol (Rajamani et al., 2018). In addition, 

XAV939 is a more selective tankyrase inhibitor, directly targeting TNKS1 and TNKS2 

involved in Wnt pathway regulation (Huang et al., 2009; Li et al., 2020). While iwr1 is a potent 

Wnt inhibitor, it might have broader effects on other signalling pathways besides Wnt (Xiao et 

al., 2021). The regulation of the Wnt pathway signalling is critical for proper hypothalamic 

patterning. The switch from XAV939 to iwr1 may therefore have influenced successful 

differentiation. However, Rajamani et al. (2018) and Huang et al. (2021) showed that iwr1 still 

induces NKX2.1 hypothalamic specific expression. Interestingly, the study by Huang et al. 

(2021) also used a higher concentration of 10 µM iwr1. Further confirming that the use of a 

low concentration of the Wnt signalling inhibitor may have impacted the differentiation here.  

Alternatively, the cells might be in an intermediate stage of differentiation. Where co-

expression could indicate a transient developmental stage. NKX2.1 defines the hypothalamic 

region and is crucial for the development of several hypothalamic neuronal subtypes (Merkle 
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et al., 2015; Wang et al., 2015). On the other hand, FOXG1 is primarily known for its role in 

telencephalon development, but may also transiently expressed in the developing 

hypothalamus. Indeed, this is in agreement with a recent study by Romanov et al. (2020). Their 

findings suggest that a substantial proportion, around 47%, of their cells committed to the 

neuronal lineage in the developing hypothalamus existed in immature states before reaching 

their final differentiation, as evidenced by the expression of homeobox genes like Foxg1 and 

Nkx2-3 that are believed to determine GABAergic identities (Romanov  et al., 2020). In 

agreement, a recent study by Nasu et al. (2021) also described a Nkx2.1+/Foxg1+ co-

expression in a organoid model of the ventral-most telencephalon (MGE/POA; Nasu et al., 

2021). Interestingly, the ventral telencephalon includes the preoptic area (POA), which 

produces both GABAergic and cholinergic neurons (Nasu et al., 2021). In addition, the POA 

and MBH have a close anatomical relationship (Nasu et al., 2021; Gao & Sun, 2015), where 

the POA and MBH also function as an integrated system, processing diverse internal and 

external inputs to coordinate physiological and behavioural responses that maintain 

homeostasis. All together this suggests the generated hiHTNs may have acquired a transient or 

mixed identity of POA/MBH GABAergic neurons. 

Despite the co-expression of FOXG1 and NKX2.1 was observed in the majority of the 

generated neurons, a subpopulation of these cells was found to express POMC. Interestingly, 

there is a subpopulation of ArcN GABAergic-POMC neurons that play a role in regulating 

body weight (Trotta et al., 2020). Additionally, recent single-cell RNA sequencing studies have 

revealed that ArcN POMC neurons can be classified into distinct subpopulations based on their 

transcriptomic profiles (Campbell et al., 2017; Chen et al., 2017; Lam et al., 2017). 

Specifically, Campbell and colleagues identified three POMC neuron clusters, with two 

expressing predominantly GABAergic markers (Gad1, Gad2) and the third expressing a 

glutamatergic marker. Notably, the GABAergic POMC neuron clusters exhibited more 

pronounced transcriptional changes in response to fasting, suggesting their potential 

involvement in energy homeostasis regulation (Campbell et al., 2017). Although highly 

speculative, this suggests that the hiHTNs generated in our cultures may represent a mixed 

population of GABAergic neurons, co-expressing FOXG1 and NKX2.1 markers, which are 

found in and around the POA and MBH. Some of these neurons may have matured into 

GABAergic POMC-expressing neurons, similar to those observed in vivo in the MBH. 

Interestingly, despite displaying a heterogeneous cell identity with high telencephalic identity, 

the hiHTNs had a higher expression of POMC expression than expected, where Kirwan et al. 
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(2017) reported a 0.3% expression of POMC per 1000 nuclei compared to a 15-60% expression 

per Map2+ neurons. More comparably, when quantified as a proportion of POMC per DAPI, 

the total yield from all cell lines was around 5 % (Data not shown). The higher proportion of 

POMC-expressing neurons was beneficial, as it reduced the possibility that any hPrRP31-

induced changes in their proportion would be too subtle to be observed. However, this factor 

may have impacted the RT-qPCR findings. Importantly, even with substantial variability 

observed between the cell lines, if the anti-obesity compound were to alter the proportion of 

POMC-positive neurons, this effect should still be detectable regardless of the variability. 

Future studies seeking to replicate this experiment should consider FACS to isolate cells 

expressing hypothalamic markers like NKX2.1 or RAX at day 14 and/or d30 (Wang et al., 

2015). This approach would reduce the population heterogeneity and permit a more focused 

analysis of hypothalamic neuronal populations.  

Given the challenge of inter- and intra-cell line variability in neuronal differentiation from 

hiPSC lines, an alternative explanation for the lack of observed difference in POMC proportion 

is that the protocol used may not have been optimised for the specific cell lines employed. 

Addressing this issue, to ensure more consistent and homogeneous hypothalamic neuronal 

populations are generated would enhance the robustness of the differentiation protocol. After 

similar differentiation efficiency has been obtained, the potential impact of treatment on 

hypothalamic neuron fate specification could be more reliably assessed. An argument 

supported by the variability in expression profiles of the selected metabolic genes between the 

cells lines. While all three cell lines were matured concurrently, potential technical 

discrepancies cannot be discounted, as the differentiation of the i900 cell line was carried out 

independently from the Kolf and 18n6 lines. To rule out any such technical inconsistencies, the 

protocol described must be repeated to increase the sample size and thereby generate more 

robust results. 

Treatment with Shh and inhibitors of SMAD and Notch pathways should cause the hiHTNs to 

acquire features of ventral hypothalamic neural progenitors, including expression of NKX2.1 

(Wang et al., 2015). Further Notch signalling inhibition can promote differentiation of NKX2.1 

expressing cells into ArcN neuronal subtypes like POMC, NPY/AGRP, somatostatin, and 

TH/dopamine neurons (Orquera et al., 2019). The protocol used reported differentiation into 

POMC, AGRP, HCRT, CRH, and TRH neuron populations (Kirwan et al., 2017). Future 

studies should examine a variety of neuronal subtypes and assess NKX2.1 and FOXG1 

expression to better characterise the differentiated hypothalamic neurons, particularly at day 
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30. Analysing markers like RAX and Single-minded 1 (Sim1) could offer a more robust 

understanding of cell identity. Alternatively, examining the presence of HCRT, CRH, and TRH 

would further bolster the characterisation, but may require extending the experiment to at least 

40 days for sufficient maturation and marker expression (Kirwan et al., 2017). The 30-day time 

point was chosen as the protocol indicates that hypothalamic neurons begin acquiring 

functional properties after 30 days in culture without exogenously added primary glia (Kirwan 

et al., 2017). Additionally, genes like POMC become robustly expressed by day 25. In contrast, 

genes like HCRT tend to become robustly expressed later, by around day 40 (Kirwan et al., 

2017). 

 

 

 

 

 

 

 

 

Figure 4.8. Graphical summary of Chapter 4. The main results detailed here indicated that 

hPrRP31 did not influence fate specification of hiHTNs to POMC expressing hypothalamic 

neurons when administered during maturation. Additionally, the hiHTNs expressed both 

NKX2.1 and FOXG1 at d14 and d30. Figure made in BioRender (Biorender.com). 
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Chapter 5: The Effects of HFD and Voluntary Running on 

Hypothalamic Adult Neurogenesis  

 

5.1. Short introduction 

Adult neurogenesis, the process of generating new neurons, has been observed in various brain 

regions, with the hippocampus being the most studied site. However, the hypothalamus is now 

recognized as an important neurogenic niche (Klein et al., 2019). The hypothalamus regulates 

essential homeostatic processes like sleep, body temperature, and appetite (Lee et al., 2014). 

Located partially outside the BBB, the hypothalamus can detect fluctuations in circulating 

metabolites and hormones and regulate behavioural responses accordingly (Yoo & Blackshaw, 

2018). This plasticity suggests that even a small addition of new neurons can significantly 

impact physiology and behaviour. The levels of adult neurogenesis in the hypothalamus are 

low but highly responsive to changes in hormonal state or diet, highlighting the challenges in 

this research area (Yoo & Blackshaw, 2018).   

Extensive research has demonstrated a positive impact of exercise on adult neurogenesis in the 

hippocampus (Kempermann et al., 1998). Early studies revealed an increase in the survival of 

newborn cells and neurons in the DG following voluntary exercise (Praag et al., 1999). 

Additionally, voluntary exercise was found to restore spatial learning and neurogenesis in aged 

mice (Praag et al., 2005). The peak of cell proliferation occurs around two weeks of running, 

after which cell proliferation appears to slow down with prolonged running. In addition HFD 

administration has been shown to have detrimental effects on adult hippocampal neurogenesis 

(Lindqvist et al., 2006; Robison et al., 2020), which can be reversed by exercise (Han et al., 

2019; Klein et al., 2016).  

While the effects of HFD and exercise on hippocampal neurogenesis have been extensively 

studied, much less is known about the effects of exercise and HFD on adult neurogenesis in 

the hypothalamus. Diet induced obesity caused by overconsumption of HFD has been shown 

to reduce hypothalamic adult neurogenesis (hAN) through lower survival and increased 

apoptosis of newborn neurons or by decreased proliferation of tanycytes (McNay et al., 2012; 

Li et al., 2012; Lee et al., 2014; Jorgensen  et al., 2024). Ablation of hAN has also been shown 

to lead to higher weight gain in animals fed HFD (Kokoeva et al., 2005; Gouazé et al., 2013), 

whereas an increase in hAN has been shown to protect against the adverse effects of HFD 
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(Kokoeva et al., 2005; Pierce & Xu, 2010). However, the relationship between hAN and obesity 

is insufficiently understood with conflicting findings reported in the literature (McNay et al., 

2012; Lee et al., 2014; Li et al., 2012). 

Despite currently limited research, there is reason to believe that voluntary exercise may also 

influence adult neurogenesis in the hypothalamus. Given the plasticity of the hypothalamus 

and its ability to respond to peripheral changes, exercise could impact adult neurogenesis also 

in this brain region. Indeed Klein et al. (2019) showed that physical exercise stimulated cell 

proliferation, but they also showed that HFD increased neurogenesis (Klein et al., 2019) and 

exercise reduced BrdU-labelled neurons after 12 weeks. Another study by Niwa et al. (2015) 

showed 5-7 weeks of voluntary running led to beneficial effects in stroke-prone spontaneously 

hypertensive (SHRSP) rats. Exercise markedly increased both overall cell proliferation (BrdU-

labelled cells) and adult neurogenesis in the ArcN and ME of both wild-type and SHRSP rats, 

compared to Sedentary controls (Niwa et al., 2015). Additionally, Laing et al. (2016) showed 

that exercise can improve metabolic symptoms caused by HFD after 12 weeks. This was 

achieved in part by restoring HFD-impaired POMC-expressing neurons in the hypothalamus, 

which are important for regulating energy balance. As well as restoring HFD damaged cell 

proliferation of Ki67-positive cells (Laing et al., 2016). In contrast to the current study and 

others, the study by Borg et al. (2014) is one of the few that investigated the effects of short-

term running on adult hypothalamic neurogenesis, utilizing a protocol of forced running. They 

found that while running induced cell proliferation, very few of the newborn cells adopted a 

neuronal fate. Additionally, although exercise improved whole-body insulin sensitivity 

compared to Sedentary mice, the exercise-induced cell proliferation was not required for the 

enhanced insulin action (Borg et al., 2014). This suggest the improvement in metabolic 

function induced by exercise may not be directly linked to adult hypothalamic neurogenesis. 

Indeed, Borg et al. (2014) suggested that exercise could have effects on other non-neuronal cell 

types in the hypothalamus, rather than stimulating neurogenesis per se, that facilitate improved 

metabolic function. The existing literature suggests that, similar to the hippocampus, exercise 

may have a protective and beneficial effect on adult neurogenesis in the hypothalamus. 

However, the studies mentioned have reported mixed results, with exercise both increasing and 

decreasing neurogenesis in the hypothalamus. Importantly, the effects of short-term voluntary 

running on hypothalamic neurogenesis have not been investigated. 

This chapter aimed to expand the currently limited knowledge on the effects of exercise and 

HFD on adult neurogenesis in the hypothalamus. By investigating the impacts of voluntary 
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running on cell proliferation and neurogenesis, using both short-term and long-term running 

protocols, with or without co-treatment with HFD. Furthermore, this chapter explored the 

impacts of running on the stem cell population within this neurogenic region. Notably, this 

study was the first to utilise lineage tracing of tanycytes in the context of obesity and exercise. 

Briefly, six-week-old male C57BL/6J mice were exposed to a short-term HFD and running 

protocol lasting for two weeks. The six-week-old age was selected as it is known that young 

adult mice typically exhibit a robust neurogenic response to exercise (Praag et al., 2005). This 

age group is ideal for studying the mechanisms of exercise induced neurogenesis and its effects 

on learning and memory. As demonstrated by Praag et al. (2005), running increased the number 

of new cells in young mice, making this age ideal to use hippocampal neurogenesis as a 

contrasting control to hypothalamic responses. In this protocol, the animals were given BrdU 

in their drinking water for the first 5 days, with a 9-day chase period. This means that the BrdU-

labelled cells analysed in the following results were between 9 and 14 days old. The two week 

timeline was chosen to replicate the extensive research done on hippocampal neurogenesis. 

Giving the BrdU in the drinking water was necessary because the stem cells in the 

hypothalamus divide so rarely, and a single injection would not have been sufficient to label 

any proliferating cells. The mice were weighed every other day throughout the entire two week 

period to monitor any weight changes, such as potential weight loss due to BrdU administration 

or weight gain from the HFD feeding. The long-term HFD and running protocol lasted for 3 

months, replicating the previous studies that investigated the effects of exercise on the 

hypothalamus. This protocol used a combination of lineage tracing and label retention 

approaches in male and female GLAST-CreERT2 x R26-tdTomato mice. The expression of the 

tdTomato fluorescent protein was induced in the stem cells and their progenies at the beginning 

of the 3 month protocol. The animals then underwent 2.5 months of voluntary running, 

followed by a two week replication of the short-term running protocol to enable comparisons. 

The BrdU labelling protocol was designed to enable a direct comparison between the cells 

labelled during the two week short-term protocol and the BrdU-retaining cells observed in the 

final two weeks of the long-term running protocol. This allowed the comparison of cells of the 

same age (same BrdU labelling protocol) that were exposed to the treatments either in the short-

term or the long-term. Analyses were conducted using both serological cell counts and density 

per volume. Most analyses in this chapter are expressed as density per volume. This decision 

was made due to the small number of sections containing the MBH that were available for each 

immunohistochemical staining. It is only possible to stain a sample of two sections per animal 

for each IHC. Relying on serological quantification and extrapolating the counts by multiplying 
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them by 12 was observed to be more variable. Quantification as a cell density was therefore 

considered a more accurate approach. Running distance was measured in both short-term and 

long term protocols.  

 

5.2. Results:  

5.2.1. Short-term Running increased cell proliferation and proliferating DCX+ cells 

independently of diet in the SGZ 

Due to failed preliminary results (data not shown) that showed no increase in cell proliferation 

in the SGZ after two weeks of voluntary Running with tilted wheels, the cages used in Figure 

5.1 B-B' were instead utilised. The cages used in Figure 5.1 B-B' were skilfully crafted and 

generously provided by Dr Andrew Want. Using these cages, a significant increase in 

proliferating cells (Ki67+) in the SGZ was successfully observed in Runners on the Control 

diet, compared to their Sedentary counterparts (Figure 5.1C). This indicated that the two week 

running protocol and the new cages indeed increased the proliferation of cells in the SGZ, as 

previously described in the literature. As detailed in Chapter 2, 6-week-old male WT C57Bl6/j 

mice were exposed to either a HFD or a Control diet, with or without concurrent voluntary 

Running, for a two week period (Figure 5.1A). The distance run was measured, and as shown 

in Figure 5.1E. The diet did not significantly impact the distance run over the two week period. 

Interestingly, the HFD fed mice did not significantly gain weight compared to mice on Control 

diet at the end of the two weeks, but there was a statistically significant main effect of exercise 

(Two-way ANOVA, F(1, 16) = 6.649, p < 0.05) on the weight at d14 (Figure 5.1F). Suggesting 

that exercise lowered their body weight regardless of diet.  
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Figure 5.1. Running increased number of Ki67+ cells in the SGZ in mice on Control diet. 

A) Running and diet timeline. B-B’) Representative images of a Sedentary cage. The running 

cages look the same but the wheel is not locked. C) Quantification of  Ki67+ cell density in the 

SGZ. D-D’) Representative confocal images of the SGZ stained as indicated in a Control 

Runner. E) Distance that the mice ran in Km after two weeks in Runners on Control diet or 

HFD. F) Weight in g after two weeks in Sedentary and Runners on HFD or Control diet. Data 

information: S.b.: 100 μm. n = 5 mice per data set for the two week run group. In panels C, E, 

Unpaired T-test, Two-tailed (C: p = 0.043). In panel F, Two-way ANOVA (F(1, 16) = 6.649, 

p < 0.05). Data are presented as mean  SEM. 

 

To further quality control the protocol, absolute counts and density of proliferating cells 

(Ki67+) in the SGZ were performed. While the animals used were generated by me, these 

quantifications were carried out by Final Year Project students Joseph Frullo and Caitlin 

Conway. To replicate the initial analysis (Figure 5.1C), the absolute number of Ki67+ cells in 

the SGZ of two most rostral brain sections containing the hippocampus were serologically 

quantified. As only 1/12 of the brain sections were stained and quantified, the cell counts were 

multiplied by 12 to extrapolate the absolute number of cells per hippocampus. The analysis 

revealed a statistically significant increase in both the absolute counts and density of Ki67+ 

cells in Runners compared to Sedentary mice, irrespective of whether they were on the Control 

diet or the HFD (Figure 5.2B-C). Specifically, there was a statistically significant effect of the 

diet (Two-way ANOVA, F(1, 16) = 18.27, p = 0.0006), the exercise (F(1, 16) = 85.87, p < 

0.0001) and their interaction (F(1, 16) = 7.334, p = 0.0155) on the absolute counts of Ki67+ 

cells in the SGZ. Bonferroni’s Pots-hoc Test found that exercise significantly increased the 
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absolute counts of Ki67+ cells in the SGZ for both Control diet (p < 0.001) and HFD (p < 

0.001) mice, and that HFD significantly reduced absolute counts of Ki67+ cells in the Runners 

on HFD compared to the Runners of Control diet (p < 0.001; Figure 5.2B). This replicates the 

initial results and confirms the well-established finding that voluntary exercise increases 

proliferating cells in the SGZ, as reported extensively in the literature (Praag et al., 1999; Praag 

et al., 2005). The analysis was also done by expressing the cell counts as cell density per 

volume. Which also showed a statistically significant effect of the diet (Two-way ANOVA, 

F(1, 16) = 47.40, p < 0.0001), the exercise (F(1, 16) = 78.35, p < 0.0001) and their interaction 

(F(1, 16) = 15.38, p = 0.0012) on the density of Ki67+ cells in the SGZ. Where Bonferroni’s 

Pots-hoc Test found that exercise also significantly increased the density of Ki67+ cells in the 

SGZ for both Control diet (p < 0.001) and HFD (p < 0.01) mice and that there is a significantly 

lower density of Ki67+ cells in the Runners on the HFD compared to Runners on the Control 

diet (p < 0.001; Figure 5.2C). Taken together, this suggests that Running increased cell 

proliferation in the SGZ regardless of the dietary conditions. However, since there is a 

significant interaction, the effect of exercise on cell proliferation depends on diet. The density 

of Ki67+ cells in Runners on HFD is significantly lower than in Runners on the Control diet, 

meaning that while exercise still promotes Ki67+ cell proliferation also under HFD conditions, 

its effect is weaker compared to the Control diet conditions. This suggests that HFD-induced 

changes in the brain may limit the full neurogenic benefits of exercise. Although, HFD alone 

did not reduce proliferation in Sedentary animals which suggested that HFD did not 

independently impair proliferation in Sedentary animals after two weeks. 

Additionally, a significant increase in proliferating neuroblasts (Ki67+DCX+ cells) was 

observed. There was a statistically significant main effect of the diet (Two-way ANOVA, F(1, 

16) = 31.81, p < 0.0001) and the exercise (F(1, 16) = 13.40, p = 0.0021) on the density of 

Ki67+DCX+ cells in the SGZ (Figure 5.2A). This means that regardless of diet, running 

increased neuroblast density. This is evident from the higher density of neuroblasts in Runners 

compared to Sedentary mice in both diet groups. But also that regardless of exercise, HFD 

reduced neuroblast density compared to the Control diet. Since there was no interaction the 

effects of diet and exercise are additive rather than dependent on each other. This suggests that 

exercise benefits neurogenesis regardless of diet, but HFD may still impair the overall 

neurogenic response. 
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Importantly, the findings presented here align with the established evidence from the literature 

(Praag et al., 1999; Praag et al., 2005) that Running enhances adult neurogenesis in the 

hippocampus.  

Figure 5.2. Running 

increased density of 

proliferating neuroblasts 

and proliferating Ki67+ cells 

regardless of diet. A) 

Quantification of 

Ki67+DCX+ cell density in 

the SGZ. B) Quantification of 

absolute counts of Ki67+ cells 

in the SGZ. C) Quantification 

of Ki67+ cell density in the 

SGZ. Data information: n = 5 

mice per data set for the two 

week run group. In all panels, 

Two-way ANOVA. In panels 

B, C, Bonferroni’s test. Data 

represented as mean  SEM. 

Asterix (*) over groups 

represents Post hoc test 

significance. Main effects 

shown on the side of the 

graphs and in Table 5.1.  

 

Table 5.1. Two-Way ANOVA main effects for two week HFD or Control diet with or without 

concurrent Running. Specifically for Ki67 counts and cell density in the SGZ in addition to 

proliferating neuroblasts density.  

 

 

 

Parameter Exercise Diet Interaction 

Ki67+DCX+ density ** *** n.s. 

Ki67+ counts *** *** * 

Ki67+ density *** *** ** 
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5.2.2. Short exposure to HFD increased the number of Ki67+ cells in the ME but reduced cell 

proliferation in the 3V 

It is established that Running increase cell proliferation in the SGZ (Praag et al., 1999), while 

HFD has detrimental effects (Lindqvist et al., 2006). To further determine the effects of short-

term Running and HFD on the hypothalamus, immunohistochemical staining of the 

proliferation marker Ki67 was investigated in the entire MBH and the ArcN, ME and 3V alone. 

No significant difference in density of Ki67+ cells was found in ArcN (Figure 5.3B). However, 

there was a statistically significant main effect of the diet (Two-way ANOVA, F(1, 11) = 7.101, 

p = 0.022) on the density of Ki67+ cells in the ME (Table 5.2). This meant that across all 

conditions, diet played a role in regulating cell proliferation in the ME. Therefore, HFD 

increased proliferation in the ME for both Sedentary and Running animals (Table 5.2, Figure 

5.3C).  

To directly compare the hypothalamic nuclei to the SGZ, the absolute number of Ki67 cells 

was also counted. Serological analysis showed that there was also a statistically significant 

effect of the diet (Two-way ANOVA, F(1, 15) = 8.926, p = 0.0092), on the absolute counts of 

Ki67+ cells in the 3V (Table 5.2, Figure 5.3D). And there was additionally a statistically 

significant effect of the diet (Two-way ANOVA, F(1, 16) = 11.63, p = 0.0036) on the absolute 

counts of Ki67+ cells in the MBH (Table 5.2, Figure 5.3E). This meant that across all 

conditions, diet played a role in regulating cell proliferation in the 3V and MBH. Therefore, 

HFD reduced proliferation in the 3V and MBH for both Sedentary and Running animals (Table 

5.2, Figure 5.3D-E). However exercise had no significant effect across the entire MBH and the 

ArcN, ME and 3V alone.  

This also suggested that in contrast to the SGZ, two weeks Running does not increase overall 

cell proliferation in the MBH or individual nuclei in Control conditions. Interestingly, in the 

ME of the hypothalamus, treatment with HFD appeared to have a proliferative effect on cells 

in both Running and Sedentary mice. It is important to note that, in comparison to the SGZ, the 

hypothalamus hosts a wider range of cell types. As such, immunohistochemical staining for 

Ki67 does not distinguish the specific cell identities. In contrast to the ME, in the 3V walls, 

where the stem cells reside, a reduced cell proliferation in response to HFD was observed. This 

reduction in htNSC proliferation may suggest stem cell exhaustion as a consequence of HFD.  
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Figure 5.3. Running did not increase the number of Ki67+ cells in the hypothalamus after 

two weeks. A-A’) Representative confocal images of the MBH stained as indicated in a HFD 

Runner. White arrows represent Ki67+ cells for graph B, C and E. Yellow arrow represent a 

Ki67+ cell for graph D. B-C) Quantification of Ki67+ cell density in the ArcN (B) and ME 

(C). D-E) Absolute counts of Ki67+ cells in the 3V (D) and MBH (E). Data information: S.b.: 

100 μm. n = 5 mice per data set for the two week run. In all panels, Two-way ANOVA. Data 

presented as mean  SEM. Main effects shown on the side of the graphs and in Table 5.2.  

 

 

Parameter Exercise Diet Interaction 

(ME) Ki67+ density n.s. * n.s. 

(3V) Ki67+ counts n.s. ** n.s. 

(MBH) Ki67+ counts  n.s. ** n.s. 

Table 5.2. Two-Way ANOVA main effects for two week HFD or Control diet with or without 

concurrent Running. Specifically for Ki67 density in the ME and Ki67 absolute counts in the 

3V and MBH.  
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5.2.3. Neither HFD nor Running altered the number of proliferating neuroblasts or astrocytes 

To further investigate the identity of the proliferating cells and determine if subtypes of 

proliferating cells were affected by HFD or Running, immunohistochemical staining co-

labelled the immature neuronal marker DCX and the glial marker GFAP with Ki67. No 

significant difference were found in proliferating DCX+ cells or GFAP+ cells in the 

hypothalamus or individual nuclei (Figure 5.4). This suggests that two weeks of treatment with 

HFD and/or Running did not affect the overall proliferation of neurons and astrocytes. 

Indicating that the increase in proliferating cells in the ME include other cell types not 

investigated here (Figure 5.3C). 
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Figure 5.4. Neither running or HFD altered number of proliferating neurons or 

astrocytes in the hypothalamus. A-D) Representative confocal images of the MBH stained 

as indicated in Sedentary mice on Control diet (A-A’’’), Sedentary mice on HFD (B-B’’’), 

Runners on Control diet (C-C’’’), Runners on HFD (D-D’’’). E-G) Quantification of 

Ki67+DCX+ cell density in the MBH (E), ArcN (F) or ME (G). H-J) Quantification of 

Ki67+GFAP+ cell density in the MBH (H), ArcN (I) or ME (J). Data information: S.b.: 100 

μm. n = 5 mice per data set for the two week run. In all panels, Two-way ANOVA with 

Bonferroni’s test. Data presented as mean  SEM. 



123 

 

5.2.4. Short-term HFD did not alter cell dynamics in vitro in htNSCs isolated from Running 

mice 

Analysis by two-way ANOVA revealed a significant effect of HFD on cell proliferation in the 

3V. Due to the low rates of proliferation of tanycytes, it is challenging to study them in vivo. 

Therefore, we opted to investigate them in vitro as the next best approach. The most 

pronounced effects in the Ki67 data appeared to be between the Control Runners and the HFD 

Runners. To gain a deeper understanding of why this effects was observed, further investigation 

using time lapse imaging was performed, as detailed in Chapter 2. 

No significant differences was found in number of active clones per animal (normalised to 

nm2), cell divisions per clone or quiescent cells per animal (normalised to nm2) in Runners on 

Control diet or HFD (Figure 5.5). The results suggests that the effects on proliferation observed 

in vivo are such rare events in the HVZ that they cannot be adequately captured in vitro. 

Alternatively, the impact of inflammation may not persist in vitro, where the less hostile 

environment negates the elevated apoptosis seen in vivo, thus explaining the lack of an effect. 

 

Figure 5.5. HFD does not alter 

cell dynamics in vitro in 

htNSCs isolated from running 

mice. A-C ) No significant 

difference observed in number of 

active clones, quiescent cells per 

are (nm2), or cell divisions per 

area (nm2) in primary stem cells 

from the hypothalamus. A-B) 

Graph showing clones per 

animal. C) Graph showing 

individual neurospheres. Data 

information: n = 5 mice per data 

set. In all panels, Mann Whitney 

test, Two tailed. Data are 

presented as median  IQR (all 

panels).  
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5.2.5. HFD increased the number of newborn cells and neurons and in the ME, which was 

reversed by Running 

To investigate the effects of HFD and Running on newborn neurons and astrocytes in the 

hypothalamus, adult male mice were given five days of BrdU in drinking water to label 

proliferating cells and their progeny. Co-staining of BrdU with the neuronal marker DCX and 

astrocytic marker GFAP allowed for further analysis of the impact of HFD and Running on the 

identity of newborn cells and how they were affected by treatment (Figure 5.6.1A-D). The 

whole of MBH was analysed as well as individual nuclei, including the ArcN and ME. 

Figure 5.6.1. Co-staining of BrdU with the neuronal marker DCX and astrocyte marker 

GFAP. A-D) Representative confocal images of the MBH stained as indicated in Sedentary 

mice on Control diet ( A-A’’’), Sedentary mice on HFD (B-B’’’), Runners on Control diet (C-

C’’’), Runners on HFD (D-D’’’). Data information: S.b.: 100 μm. n = 5 mice per data set for 

the two week run.  
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In the ArcN, there was a statistically significant main effect of the diet (Two-way ANOVA, 

F(1, 15) = 7.387, p = 0.0159), reducing the density of BrdU+ cells, and BrdU+DCX+ cells 

(Two-way ANOVA, F(1, 15) = 6.089, p = 0.0261) in both Sedentary and Running (Figure 

5.6.2F and I). The Two way ANOVA therefore shows that both BrdU+ cells and BrdU+DCX+ 

cells are decreased in HFD-fed animals compared to Control diet animals, regardless of 

exercise in the ArcN. Since the trend is observed in both Sedentary and Running conditions, it 

indicates that exercise does not counteract the HFD-induced reduction in neurogenesis in the 

ArcN. The use of the immature neuronal marker doublecortin, rather than the mature neuronal 

marker NeuN, in this experiment provided a more comprehensive understanding of the impact 

on neurogenesis (Klein et al., 2016). DCX is expressed by immature, migrating neuroblasts, 

while NeuN expression is only detected later in neuronal maturation. Given the shorter, 9-14 

day time frame for the BrdU+ neurons to mature, utilising DCX enabled the detection of more 

cells adopting a neuronal fate, thereby offering better insight into the effects on neurogenesis 

by examining markers for earlier stages of neuronal development.  

Most interestingly, there was a significant increase in newborn cells and newborn neurons in 

the ME of Sedentary mice fed HFD (Figure 5.6.2G and J). Where there was a statistically 

significant main effect of the diet (Two-way ANOVA, F(1, 16) = 7.396, p = 0.0193) and the 

exercise (F(1, 16) = 6.767, p = 0.0151) on the density of total BrdU+ cells in the ME (Figure 

5.6.2G). Same was observed for newborn neurons (BrdU+DCX+) in the ME. Where there was 

a statistically significant main effect of the diet (Two-way ANOVA, F(1, 15) = 11.44, p = 

0.0041) and the exercise (F(1, 15) = 5.191, p = 0.0378) on the density of total BrdU+DCX+ 

cells in the ME (Figure 5.6.2J). Suggesting that two weeks of HFD increased proliferation of 

newborn cells and neurons, as indicated by higher BrdU+ and BrdU+DCX+ cell densities. 

Exercise reduced neurogenesis, including in HFD-fed animals, as shown by the decrease in 

BrdU+ and BrdU+DCX+ cells. The lack of interaction means that exercise and diet affect 

neurogenesis independently, without modifying each other's effects. Suggesting that HFD can 

promote neurogenesis in the ME, but Running may counteract this effect.  

In addition, there was a statistically significant main effect of the exercise (Two-way ANOVA, 

F(1, 15) = 7.891, p = 0.0132) on the density of BrdU+GFAP+ cells in the ME (Figure 5.6.2M). 

Suggesting that exercise reduced the density of astrocytes in the ME regardless of diet.  
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Figure 5.6.2. Running reduced proliferation of newborn neurons in the ME. E-G) 

Quantification of BrdU+ cell density in the MBH (E), ArcN (F), and ME (G). H-J) 

Quantification of BrdU+DCX+ cell density in the MBH (H), ArcN (I) and ME (J). K-M) 

Quantification of BrdU+GFAP+ cell density in the MBH (K), ArcN (L), and ME (M). Data 

information: S.b.: 100 μm. n = 5 mice per data set for the two week run. In all panels, Two-

way ANOVA. Data are presented as mean  SEM. Main effects shown on the side of the graphs 

and in Table 5.3.  
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Parameter Exercise Diet Interaction 

(ArcN) BrdU+ density n.s. * n.s. 

(ArcN) BrdU+DCX+ density n.s. * n.s. 

(ME) BrdU+ density * * n.s. 

(ME) BrdU+DCX+ density * ** n.s. 

(ME) BrdU+GFAP+ density * n.s. n.s. 

Table 5.3. Two-Way ANOVA main effects for two week HFD or Control diet with or without 

concurrent Running on number of newborn cells and influence on cell specification.  

 

5.2.6. Neither HFD or Running changed the density of anorexigenic BrdU+POMC+ neurons 

One potential mechanism by which HFD and Running may influence the development of 

obesity is through their effects on the fate specification of newborn adult neurons. Specifically, 

by differentially altering the generation of more or less anorexigenic neurons. As these neurons 

reside in the ME and ArcN of the hypothalamus, the analysis focused on those nuclei. No 

significant difference was observed in the fate specification of adult-generated hypothalamic 

neurons into an anorexigenic phenotype, either with HFD or Running (Figure 5.7). This 

suggests that neither HFD nor Running affects neuronal specification into POMC-expressing 

neurons in the ArcN and ME after two weeks. This suggests that the effects of HFD and 

Running may be mediated through alternative mechanisms, such as the activation of 

anorexigenic neurons, rather than changes in their proportion. 
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Figure 5.7. Neither HFD nor Running influenced the number of newborn anorexigenic 

neurons in the hypothalamus. A-A’’’) Representative confocal images of the MBH stained 

as indicated in a Runner on Control diet. B-C) Quantification of BrdU+POMC+ cell density in 

the ArcN (C) and ME (D). Data information: S.b.: 50 μm. n = 5 mice per data set for the two 

week run. In all panels, Two-way ANOVA. Data presented as mean  SEM.  

 

5.2.7. Mice on 3 months of HFD significantly gained weight regardless of Running 

Obesity is a chronic disease and the effects of long-term HFD on the hypothalamus is still 

under investigation. Long-term HFD and Running have only been investigated a few times 

with conflicting results.  

In the interest of further investigating the impact of long-term HFD and Running on adult 

hypothalamic neurogenesis, adult male and female mice were kept in the same cages used in 

the two week long protocol, but now for 3 months as described in detail in Chapter 2 (Figure 

5.8A). A GLAST-CreERT2 x R26-tdTomato mouse line was used to lineage trace adult 

neurogenesis in mice exposed to 3 months of HFD or Control diet with or without concurrent 

Running. This analysis aimed to gain better insight into the process of cell proliferation and 
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differentiation of adult-generated hypothalamic cells, and how they respond to external stimuli. 

By inducing the mice at the start of the experiment, the analysis included continuous 

neurogenic lineage tracing for 3 months, while the BrdU labelling of cells was identical to the 

two week protocol. This allowed for a combined analysis of continuous neurogenesis and acute 

neurogenesis at the end of the 3 month period.  

Interestingly, the mice did not show significant weight gain when fed the HFD for 3 months 

compared to the Control diet (Figure 5.8B). Rather, both Sedentary and Running mice 

regardless of diet exhibited significant weight gain (Two-way ANOVA, F(1, 32) = 24.26, p < 

0.0001) over time (Figure 5.8D).There was no difference in the distance run by mice on the 

Control diet and HFD (Figure 5.8C). 

These findings suggest that although the HFD did not result in significantly greater weight gain 

compared to the Control diet, the HFD nonetheless had a measurable impact on the body weight 

of the mice. 

 

Figure 5.8. Mice on HFD 

significantly gain weight 

regardless of running. A) 

Timeline for 3 month HFD 

and Running. B) Weight 

after 3 month HFD and 

Running. C) Distance that 

the mice ran in Km after two 

weeks in Runners on 

Control or HFD. D) 

Comparing weight at d1 and 

d84. Data information: S.b.: 

50 μm. n = 5 mice per data 

set for the 3 months run. In 

panels, B, D,  Two-way 

ANOVA. In panel C, 

Unpaired t-test, Two-tailed. 

Data presented as mean  

SEM (B, C) or median  

IQR (D). Main effects 

shown on the side of the 

graph (D).  
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5.2.8. Long-term HFD reduced the accumulation of new GLAST+ neurons in the 

hypothalamus, and voluntary Running did not reverse this effect 

To investigate the impact of long-term HFD and voluntary Running on adult hypothalamic 

neurogenesis, inducible in vivo tracking of tdTomato+ aNSCs and their progeny was used. 

Adult male and female GLAST-CreERT2 x R26-tdTomato mice were equally distributed to 

one of the four treatment groups and kept in the cages for 3 months. The mice were induced by 

tamoxifen injections over 3 days before they were placed in the cages. The resulting tdTomato+ 

cells are therefore a mixture of 3 month old and newborn proliferating GLAST+ (tdTomato+) 

cells, allowing for analysis of accumulative neurogenesis. GLAST expressing cells in the 

hypothalamus are aNSCs, and some astrocytes. Astrocytes were therefore excluded from all 

analysis. The same pulse-chase BrdU labelling protocol used in the short-term HFD and 

Running study was also applied during the last two weeks of the long-term experiment. This 

allowed for the investigation of BrdU-labelled newborn cells and neurons in the final two 

weeks of the protocol, providing a direct comparison between the mice that had been on the 

short-term HFD and Running regime and those that had become obese and been exposed to 

prolonged HFD and Running.  

Results showed that 3 months of HFD reduced the density of all lineage traced neurons 

(tdTomato+NeuN+) in the MBH as well as in the ArcN and Parenchyma alone, which was not 

reversed by Running. Where there was a statistically significant main effect of the diet (Two-

way ANOVA, F(1, 14) = 17.39, p = 0.0009) on lineage traced new neurons (tdTomato+NeuN+) 

in the MBH, the ArcN (Two-way ANOVA, F(1, 14) = 17.61, p = 0.0009) and the Parenchyma 

(Two-way ANOVA, F(1, 14) = 11, p = 0.0051) alone (Figure 5.9B). The data suggests that 

HFD reduced tdTomato+NeuN+ cell density in the MBH, ArcN, and Parenchyma, regardless 

of exercise status. Running did not significantly alter tdTomato+NeuN+ cell density, meaning 

that Running did not counteract or exacerbate the diet-induced effect. It also indicates that the 

effect of HFD is consistent across both Sedentary and Running groups, meaning exercise does 

not modify the diet-induced changes.  

In summary, the results suggests that Running failed to reverse the reduction of all lineage-

traced neurons in the MBH, ArcN, and Parenchyma caused by the HFD. Additionally, 3 months 

of Running did not increase accumulative neurogenesis in mice fed the Control diet. These 

findings imply that the HFD impaired neuronal differentiation from GLAST+ stem cells or 

reduced long-term survival of the lineage traced mature neurons.  
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Figure 5.9. Running did not rescue the reduced neurogenesis in mice on long-term HFD. 

A-D) Quantification of  tdTomato+NeuN+ cell density in the MBH (A), ArcN (B), ME (C), 

Parenchyma (D). E-H) Representative confocal images of the MBH stained as indicated in 

Sedentary mice on Control diet ( E-E’’’), Sedentary mice on HFD (F-F’’’), Runners on Control 

diet (G-G’’’), Runners on HFD (H-H’’’). Data information: S.b.: 50 μm. n = 5 mice per each 

data set for the 3 month run. In all panels, Two-way ANOVA. Data are presented as mean  

SEM. Main effects shown on the side of the graphs and in Table 5.4.  
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Parameter Exercise Diet Interaction 

(MBH) tdTomato+NeuN+ 

density 
n.s. *** n.s. 

(ArcN) tdTomato+NeuN+ 

density 
n.s. *** n.s. 

(Parenchyma) 

tdTomato+NeuN+ density 
n.s. ** n.s. 

Table 5.4. Two-Way ANOVA main effects for 3 month of HFD or Control diet with or without 

concurrent Running on lineage traced neurons.  

 

5.2.9. Long-term Running increased the generation of new neurons in mice fed a Control diet, 

but failed to reverse the reduction of new neurons caused by HFD 

Although Running had no significant effect on the accumulative neurogenesis, there was a 

significant increase in adult born neurons (BrdU+NeuN+) in the last two weeks of the 3 month 

period in mice fed Control diet (Figure 5.10A). Again, this protocol compares the two-week 

label-retaining paradigm that was previously used in the short-term HFD and Running study. 

This allowed for a direct comparison between the effects of short-term and long-term exposure 

to the dietary and exercise interventions on adult born neurons. 

There was a statistically significant effect of the diet (Two-way ANOVA, F(1, 14) = 24.4, p = 

0.0002), the exercise (F(1, 14) = 4.85, p = 0.0449) and their interaction (F(1, 14) = 7.774, p = 

0.0145) on BrdU+NeuN+ density in the MBH. Bonferroni’s Pots-hoc Test found that exercise 

significantly increased the density of BrdU+NeuN+ cells in the MBH for mice fed Control diet 

(p < 0.01) and a significant difference between Runners on Control diet compared to Runners 

on HFD (p < 0.001; Figure 5.10A; Table 5.5). Running therefore increased adult neurogenesis 

in Control diet in the last two weeks of the protocol. The data suggests that in contrast to the 

SGZ, the hypothalamus is responsive to longer Running. However, there was also a significant 

difference between Runners on Control diet and Runners on HFD, meaning HFD limits the 

neurogenic benefits of exercise and that the neurogenic response to exercise is diet-dependent. 

In addition, there was a statistically significant main effect of the diet on BrdU+NeuN+ density 
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in the ArcN (Two-way ANOVA, F(1, 14) = 7.475, p = 0.0161), ME (Two-way ANOVA, F(1, 

15) = 7.108, p = 0.0176), and Parenchyma (Two-way ANOVA, F(1, 15) = 11.96, p = 0.0035; 

Figure 5.10B-D; Table 5.5). This suggests that HFD reduced the number of adult born neurons 

in the last two weeks of the 3 month period which was not reversed by Running. Indicating that 

long-term HFD have detrimental effects on all neuronal populations in the hypothalamus.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10. Running increased neurogenesis in the hypothalamus in the last two weeks. 

A-D) Quantification of  BrdU+NeuN+ cell density in the MBH, ArcN (B), ME (C), 

Parenchyma (D). E-E’’’’’) Representative confocal images of DAPI+, BrdU+, NeuN+ and 

tdTomato-negative cell in the MBH of a Sedentary mice on Control diet. Data information: 

S.b.: 50 μm. n = 5 mice per data set for 3 month run. In all panels, Two-way ANOVA. In panel 

A, Bonferroni’s test. Data are presented as mean  SEM. Asterix  (*) over groups represents 

post hoc test significance. Main effects shown on the side of the graphs and in Table 5.5. 
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Parameter Exercise Diet Interaction 

(MBH) BrdU+NeuN+ density * *** * 

(ArcN) BrdU+NeuN+ density n.s. * n.s. 

(ME) BrdU+NeuN+ density n.s. * n.s. 

(Parenchyma) BrdU+NeuN+ 

density 
n.s. ** n.s. 

Table 5.5. Two-Way ANOVA main effects for 3 month of HFD or Control diet with or without 

concurrent Running on BrdU+ neurons.  

 

5.2.10. HFD decreased neurogenesis in the ArcN of Sedentary mice, which is not reversed by 

Running 

The stages of adult neurogenesis have not been fully elucidated in the hypothalamic neurogenic 

niche. However, it is known that immature neurons express the marker DCX. To investigate 

the effects of long-term Running and exercise on adult neurogenesis, specifically in immature 

neurons, immunohistochemical staining of DCX and BrdU was performed and co-analysed by 

the expression of tdTomato (Figure 5.11). The analysis focused on the ArcN and ME, where 

DCX is predominantly expressed (Batailler et al., 2014).  

Accumulative neurogenesis was further investigated by quantifying tdTomato+ cells co-

expressing DCX. In contrast to the mature neurons (tdTomato+NeuN+), that were reduced by 

HFD, the accumulative neurogenesis of immature neurons (tdTomato+DCX+) showed no 

significant difference after external stimuli (Figure 5.11E).  

Neurogenesis of BrdU-labelled subpopulations in the last two weeks was investigated by co-

staining for BrdU and DCX. The newborn cells (BrdU+) that originated from induced stem 

cells (tdTomato+) that also co expressed DCX in the last two weeks of long-term HFD and 

Running was analysed to determine the specific response of newborn neurons from cells 

originating from induced aNSCs. Results of this analysis showed a statistically significant 

effect of the diet (Two-way ANOVA, F(1, 13) = 6.234, p = 0.0268), the exercise (F(1, 13) = 

18.34, p = 0.0009) and their interaction (F(1, 13) = 10.49, p = 0.0065) on the density of 
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tdTomato+BrdU+DCX+ cells in the ArcN (Figure 5.11D, Table 5.6). Additionally, 

Bonferroni’s Pots-hoc Test found that HFD significantly decreased the density of 

tdTomato+BrdU+DCX+ cells in the ArcN compared to Sedentary mice on Control Diet (p < 

0.01). Suggesting that 3 months HFD reduced neurogenesis or neuronal survival in the ArcN, 

where appetite regulating neurons reside. Interestingly, exercise also significantly decreased 

the density of tdTomato+BrdU+DCX+ cells in the ArcN compared to Sedentary mice on 

Control Diet (p < 0.001). Suggesting that exercise, in this context, reduced the proliferation, 

survival or differentiation of these newly generated neurons in the ArcN. The interaction 

suggests that the effects of exercise on these specific neuronal populations are diet-dependent, 

and under HFD conditions, exercise does not counteract but may even exacerbate the loss of 

these neurons. In contrast, BrdU+DCX+ cells that did not originate from induced stem cells 

(tdTomato-) showed no significant difference in either the ArcN or the ME (Figure 5.11A-B).  

These findings suggest that the HFD reduced acute adult neurogenesis from GLAST+ aNSCs, 

and this was not reversed by Running. However, the HFD did not alter the accumulative 

neurogenesis of immature neurons in the ArcN or ME. This implies that long-term exposure to 

the HFD may have enhanced the retention of older neurons, as previously demonstrated (Klein 

et al., 2019). This could represent a compensatory mechanism to maintain some degree of 

hypothalamic function despite the reduced neurogenesis. 
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Figure 5.11. Neither long-term Running of HFD alters the rate of neurogenesis in the last 

two weeks. A-B) Quantification of tdTomato-BrdU+DCX+ cell density in the ME (A) or ArcN 

(B) in the last two weeks. C-D) Quantification of  tdTomato+BrdU+DCX+ cell density in the 

ME (C) or ArcN (D) in the last two weeks. E) Quantification of tdTomato+DCX+ cell density 

in the ArcN after 3 months. F-F’’’’) Representative confocal images of 

BrdU+DCX+tdTomato-positive cells in the ME of a Sedentary mouse on Control diet. Data 

information: n = 5 mice per data set for the 3 month run. In all panels, Two-way ANOVA. In 

panel D, Bonferroni’s test. Data are presented as mean  SEM. Asterix  (*) over groups 

represents post hoc test significance. Main effects shown on the side of the graphs and in Table 

5.6.  
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Table 5.6. Two-Way ANOVA main effects for 3 month of HFD or Control diet with or without 

concurrent Running on tdTomato+BrdU+ immature neurons.  

 

5.2.11. Long-term Running increased the density of new cells (BrdU+) in Control conditions 

In the short-term protocol, Running had no significant effect on newborn cells in the 

hypothalamus. Similarly, long-term Running did not have a significant effect on lineage-traced 

new born (tdTomato+BrdU+) cells (Figure 5.12.1A) in the last two weeks. In contrast to the 

short-term Running that showed an increase in total BrdU-labelled cells in the ME after HFD 

which was reversed by Running, no changes can be seen in pool of BrdU-labelled proliferating 

cells (All BrdU+ cells) in the last two weeks of long-term Running and HFD in the same area. 

However, HFD significantly reduced the pool of BrdU+ cells (All BrdU+ cells) in the ArcN. 

Specifically, there was a statistically significant main effect of the diet (Two-way ANOVA, 

F(1, 16) = 4.856, p = 0.0425) on the density of BrdU+ cells in the ArcN (Figure 5.12.1F). HFD 

therefore reduces cell proliferation in the ArcN, regardless of exercise status. Exercise did not 

significantly alter the number of All BrdU+ cells, meaning Running does not counteract or 

exacerbate the diet-induced effect.  

However, when looking at BrdU-labelled cells that do not originate from tamoxifen-induced 

cells and do not co-stain for mature neuronal markers, long-term Running significantly 

increased their density in the Control group (Figure 5.12.2K). Specifically, there was a 

statistically significant main effect of the diet (Two-way ANOVA, F(1, 15) = 17.75, p = 

0.0008), and the exercise (Two-way ANOVA, F(1, 15) = 13.13, p = 0.0025) on the density of 

BrdU+ (tdTomato-negative) cells in the MBH (Table 5.7). This result therefore indicated that 

HFD reduced cell proliferation in the MBH, regardless of exercise, but Running promotes 

neurogenesis in the MBH regardless of diet. These results suggested that while exercise 

generally supported neurogenesis, its benefits may be blunted under HFD conditions in the 

MBH (Figure 5.12.2K). The findings additionally suggest that the hypothalamus is indeed 

responsive to long-term Running. However, the specific cellular identity of the newly formed 

cells remains to be determined.  

Parameter Exercise Diet Interaction 

(ArcN) tdTomato+BrdU+DCX+ 

density 
*** * ** 
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In addition, diet had a significant main effect (Two-way ANOVA,F(1, 13) = 16.94, p = 0.0012), 

on the density of BrdU+ cells in the ArcN (Figure 5.12.2M). In the ME, the exercise had a 

significant main effect (Two-way ANOVA, F(1, 15) = 6.376, p = 0.0233) on the density of 

BrdU+ cells (Figure 5.12.2L). Running thereby increased the proliferation of an unidentified 

cell population in the MBH and ArcN under Control diet conditions. Additionally, in the ME, 

Running increased cell proliferation irrespective of diet of the same undefined population 

(Table 5.7). The results also suggests that different mechanisms regulates neurogenesis in these 

regions, with diet influencing the ArcN and exercise influencing the ME. Overall, these 

findings suggest that the hypothalamus is responsive to long-term Running and that individual 

hypothalamic nuclei are differentially affected by HFD and exercise.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12.1. New cells in the last two weeks of 3 month experiment. A-C) Quantification 

of tdTomato+BrdU+ cell density in the MBH (A), ME (B), ArcN (C). D-E) Quantification of 

All BrdU+ cells (density) in the MBH (D), ME (E), and ArcN (F). Data information: n = 5 

mice per data set for the 3 month run. In all panels, Two-way ANOVA. Data are presented as 

mean  SEM. Main effects shown on the side of the graphs and in Table 5.7.  
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Figure 5.12.2 New cells in the last two weeks of 3 month experiment. G-J) Representative 

confocal images of the MBH stained as indicated in all treatment groups. G’-J’) Representative 

confocal images of BrdU in the MBH of all treatment groups as indicated. K) Quantification 

of undefined BrdU+ cells in the MBH (K), ME (L), ArcN (M). Data information: S.b.: 50 μm. 

n = 5 mice per data set for the 3 month run. In all panels, Two-way ANOVA. Data are presented 

as mean  SEM. Main effects shown on the side of the graphs and in Table 5.7.  
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Parameter Exercise Diet Interaction 

(ArcN) All BrdU+ density n.s. * n.s. 

(ArcN) BrdU+ density n.s. ** n.s. 

(ME) BrdU+ density  * n.s. n.s. 

(MBH) BrdU+ density ** *** n.s. 

Table 5.7. Two-Way ANOVA main effects for 3 month of HFD or Control diet with or without 

concurrent Running on BrdU+ cells.  

 

5.2.12. Long-term HFD increased cell proliferation in the ArcN of Sedentary mice which was 

not reduced by Running 

In order to compare the effects of HFD and Running in the last two weeks of the long-term 

running protocol with the short-term running protocol, immunohistochemical staining of 

Ki67+ proliferating cells and neuroblasts (DCX+) was performed.  

The results showed there was a statistically significant main effect of the diet (Two-way 

ANOVA, F(1, 16) = 4.881, p = 0.0421) on density of Ki67+ cells in the ArcN (Figure 5.13B). 

However, similarly to the two week protocol, neither long-term Running or HFD had a 

significant effect on proliferating neuroblasts (Ki67+DCX+) in the hypothalamus in the last 

two weeks of the 3 month protocol (Figure 5.13C-D). This data suggests that neither HFD or 

Running alters accumulative neurogenesis in terms of proliferating immature neurons.  
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Figure 5.13. Proliferating cells and neuroblasts in the last two weeks of 3 month 

experiment. A-B) Quantification of Ki67+ cell density in the ME (A) and ArcN (B) at the end 

of 3 months HFD and Running. C-D) Quantification of Ki67+DCX+ cell density in the ME 

(C) and ArcN (D) at the end of 3 months HFD and Running. E-E’’’’) Representative confocal 

images of a Ki67+DCX+, tdTomato-negative cell in the ME of a Sedentary mouse on HFD. 

Data information: S.b.: 100 μm and 50 μm. n = 5 mice for each group for each data set. In all 

panels, Two-way ANOVA. Data are presented as mean  SEM. Main effects shown on the 

side of the graphs. 
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5.3. Short discussion 

This chapter aimed to investigate the influence of diet and exercise on adult neurogenesis in 

short-term and long-term protocols. The results revealed region-specific effects on adult 

hypothalamic neurogenesis. Under these specific protocol parameters, in tandem housed mice, 

short-term Running reduced and thereby reversed increased hypothalamic adult neurogenesis 

that had been elevated by HFD, long-term Running instead increased adult neurogenesis but 

failed to protect against the detrimental effects of long-term HFD. The lasting detrimental 

impact of prolonged HFD on hypothalamic neurogenesis underscores the importance of early 

intervention and the potential limits of exercise as a sole protective measure against the 

neurogenic consequences of long-term metabolic dysfunction. 

5.3.1. High fat diet did not induce obesity  

Interestingly, while many studies have shown that a high-calorie diet leads to weight gain and 

DIO in mice (Buckinx et al., 2021; Lee et al., 2014; Thaler et al., 2012), this study did not 

observe any weight difference between the HFD and Control groups. Previous studies have 

demonstrated no significant increase in body weight in short-term HFD protocols. Neither 

Niwa et al. (2015) nor Gouazé et al. (2013) reported substantial weight gains after two weeks 

of HFD administration. This indicates that the short-term HFD protocol investigates adult 

neurogenesis within the context of HFD-induced hypothalamic injury and inflammation, rather 

than in the setting of obesity. 

No significant difference in weight was observed even with long-term feeding. This unexpected 

result may be explained by the experimental parameters. To ensure individual mouse access to 

a fixed or free-rotating wheel, the mice were housed separately, but the divider allowed visual, 

auditory, and olfactory contact between them. Single housing has been shown to induce stress 

in rodents (Muta et al., 2023; Buckinx et al., 2021), which can also impact their body weight. 

Although, a study by Buckinx et al. (2021) found no significant differences in body weight, or 

corticosterone levels of mice on a Control diet after 10 weeks when housed in cages with a 

partial divider as used in our experiments (Buckinx et al., 2021). However, this study merely 

suggests that these type of cages does not lead to weight loss in mice on a Control diet, but it 

is possible that stress could still prevent weight gain in the context of HFD. Conversely, another 

study (Legendre & Harris, 2006) found that rats fed HFD and also exposed to mild stress 

stopped gaining weight (Legendre & Harris, 2006).This suggests that while the single housing 

may not have induced significant stress levels in the mice, it could still have been sufficient to 

prevent weight gain in the HFD group. Future investigations are advised to measure 
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corticosterone levels to ascertain whether the mice in this study experienced stress and the 

extent to which this may have influenced the results. Furthermore, conducting Dual-Energy X-

ray Absorptiometry (DEXA) scans could offer important insights into the lipid deposition 

within various organs, as the accumulation of adipose tissue within vital organs has the 

potential to conceal weight gain induced by a HFD regimen (Williams et al., 2014). DEXA is 

a technique that uses two X-ray beams with different energy levels to measure bone mineral 

density (Khandpur, 2019), but it is also used to assess body composition, including fat mass, 

lean tissue mass, and bone mass (Fuller et al., 1992).  

In the specific protocol parameters used in this study, although the mice did not gain significant 

weight compared to mice on control diet, the mice on a HFD for 3 months gained significant 

weight from the beginning to the end of the experiment (both Sedentary and Runners), which 

was not observed in the Control group. This indicates that although the mice on the HFD did 

not gain more weight than the Controls, the HFD did have an impact on their body weight. 

While obesity can be detected by an increase in body weight, it can also be demonstrated by 

an increase in body fat content, which was not investigated here (Buckinx et al., 2021). 

Furthermore, we did not assess other metrics such as plasma free fatty acid (FFA) or insulin 

levels, which could have provided insight into the development of the metabolic syndrome. 

Importantly, despite the absence of a significant difference in body weight, there were still 

observable differences in cell quantifications within the MBH. 

5.3.2. Short-term Running increased proliferation and the generation of proliferating DCX-

positive cells in the SGZ of the hippocampus, independently of diet 

Previous research has demonstrated that exercise can enhance adult hippocampal neurogenesis 

(Praag et al., 1999; Praag et al., 2005; Kronenberg et al., 2006). The results of this study 

confirmed the established finding that running enhances adult neurogenesis in the hippocampal 

SGZ. Specifically, an increase in proliferating cells in the SGZ was observed after two weeks 

of running in the Control diet group. Overall, HFD had a main detrimental effects on cell 

proliferation and neurogenesis shown by two-way ANOVA. However, Running overrides 

these detrimental effects of HFD on cell proliferation, which aligns with previous literature 

(Han et al., 2019; Kim et al., 2016; Klein et al., 2016). Although HFD did not independently 

reduce proliferation in Sedentary animals, the HFD appears to limit the full neurogenic benefits 

of exercise after two weeks of administration. The neuroblast data suggests that while exercise 

promotes neurogenesis regardless of diet, HFD may still limit the overall neurogenic response, 

indicating that there are changes in the SGZ environment that are detrimental to the neurogenic 
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process. Most importantly, the successful demonstration of increased cell proliferation in the 

hippocampus of mice on the Control diet following running provided a reliable positive control 

for the hypothalamic experiments. This validated the experimental protocols and equipment 

used, instilling confidence to proceed with the investigation of the hypothalamus. 

5.3.3. Short-term HFD reduced cell proliferation in the HVZ, which was not reversed by 

Running 

In contrast to the well-documented increase in cell proliferation in the SGZ induced by short-

term Running (Praag et al., 1999; Praag et al., 2005; Praag et al., 1999), two weeks of voluntary 

Running did not significantly affect cell proliferation in the hypothalamus under Control 

conditions. This difference may be attributed to the distinct neurogenic niches responding on 

varied timescales, suggesting the hypothalamus is less responsive to short-term Running 

compared to the hippocampus. Indeed, previous research by our lab has shown that the 

hypothalamic neural stem cells have a significantly longer cell cycle than the adult neural stem 

cells from the SGZ, as observed through in vitro time-lapse imaging under proliferating 

conditions (Jorgensen et al., 2024). In contrast to the results from these experiments, Borg et 

al. (2014) showed that hypothalamic cell proliferation substantially increased after exercise 

training, however this study used forced running, thus the data cannot be directly compared to 

the results here, due to the stress induced response by forced running (Leasure & Jones, 2008). 

Short-term Running may act primarily through activating existing hypothalamic neurons rather 

than inducing neurogenesis, particularly under control dietary conditions. This neuronal 

activation could modulate food intake and appetite regulation without necessitating the 

generation of new neurons to alter behaviour. Indeed, emerging evidence from studies in mice 

has revealed that Running possesses a potent ability to modulate the activity of hypothalamic 

neurons in the ArcN, which are involved in appetite regulation (He et al., 2018; Lieu et al., 

2020; Landry et al., 2022; Miletta et al., 2020). Such activation could be determined by 

immunohistochemical staining for c-fos (an immediate early gene) to determine the changes in 

neuronal activity after exercise (Landry et al., 2022). The lack of short-term voluntary exercise 

studies on cell proliferation and neurogenesis in the hypothalamus indicates that further 

investigation is needed to determine the precise parameters of exercise-induced changes in the 

hypothalamic neurogenic niche under control dietary conditions. To ascertain the peak of cell 

proliferation and neurogenesis and how they develop over time, it would be advisable to 

quantify adult-generated cells at more frequent timepoints.  
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In contrast, HFD had an overall detrimental effect on cell proliferation in the HVZ after two 

weeks. This data suggests reduced proliferation of htNSCs in vivo by HFD, which was not 

reversed by short-term Running. This contrasts with the effects of Running observed in the 

SGZ that has been shown to reverse the effects of HFD, as reported in previous studies (Klein 

et al., 2016; Han et al., 2019). The observed reduction in htNSCs proliferation could be either 

due to an increased quiescence of the stem cells to protect them from exhaustion under 

detrimental conditions, or due to increased apoptosis due to the HFD. To better understand the 

results, in vitro time-lapse imaging analysis of primary htNSCs from Runners was performed. 

The data revealed that diet had no impact on stem cell activation or quiescence. This would 

suggest that the decrease in htNSCs was caused by increased apoptosis. However, subsequent 

analysis of apoptotic cell numbers in vitro found no differences between the HFD and Control 

diet groups. With this in mind, the data suggests that short HFD depletes the htNSCs, which is 

also supported by an increase in proliferating cells and neurons, suggesting terminal 

differentiation (Figure 5.6.2).  

Alternatively, the effects observed on the stem cells in vivo cannot be fully recapitulated in 

vitro. Previous studies have described an inflammatory response to the HFD, which in turn 

affects htNSCs, leading to increased apoptosis, and reduced proliferation (Thaler et al., 2012; 

Li et al., 2012). The impact of inflammation may not be carried over in vitro where the 

environment is less hostile and thus negates the elevated apoptosis observed in vivo, which in 

turn could explain the lack of an effect. The lack of analysis of apoptotic markers in vivo means 

the data remains inconclusive (Li et al., 2012). Alternatively, as shown by (Robins et al., 2013), 

α-tanycytes display self-renewal potential and have the capacity to generate neurospheres in 

vitro while β-tanycytes have a poor ability to produce neurospheres (Yoo & Blackshaw, 2018). 

While the effect of HFD on the overall tanycyte population was investigated in vivo using Ki67 

staining, it is possible that HFD may differentially impact certain tanycyte subpopulations. 

Indeed, previous research by our lab and others has shown that HFD significantly reduced all 

Rax labelled tanycyte populations (Jorgensen et al., 2024) (Goodman & Hajihosseini, 2015), 

however, the same study also described a HFD-induced reduction of β-tanycytes proliferation 

after 7 days, and a reduction in GFAP+Rax+ β-tanycytes after 21 days of HFD, while the α-

tanycytes were not affected in the same time frame (Appendix Figure 2; Jorgensen et al., 2024). 

This may suggest that the reduction in vivo is confined to β-tanycytes and was therefore not 

observed in vitro.  
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5.3.4. Short-term HFD increased proliferation and proliferating DCX+ cells in the ME, which 

was reversed by Running 

There is ongoing debate in the field about whether hypothalamic adult neurogenesis protects 

against or exacerbates the detrimental effects of HFD (Li et al., 2012; McNay et al., 2012; Lee 

et al., 2014; Gouazé et al., 2013). The results here show that two weeks of HFD treatment 

increased cell proliferation (Ki67+, BrdU+) and proliferation of adult born immature neurons 

(BrdU+DCX+) in the ME of Sedentary mice, which was reduced by Running. An unexpected 

yet interesting finding that suggests that Running had a counteractive effect on cell proliferation 

and neurogenesis in the ME, reducing proliferation to levels observed in Control mice. The 

ME, located partially outside the BBB, is the first nucleus to respond to increased caloric intake, 

as shown in female mice by previous studies (Lee et al., 2014; Lee et al., 2012). Indeed, the 

increase in proliferating cells and neurons in the ME may represent a response to counter HFD-

induced hypothalamic injury (Lee et al., 2014; Thaler et al., 2012). The increased neurogenesis 

may serve to replace damaged neurons in this region. These findings suggest that Running 

counteracted the need for increased neurogenesis in the ME induced by HFD. Running may 

have improved the survival of existing neurons, reduced the proliferation and activation of 

htNSCs, and/or ameliorated the inflammatory environment within the hypothalamus.  

Another possibility for the reduction in the number of htNSCs by HFD (described in 5.3.3.) in 

the HVZ in vivo is increased terminal differentiation, leading to depletion of htNSCs and 

elevated proliferation of progenitor cells and neurons in the ME. The β-tanycytes that reside in 

the ME, also termed the "proliferative zone", are thought to be more lineage-restricted 

neurogenic cells with limited proliferative potential (Yoo & Blackshaw, 2018; Robins et al., 

2013). Therefore, the increased proliferation observed in the ME may be driven by increased 

differentiation of the β-tanycytes, potentially explaining the reduction in htNSC numbers in the 

HVZ. However, even though Running reduced the HFD induced increase of BrdU+ and 

BrdU+DCX+ cells in the ME, no increase in proliferating htNSCs in the 3V after Running was 

observed after two weeks. This raises the possibility that Running has no direct impact on the 

stem cells in the hypothalamus, but may rather affect progenitor cells and neurons while also 

involve indirect benefits through improved metabolic health. The reduction of proliferating 

cells and neurons by Running may instead be attributed to an increased quiescence of the 

progenitor cells that does not need to differentiate to replace lost neurons. Indeed, Yulyaningsih 

et al. (2017) showed that AgRP expressing neurons in the ME were able to regenerate after 

excitotoxic destruction, but did not incorporate BrdU. This led the researchers to conclude that 
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these newly generated neurons were not derived from β-tanycytes, but rather from dedicated 

quiescent neural precursors that had arisen through direct transdifferentiation of tanycytes 

(Yulyaningsih et al., 2017; Yoo & Blackshaw, 2018). Suggesting the presence of quiescent 

progenitor cells in this nuclei. This increases the level of complexity in understanding the 

responses of this neurogenic niche. The data suggests that external stimuli, such as diet and 

exercise, may have differential effects on distinct cell populations within the hypothalamus, 

making the results more difficult to interpret due to the incomplete understanding of the cell 

stages involved in hypothalamic adult neurogenesis. To best assess this, future research should 

employ single-cell RNA sequencing to characterize the distinct cell types of tdTomato+ cells 

after HFD and Running in the hypothalamus. This would help determine which cell populations 

are more affected by diet and exercise. Additionally, extensive fate-mapping experiments using 

multiple time points and preferably a Brainbow or confetti reporter line could label neural stem 

cells and their progeny at different stages of differentiation. This would allow researchers to 

track the response of these cell populations to dietary and exercise interventions over time. 

5.3.5. Neither HFD nor exercise altered density of new anorexigenic neurons in the MBH after 

two weeks  

To expand on the above findings, analysis was done on the number and proportion of newly 

generated POMC neurons (BrdU+POMC+) generated over the two week period. The data 

showed no significant effect of either diet or exercise on the density of newborn POMC neurons 

in the MBH over the two week duration. This suggests that while there are diet and exercise 

related changes in cell proliferation and neurogenesis in the ME and HVZ, these do not 

necessarily translate to changes in specific neuronal subtypes such as POMC neurons after two 

weeks. This suggests that the DCX+ cells generated after two weeks of a HFD exposure are 

not preferentially neurons that will suppress appetite. Similarly, the decrease in DCX+ cells 

observed with Running does not preferentially affect the fate of these neurons. In other words, 

while a HFD increases the number of DCX+ cells, it does not specifically determine what they 

become. This has been shown by previous studies that reported only a small portion of newly 

generated neurons differentiate into either subpopulations that play roles in our energy 

homeostasis (Li et al., 2012; Gouazé et al., 2013). Notably, recent studies have shown that 

exercise instead can modulate the activity of POMC and NPY neurons in the ArcN. High-

intensity interval exercise has been found to activate POMC-expressing neurons in this region, 

while concurrently inhibiting NPY/AgRP neurons (He et al., 2018). A similar inhibitory effect 

on NPY/AgRP neurons in the ArcN has also been observed following voluntary exercise in 
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mice by Miletta et al. (2020) and Hwang et al. (2023). Furthermore, the activity of both POMC 

and NPY/AgRP neurons in the ArcN during exercise appears to be influenced by nutrient 

availability and exercise intensity (Hwang et al., 2023). This suggests that while two weeks of 

Running does not alter the number of newly generated POMC neurons, it may still modulate 

the functional activity of these neurons leading to physiological changes in appetite and energy 

homeostasis. Future research could investigate this further by analysing the expression of 

immediate early genes, such as c-fos, in the BrdU+DCX+ cells located in the MBH. 

5.3.6. Long-term Running did not promote accumulation of new mature hypothalamic neurons 

in Control conditions  

To investigate the long-term effects of external stimuli, a 3 month Running protocol was 

employed. Surprisingly, prolonged Running did not increase accumulative neurogenesis of 

lineage traced mature neurons in the hypothalamus compared to Sedentary controls. In line 

with these observations, prior research (Klein et al., 2019) has documented a habituation 

response to prolonged exercise in mice consuming a “normal” diet. This aligns with findings 

in the hippocampus demonstrating that exercise-induced cell proliferation peaks after 3-10 days 

and returns to baseline levels by 32 days of exercise (Kronenberg et al., 2006). A possible 

explanation is that the hypothalamus has a limited capacity for net neuron addition, 

alternatively the neurogenic response to exercise in the hypothalamus is restricted to either 

proportions or activation of subpopulations of neurons, such as orexigenic or anorexigenic 

populations as described by others (Hwang et al., 2023), without changing the total neuronal 

population (Klein et al., 2019). In concurrence, previous research (McNay et al., 2012) has 

demonstrated that the most substantial neuronal turnover within the MBH occurs during the 

initial 8 weeks of the mouse lifespan. As the mice in the present study were 5-6 months old 

when culled, they had surpassed the major turnover period, thus suggesting a more limited 

capacity for hypothalamic neurogenesis in this older cohort. It cannot be excluded that exercise 

may affect other tanycyte-derived neuronal populations that were not included in the lineage 

tracing. This is supported by an observed increase in BrdU+ neurons in the MBH that were not 

generated by tamoxifen-induced htNSCs.  
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5.3.7. Long-term HFD reduced accumulation of new neurons, which was not reversed by 

Running  

Long-term exposure to a HFD significantly reduced the accumulation of new mature neurons, 

as evidenced by a decrease in lineage traced mature neurons. Notably, this detrimental effect 

was not ameliorated by Running. In fact, the HFD seemed to be detrimental to the survival of 

these cells, regardless of whether the animals were Sedentary or Running. In contrast to the 

reduction of mature lineage-traced neurons (NeuN+), the density of lineage-traced immature 

neurons (DCX+) remained unchanged. This suggests that the HFD reduced the survival of 

lineage traced mature neurons, rather than affecting their generation from the stem cells. In 

addition, no change in Ki67+ cells was observed in the 3V between Control and HFD Sedentary 

mice (Data not shown). The detrimental effects observed here, are consistent with previous 

literature, which has observed a reduction in neurogenesis in the hypothalamus following 

exposure to long-term HFD (Li et al., 2012; McNay et al., 2012; Jorgensen  et al., 2024). To 

further confirm this data it would be advisable to stain for apoptotic markers such as AC3. The 

detrimental effects observed are confined to neurons derived from GLAST- labelled stem cells, 

it can therefore not be excluded that the HFD had no influence on the entire hypothalamic 

neuronal population but rather affects distinct neuronal populations as also observed by Li et 

al. (2012).  

Although voluntary exercise have previously been shown to restore POMC-expressing neurons 

in the hypothalamus of obese mice (Laing et al., 2016), suggesting neuroprotective effects, 

Running failed to reverse the neuronal loss in this study. This may be due to the very long 

duration of the HFD leading to severe hypothalamic dysfunction that cannot be counteracted 

by the timeframe of the Running protocol employed. Previous literature suggests that diet-

induced hypothalamic dysfunction can be reversed through early interventions to mitigate 

obesity, these interventions also include caloric restriction, substituting saturated fats with 

unsaturated fats, or simply replacing a HFD with a regular chow diet (Ignacio-Souza et al., 

2014; Tu et al., 2019; Engel & Velloso, 2022). The exact timing of interventions that could 

facilitate full recovery of hypothalamic function may depend on genetic and environmental 

factors, particularly dietary composition. However, passing the point-of-no-return may lead to 

permanent damage of the neural circuits, potentially explaining the refractory nature of 

prolonged obesity (Engel & Velloso, 2022). This suggests that while exercise is beneficial, it 

may not completely overcome the adverse effects of HFD in the hypothalamus long-term. The 

beneficial effects of exercise on neurogenesis may diminish over time, similar to the transient 
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increase in cell proliferation observed in the hippocampus following exercise as reported in 

previous studies (Kronenberg et al., 2006). This might be specifically relevant in the context 

of HFD, as acute neurogenesis appears to still occur under control dietary conditions. 

5.3.8. Long-term Running increased cell proliferation and new mature neurons (BrdU+) 

generated in the last two weeks of the protocol 

BrdU was administered to the mice during the final two weeks of the long-term Running 

protocol, enabling a comparison between the results from the short-term protocol and the 

effects on the neuronal population after prolonged exposure to the respective treatments. The 

results showed that long-term Running significantly increased the density of BrdU+ cells and 

BrdU+NeuN+ neurons generated within the MBH and across all hypothalamic nuclei over the 

final two weeks under Control dietary conditions. This suggests that prolonged exercise 

enhanced neurogenesis in mice on a Control diet, in contrast to the shorter protocol where 

running had no effect. However, the origin of these BrdU-labelled neurons cannot be attributed 

to GLAST-expressing htNSCs as they did not co-express tdTomato. 

The use of GLAST for lineage tracing has some limitations, as it does not label all tanycyte 

populations within the hypothalamus, and because it also labels a subpopulation of mature 

parenchymal astrocytes. GLAST has been reported to label α-tanycytes of the HVZ, but not β-

tanycytes (Robins et al., 2013). According to (Robins et al., 2013), α-tanycytes are the reserve 

neural stem cells of the hypothalamus, while β-tanycytes are the active progenitors/neural stem 

cells. This was demonstrated by their finding that GLAST+ LacZ reporter positive and 

GLAST+ GFP-expressing α-tanycytes eventually give rise to LacZ and GFP-expressing β1-

tanycytes over time. Our experiments found GLAST-expressing tanycytes in the more ventral 

parts of the third ventricle, where β-tanycytes reside. Following the reasoning by Robins et al. 

(2013), this suggests that the more ventral GLAST-positive tanycytes originated from α-

tanycytes. The results of Robins et al. (2013) indicates that a 3 month period allows for renewal 

of β-tanycytes, as the greatest number of labelled tanycytes were observed in β-tanycyte 

regions after 6 weeks. Therefore, the 3 month period in our investigation was sufficient to 

observe GLAST-labelled β-tanycytes. 

According to the study by Robins et al. (2013), LacZ labelled tanycytes were consistently 

observed in the infundibular recess, an area known to contain β1-tanycytes. Notably, no 

labelled tanycytes were detected in the most medial parts of the ME (Robins et al., 2013). This 

suggests that the BrdU-labelled neurons in the ME that did not express the tdTomato lineage 



151 

 

marker in the current investigation may have originated from the GLAST-negative β2-tanycyte 

populations located in the more medial regions of the ME (Robins et al., 2013; Lee et al., 2012). 

In accordance with this, while β-tanycytes are known to generate neurons populating the ME 

and MBH, α-tanycytes primarily give rise to parenchymal astrocytes, along with a minor 

population of neurons and β-tanycytes, further suggesting that the β-tanycytes are the source 

of the proliferating neurons in the ME of our study (Lee et al., 2012; Robins et al., 2013).  

Furthermore, the GLAST-negative neurons may originate from Fgf10-positive β-tanycytes 

located in the ME-ventromedial ArcN of the hypothalamus. These tanycytes co-express 

markers such as Nestin, SOX2, BLBP, and MSI1, but do not express GFAP or GLAST (Prevot 

et al., 2018). These FGF10+ β-tanycytes have the ability to generate neurons that migrate and 

populate the ArcN and VMN, although they do not give rise to GFAP-positive neural 

progenitor cells (Makrygianni & Chrousos, 2023). The ME is a CVO characterised by 

tanycytes that line the fenestrated capillaries within it (Makrygianni & Chrousos, 2023). These 

tanycytes act as gatekeepers, regulating the passage of molecules from the bloodstream into 

the hypothalamus (Makrygianni & Chrousos, 2023). Unlike other hypothalamic regions, the 

ME lies outside the BBB and is therefore directly exposed to changes in the periphery, which 

can elicit cellular responses in the hypothalamus, particularly in the β-tanycytes that are 

localised to the ME (Thaler et al., 2012; Lee et al., 2014). It is therefore possible that the β-

tanycytes are more responsive to Running. This is in agreement with the study by Robins et al. 

(2013) that also found that β2-tanycytes are neither FGF-responsive nor neurospherogenic, in 

contrast to α-tanycytes. This suggested that tanycyte subsets have distinct functional roles as 

aNSCs, with α- and β-tanycytes responding differently to various stimuli (Robins et al., 2013). 

It is therefore plausible that different tanycyte subpopulations may respond distinctively to the 

stimulus of exercise. Previous research has shown that tanycyte subpopulations exhibit 

different functions, and this functional distinction between α- and β-tanycytes may explain their 

differing effects on body weight in response to HFD (Robins et al., 2013; Li et al., 2012; 

Bolborea & Dale, 2013; Lee et al., 2012).  

Furthermore, a study (Campbell et al., 2017) found at least six distinct neuron types in the 

ArcN-ME, highlighting the need for further investigation to determine the origin of the neurons 

that appear to respond to long-term exercise. The tanycyte population displays distinct marker 

expression profiles - α-tanycytes express markers such as Nestin, GLAST, and GFAP, while 

β-tanycytes express Nestin and Fgf10, though there is some overlap between the populations 

(Yoo & Blackshaw, 2018). Consequently, lineage tracing using conditional Fgf10 expression 
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could elucidate whether the β-tanycyte population is more responsive to Running compared to 

α-tanycytes, and potentially reveal the origin of the BrdU-labelled neurons that lacked the 

tdTomato lineage marker. A previous study (Lee et al., 2012) using Nestin-CreERT2 mice found 

that lineage traced β2-tanycytes were primarily located in the ME, with some contribution to 

parenchymal nuclei (DMN, VMN, Arc, and LHN). Importantly, they discovered that the 

lineage traced ME cells differentiated into neurons of multiple subtypes, including GABAergic, 

POMC- and NPY-expressing cells, but not glial cells (Lee et al., 2012). Indicating that 

inducible Nestin-CreERT2 mouse lines may additionally be helpful in this investigation. 

5.3.9. Long-term HFD reduced the density of new mature neurons and cells (BrdU+) in the 

MBH in the last two weeks, which cannot be reversed by Running  

In contrast to the short-term HFD protocol, the long-term HFD had differential effects on 

newborn cells and neurons, depending on cell subtype and specific hypothalamic nuclei. There 

was an overall detrimental effect of HFD on the density of BrdU+NeuN+ neurons and BrdU+ 

cells that did not originate from GLAST+ stem cells, and this effect was not reversed by 

Running. As discussed previously, these BrdU-labelled cells and neurons may originate from 

β-tanycytes that do not express GLAST (Lee et al., 2012: Robins  et al., 2013). Furthermore, 

HFD reduced the proliferation of lineage traced, adult generated neurons in the ArcN, which 

aligns with previous literature (McNay et al., 2012), and this effect was not either reversed by 

Running. In contrast, HFD increased the proliferation of lineage traced BrdU+ cells in the ME, 

as also demonstrated in shorter HFD protocols (Lee et al., 2014), but this increase was reduced 

by Running. 

As discussed for the short-term HFD protocol, the increased proliferation of cells observed in 

the long-term HFD protocol in the ME may reflect a protective response to HFD-induced 

hypothalamic injury (Lee et al., 2014). Interestingly, while lineage traced BrdU-labelled cells 

were increased in the ME, there was no corresponding rise in lineage traced BrdU+DCX+ 

neurons. This suggests that these additional cells are likely newborn astrocytes, as α-tanycytes 

are known to primarily give rise to parenchymal astrocytes (Robins et al., 2013), potentially as 

part of an inflammatory injury response to the HFD.  

Furthermore, the reduced number of newborn, lineage traced immature neurons in the ArcN 

indicates that the detrimental environment caused by long-term HFD may diminish the survival 

of these newly generated neurons, consequently reducing lineage traced mature neurons in the 

MBH. Notably, the overall population of lineage traced immature neurons remained 
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unchanged, this suggests that long-term HFD enhanced the retention of older neurons, as 

previously shown (Klein et al., 2019). The work by Klein et al. (2019) indicated that HFD 

simultaneously increased the survival of existing neurons while reducing the generation of new 

ones. Which could indicate a compensatory mechanism maintain some degree of hypothalamic 

function in the face of reduced neurogenesis.  

In summary, under the given experimental paradigms, short-term Running decreased the 

elevated adult neurogenesis in the hypothalamus that had been induced by HFD, whereas 

prolonged exercise increased hypothalamic adult neurogenesis but did not reverse any 

detrimental effects of long-term HFD.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.14. Graphical summary of the results in Chapter 5. The results revealed region-

specific effects on adult hypothalamic neurogenesis. (Left) Short-term Running reduced and 

thereby reversed increased hypothalamic adult neurogenesis that had been elevated by HFD. 

(Right) Long-term Running instead increased adult neurogenesis but failed to protect against 

the detrimental effects of long-term HFD.  
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Chapter 6: General Discussion 

 

The widespread consumption of high fat diets has contributed to the obesity crisis. 

Investigating how targeted interventions can influence the neurobiological mechanisms 

underlying obesity is crucial for developing future treatments. The hypothalamus contains 

neural stem and progenitor cells that generate new neurons throughout adulthood (Mackay & 

Abizaid, 2014; Bouret, 2009; Rojczyk et al., 2014). This neurogenesis is influenced by external 

factors like diet and exercise, which can enhance the proliferation and differentiation of these 

neural precursor cells into functional neurons regulating appetite and energy homeostasis (Lee 

et al., 2002; Rojczyk et al., 2014). Consequently, understanding the complex interactions 

between HFD, exercise, and pharmacological agents may reveal potential therapeutic avenues 

for modulating hypothalamic neurogenesis and addressing obesity-related metabolic 

dysfunctions in adults (Rojczyk et al., 2014). This study aimed to investigate the effects of 

HFD, exercise, and pharmacological interventions on adult neurogenesis within the 

hypothalamus. With the overall goal to enhance understanding of the aetiology of obesity and 

inform the future development of therapeutic pharmacotherapies and exercise regimens.  

6.1. Effects of a high fat diet on body weight 

Although changes in the neural circuitry of mice fed HFD could be observed, no significant 

increase in body weight compared to controls in the short-term HFD protocols was observed. 

With no access to metabolic cages, it is impossible to determine if this is due to a decrease in 

food intake or rather an increase in percentage body fat compared to controls. However, this 

phenomenon has been reported before by Gouazé et al. (2013) who observed changes in 

newborn cells and neurons in the hypothalamic nuclei but did not observe any significant body 

weight increase after 3 weeks HFD feeding unless co administration of AraC. They reported a 

decrease in food intake in HFD fed mice during the first week of HFD feeding which was 

continued throughout week 2-3 (Gouazé et al., 2013), which may also explain the results 

reported here. In the short and intermediate protocols, we therefore investigate the impact of 

acute effects of HFD, which has been shown to increase reactive gliosis and inflammation in 

mice but not obesity (Thaler et al., 2012; Sugiyama et al., 2020).  

In the long-term HFD protocols, the Sedentary mice fed HFD for 3 months were single housed 

with a partial divider and had a fixed running wheel, did not significantly gain weight compared 

to controls. While the Sedentary group housed mice from the LiPrRP experiments gained 
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significant body weight after 4 months. A puzzling result which may be due to technical 

differences between our lab and the Maletínská lab where the 4 month group were treated. 

While one study by (Buckinx et al., 2021) suggests that single housing with a partial divider 

should not induce a significant stress response, single housing have been shown to induce 

considerable stress effects in other studies (Muta et al., 2023; Ieraci et al., 2016). For instance, 

studies have demonstrated that social isolation stress can induce anxious- and depressive-like 

behaviours in adult male mice, which correlate with decreased expression of genes related to 

neuroplasticity in the hippocampus and prefrontal cortex (Ieraci et al., 2016). Conversely, 

another study (Legendre & Harris, 2006) reported that rats fed HFD and subjected to mild 

stress did not continue to gain weight (Legendre & Harris, 2006). This suggests that the 

differences in housing conditions may have influenced weight gain patterns between the 3 

month (Figure 5.8) and 4-month protocols (Appendix Figure 1). However, the mice on a HFD 

for 3 months still gained significant weight from the beginning to the end of the experiment, 

which was not observed in the Control group. Suggesting that the HFD did have some impact. 

While obesity is often characterised by an increase in body weight, it can also be manifested 

through a rise in body fat percentage, an aspect that was not explored in this study (Buckinx et 

al., 2021).  

6.2. Effects of HFD on adult hypothalamic neurogenesis 

While the rate of adult neurogenesis in the hypothalamus is low, the addition of new neurons 

allows the brain to adapt its circuitry in response to environmental challenges (Ortega‐Pérez et 

al., 2007). The results outlined in Chapter 3 and 4 showed that under the specific protocol 

parameters used, two weeks of HFD increases density of adult born (BrdU+) immature neurons 

in the ME, at 3 weeks HFD increased adult born mature neurons in the ArcN, and after 4 months 

HFD had detrimental effects, reducing adult born mature neurons significantly in the entire 

MBH. Suggesting a transient effect of HFD over time and nucleus specific responses to 

external stimuli. Where an initial response to the change in caloric intake increases neuronal 

output in the ME where the most active stem cells and predominantly neurogenic, β-tanycytes 

reside (Lee et al., 2012). Suggesting that this nucleus is the first to respond to the change in 

caloric intake, also shown by Lee et al. (2014) and Lee et al. (2012) in female mice. Potentially 

as a protective response to try to gain control of the energy circuitry and counterbalance the 

HFD. Indeed, Thaler et al. (2012) have shown that acute HFD lead to transient inflammation 

and hypothalamic injury. The ME in contrast to other hypothalamic regions, lies outside of the 

BBB, and is thus directly exposed to circulating toxins and nutrients that can lead to cellular 



156 

 

injury when in oversupply. In addition, Thaler et al. (2012) showed that the inflammatory 

responses were temporarily subsided after the initial increase, suggesting that neuroprotective 

mechanisms may initially limit the damage. Hence, the increased neurogenesis in the adult ME 

may serve to increase anorexigenic subtypes of neurons to reduce food intake (Gouazé et al., 

2013) or replace damaged neurons in this region after inflammatory injury (Thaler et al., 2012). 

Over time these signals lead to an increase in newborn neurons in the ArcN, one of the most 

critical energy balance sensor among all hypothalamic nuclei (Klein et al., 2019). Because the 

ArcN have a more limited access to circulating satiety signals and metabolites compared to the 

ME, it may take longer for this nucleus to respond to the acute effects of HFD (Lee et al., 2014). 

Another possibility is that the immature neurons generated around the ME as a protective 

response to HFD migrates to mature in the ArcN to be integrated into the neural network. These 

neurons would potentially stem from ME-ventromedial ArcN FGF10+ β tanycytes that co-

express Nestin, SOX2, Brain lipid binding protein (BLBP) and MSI1 but do not express GFAP 

or GLAST (Prevot et al., 2018). These tanycytes have the capacity to generate neurons that 

migrate to populate the ArcN and VMN, but they do not give rise to GFAP+ NPCs 

(Makrygianni & Chrousos, 2023). In agreement, no increase in newborn GFAP+ cells were 

observed. In addition, Haan et al. (2013) used a Fgf10-CreER knock-in mice to show that β-

tanycytes of adult mice generated a progressive accumulation of tanycyte-derived neurons in 

the VMH and ArcN over time (Haan et al., 2013; Yoo & Blackshaw, 2018), indicating that β-

tanycytes indeed produce neurons that integrate into the ArcN over time. Also, in agreement 

with Gouazé et al. (2013), who found an increase in anorexigenic POMC expressing neurons 

in the ArcN in response to 3 weeks HFD feeding. However, an increase in POMC expressing 

neurons was not confirmed in this study. Suggesting that the increased neuronal proliferation 

in the ME after short HFD in this study serve to replace damaged neurons.  

Prolonged exposure to HFD resulted in a decline in newly generated neurons, suggesting that 

the rate of neuron replacement observed with short-term HFD exposure may not be sustainable 

over longer durations. Which is in agreement with previous literature (Li et al., 2012; McNay 

et al., 2012). Further suggesting that although the initial response to short HFD is protective by 

replacing damaged neurons, it exhausts the stem cell pool leaving the hypothalamus unable to 

respond to chronic injury. In agreement with the observed reduction of Ki67+ cells in the 3V 

in this study after short HFD. The observed reduction in newborn mature neurons in the MBH 

after 4 months of DIO leaves the hypothalamus unable to respond to long HFD exposure and 

thereby loses control of the circuit leading to obesity, as shown by an increase in body weight 
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at 4 months. These results suggests that adult hypothalamic neurogenesis may represent a 

physiological response attempting to mitigate the detrimental effects of HFD but doing so 

exacerbates the negative effects of HFD contributing to the development of obesity, similar to 

the dual role of the immune response in neurodegenerative diseases (Mason & McGavern, 

2022). Indeed, Previous studies have also reported bidirectional effects of HFD on adult 

neurogenesis in the hypothalamus, with both increases and decreases observed (McNay et al., 

2012; Li et al., 2012; Lee et al., 2014; Gouazé et al., 2013; Kokoeva et al., 2005).  

It is important to closely examine the increased hypothalamic neurogenesis observed following 

short-term exposure to a HFD. The nature of this response, whether aberrant, 

pathophysiological, or physiological, requires careful consideration. To determine the 

underlying significance, one must carefully analyse the contextual implications of this finding. 

The short-term effects of HFD on hypothalamic neurogenesis are complex and can be 

interpreted differently depending on the specific timeframe, hypothalamic region studied, and 

the overall metabolic state of the animal. While the data shown here and other studies show an 

initial increase in neurogenesis (Gouazé et al., 2013; Lee et al., 2014), it's not consistently 

viewed as purely physiological or pathophysiological. Instead, it could be considered a 

physiological response to a potentially pathophysiological insult with the potential to become 

maladaptive. As discussed, the initial increase in hypothalamic neurogenesis after short-term 

HFD might be an adaptive response aimed at maintaining energy balance (Gouazé et al., 2013; 

Recabal et al., 2017). Gouazé et al. (2013) describes a marked transient increase in 

hypothalamic cell proliferation as early as 2 days after starting HFD, potentially supporting 

such compensation.  The HFD rapidly alters the hypothalamic environment, triggering 

inflammation and metabolic stress (Lee et al., 2014; Thaler et al., 2012). Therefore, even this 

initial increase in cell proliferation could already be an indicator of early dysfunction. The 

increased neurogenesis could be a response to these early changes, reflecting an attempt to 

repair or compensate for emerging damage. If the HFD persists, the initial increase in 

neurogenesis is typically followed by a decrease, as shown by us and others, likely due to 

sustained inflammation and other detrimental effects of the diet (Li et al., 2012; McNay et al., 

2012). This decrease in neurogenesis, coupled with developing leptin resistance (Engel & 

Velloso, 2022), is clearly pathophysiological and contributes to the development of obesity. 

Therefore, the increased neurogenesis in response to short-term HFD is best described as a 

physiological response with the potential to become maladaptive. It's a dynamic process, and 
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whether it remains a compensatory mechanism or transitions into a contributor to pathology 

depends on the duration and intensity of the dietary insult, along with other individual factors. 

The role of the newly generated hypothalamic neurons remains under investigation, and both 

their function and integration require further examination. The functional characteristics of 

neurons generated during adulthood likely vary in response to different dietary challenges, and 

these differences may be dependent on the specific neuronal subtypes that are differentially 

produced in response to sex-specific and diet-dependent signals. However, some previous 

studies have addressed the question, where Gouazé et al. (2013) found that short-term HFD 

increased hypothalamic cell proliferation and the number of newborn anorexigenic POMC 

neurons in the ArcN in male mice after 15d and 21d of HFD feeding. The authors suggest this 

may be a compensatory mechanism to regulate energy balance in response to increased caloric 

intake (Gouazé et al., 2013). This suggests that the increased cell proliferation in response to 

the HFD is a protective mechanism to limit weight gain (Gouazé et al., 2013). Although no 

such correlation was observed in our experiment, this may be due to technical differences or 

could have been revealed by conducting additional measures, such as body composition 

analysis as described in a previous study (Gouazé et al., 2013), where adiposity was assessed 

rather than relying solely on total body weight. In addition, the POMC staining in our 

experiment failed to replicate this result after 2 weeks HFD administration, potentially due to 

technical differences. Klein et al. (2019) additionally showed that 12 weeks of HFD 

administration increased the number of newborn neurons expressing POMC in the ArcN. The 

authors also suggested this might be a counter-regulatory mechanism to prevent excessive 

weight gain in response to HFD. However, they only analysed female mice. Kokoeva et al. 

(2005) and Pierce & Xu (2010) showed that newborn neurons in the hypothalamus are 

functional, as they express orexigenic peptides (AgRP, NPY), and anorexigenic peptide 

(POMC), and some of them have ability to respond to leptin administration shown by inducing 

strong phospho-signaling transducer and activator of transcription 3 (pSTAT3) 

immunoreactivity (Kokoeva et al., 2005; Pierce & Xu, 2010; Rojczyk et al., 2014). 

Furthermore, (Gouazé et al., 2013) has also shown that administering the anti-mitotic drug 

AraC, which inhibits global cell division, accelerated the development of obesity in mice 

consuming a HFD, but not in those on a standard diet (Gouazé et al., 2013). This suggests that 

the short HFD-induced increase in cell proliferation within the hypothalamus, also seen by our 

experiment, serves to regulate energy balance and mitigate weight gain when exposed to an 

obesogenic diet. It's important to note that the studies used global inhibition of cell proliferation 
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within the hypothalamus. Therefore, they don't necessarily pinpoint the specific role of 

newborn neurons, as other cell types like glia are also affected by AraC. Also, the long-term 

effects of blocking cell proliferation in the hypothalamus are complex and may involve 

multiple physiological systems. Another study (Lee et al., 2014) used focal X-ray irradiation 

targeted to the ME in mice. They found that this irradiation effectively suppressed cell 

proliferation in the ME by approximately 85 % while sparing the ArcN. The study concluded 

that reducing ME neurogenesis led to weight gain in females following irradiation and HFD, 

suggesting a potential protective role for ME neurogenesis against DIO (Lee et al., 2014). 

However, definitively demonstrating the functional role of newborn neurons in the 

hypothalamus remains elusive, despite many studies observing changes in neurogenesis. While 

previous studies have indicated that dietary factors, including HFD and diet-regulated 

hormones like leptin, can influence hypothalamic neurogenesis, the specific link between the 

observed phenotypes and the generated neuronal subtypes remains unclear. The proportion of 

newly born neurons expressing markers for neuronal subtypes involved in the regulation of 

feeding and body weight is relatively small, and does not always correlate with the observed 

behavioural outcomes (Yoo & Blackshaw, 2018). Determining the functional role and identity 

of adult-born neurons in the future requires a multi-faceted approach. Rigorous research 

employing a combination of methodologies, such as genetic fate mapping across multiple 

timepoints and under various dietary manipulations, including HFD, is necessary to elucidate 

the dynamic nature of neurogenesis and its response to dietary challenges. Integrating fate 

mapping with targeted ablation techniques and behavioural assessments would facilitate the 

investigation of the functional role of newly generated cells. Additional research employing a 

combination of lineage tracing and advanced techniques like single-cell RNA sequencing will 

be necessary to more thoroughly elucidate the identity of these newly generated neurons and 

uncover insights into their potential influence on feeding, metabolism, and body weight 

regulation. Furthermore, the selective manipulation of newborn neurons through optogenetics 

and chemogenetic in conjunction with behavioural assessments, could provide valuable 

insights to establish causal relationships. It is important to note that the effects of HFD on 

hypothalamic neurogenesis can vary depending on factors such as the duration of HFD 

exposure, the composition of HFD, the sex of the animals, and the specific hypothalamic region 

being studied (Lee et al., 2014; Recabal et al., 2017).  

The observations of increased neurogenesis in the hypothalamus after short-term HFD feeding 

and decreased neurogenesis after long-term HFD feeding highlight the dynamic and complex 
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nature of this process. In comparison, HFD generally decreases neurogenesis in the SGZ. This 

is often attributed to increased inflammation and reduced levels of neurotrophic factors like 

BDNF (Lindqvist et al., 2006; Park et al., 2010). The hypothalamus and SGZ display 

contrasting temporal responses to a HFD. The hypothalamus initially exhibits an increase in 

cell proliferation (Gouazé et al., 2013; Lee et al., 2014), while the SGZ tends to experience a 

more immediate negative impact (Chiazza et al., 2021). However, both brain regions generally 

exhibit reduced neurogenesis with prolonged HFD exposure  (McNay et al., 2012; Park et al., 

2010). The impact of HFD on neurogenesis in the SVZ has been less extensively studied 

compared to the SGZ and hypothalamus. Nevertheless, some research has indicated a reduction 

in SVZ neurogenesis under HFD conditions (Li et al., 2012). Specifically, Li et al., (2012) have 

shown that cultured NSCs isolated from the SVZ and SGZ HFD-fed mice for 4 months 

exhibited impaired proliferation and neuronal differentiation, although the impairments were 

less severe in SVZ-derived NSCs compared to hypothalamic NSCs (Li et al., 2012). The 

reasons for the different initial responses likely relate to the distinct functions of these brain 

regions. The hypothalamus plays a central role in energy balance, and the initial increase in 

cell proliferation might represent an attempt to adapt to the sudden influx of dietary fat (Gouazé 

et al., 2013). The hippocampus, on the other hand, is more involved in learning and memory, 

and its neurogenic response to HFD might be more directly related to the metabolic stress and 

inflammation associated with the diet. It's important to consider the methodological differences 

between studies, including the animal model, diet composition, duration of feeding, and the 

specific brain regions analysed, when comparing results. Standardisation of experimental 

protocols and model systems is likely to substantially accelerate future progress in the field. 

In a healthy, leptin-sensitive state, hypothalamic neurogenesis plays a role in maintaining 

energy balance (Recabal et al., 2017). Neurons in the hypothalamus, particularly in the ArcN, 

are responsive to leptin and other metabolic signals (Kokoeva et al., 2005; Rojczyk et al., 2014). 

These neurons can differentiate into various neuronal subtypes, including POMC and AgRP 

neurons, which play critical roles in regulating appetite and energy expenditure. Leptin, acting 

on these neurons, helps control food intake and maintain a stable body weight (Farr et al., 

2015). HFD feeding disrupts this delicate balance. In a recent review (Engel & Velloso, 2022) 

nicely describe the early events of hypothalamic abnormality after diet induced obesity. Within 

just 1 day of HFD exposure, alterations are observed in the expression of genes and proteins 

related to proinflammatory cytokines, microglia, astrocytes, mitochondria, and autophagy, as 

well as hypothalamic neuropeptides. After 3 days on the HFD, structural abnormalities in 
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mitochondria and the endoplasmic reticulum are detected, accompanied by impaired leptin and 

insulin signaling in AgRP and POMC neurons, respectively, and increased microglial number 

and reactivity. Conversely, an increased number and activation of astrocytes are seen following 

7 days of HFD introduction, coinciding with changes in BBB permeability. By 15 days on the 

HFD, an accumulation of perivascular macrophages and impaired leptin signalling in POMC 

neurons are observed. The evidence suggests that insulin signalling is impaired in POMC 

neurons, and leptin signalling is impaired in AgRP neurons, as early as day 3. At day 15, 

impaired leptin signalling in POMC neurons is observed (Engel & Velloso, 2022). At 2 weeks, 

we observed an increased density of adult-born  neurons in the ME. This was followed by an 

increase in adult-born neurons in the ArcN at 21 days. However, by 4 months, we detected 

detrimental effects, with a significant reduction in adult-born mature neurons across the entire 

MBH. The impairment of leptin and insulin signalling in AgRP and POMC neurons by day 3 

precedes the observed increase in neurogenesis at 2 weeks. The disruption of these key 

metabolic signals could be an early trigger for the neurogenic response. The hypothalamus may 

be attempting to compensate for the loss of proper leptin and insulin action by generating new 

neurons. By day 15, there is a continued impairment of leptin signalling, specifically in POMC 

neurons, along with the accumulation of perivascular macrophages. This suggests that the 

initial disruption of leptin signalling is not resolved, and an inflammatory response is 

developing. This sustained disruption and inflammation may contribute to the later decline in 

neurogenesis. The new neurons generated at 2 and 3 weeks might initially influence the activity 

of leptin- or insulin-responsive circuits (Rizzoti & Lovell‐Badge, 2017). Perhaps the new 

neurons are intended to help restore proper signalling. However, if the underlying leptin/insulin 

resistance persists, the impact of these new neurons may be limited. Indeed, Lin et al., (2000) 

identified three phases in the development of obesity: an initial leptin-sensitive phase (7d), a 

reduced food intake phase with retained leptin sensitivity (8 weeks), and finally, an increased 

food intake phase with reduced leptin sensitivity (4 months). Considering the increase in 

newborn neurons it may serve to replace damaged neurons that can no longer respond to leptin 

and insulin. The decline in neurogenesis at 4 months occurs in the context of established leptin 

and insulin resistance. At this point, the hypothalamus may be overwhelmed by the chronic 

metabolic stress and inflammation, leading to a failure of neurogenesis. It is also possible that 

the prolonged disruption of leptin and insulin signalling has directly impaired the neurogenic 

process itself. (McNay et al., 2012) found that leptin deficiency, which is associated with 

obesity (Roh et al., 2016), also results in loss of hypothalamic stem cells and impaired 

neurogenesis (McNay et al., 2012). The discussed timeline suggests that leptin and insulin 
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resistance are early drivers of changes in neurogenesis. The initial increase in neurogenesis 

may be an attempt to compensate for impaired leptin and insulin signalling, but chronic 

resistance and inflammation ultimately lead to a decline in neurogenesis and a worsening of 

metabolic dysfunction. Future research should investigate the early time course of changes in 

leptin and insulin signalling during the initial stages of HFD exposure in this protocol. 

Specifically, it would be valuable to examine the temporal dynamics of leptin and insulin 

resistance in key hypothalamic neuronal populations, such as POMC and AgRP neurons, in the 

first few days to weeks after the introduction of the HFD. Understanding the precise timing 

and mechanisms by which leptin and insulin signalling become disrupted could provide 

important insights into the initial triggers that drive the subsequent neurogenic response and 

metabolic dysregulation.  

Although progress have been made in identifying different tanycyte populations it is still 

unclear what the intermediate steps of neurogenesis are and how tanycytes repopulates neurons 

in specific nuclei in the hypothalamus (Goodman et al., 2020). Further investigation using 

inducible mouse lines such as the GLAST-CreERT2 mouse line or even better, a Rax-CreERT2 

mouse line targeting hypothalamic NSCs, crossed to the 'Confetti' multicolour Cre reporter 

(Calzolari et al., 2015; Bast et al., 2018) or “Brainbow” (Weissman & Pan, 2015) would deepen 

our understanding of the intermediate steps in hypothalamic neurogenesis by allowing us to 

track the lineage and differentiation of neural stem cells and their progeny over time. Rax-

CreERT2 is more specific to hypothalamic NSCs, providing a more precise labeling of these 

cells compared to GLAST-CreERT2, which targets a broader population of glial cells, including 

some NSCs (Mori et al., 2006; Robins  et al., 2013). For example, in a study by Calzolari et 

al., (2015) the researchers used the inducible Confetti mouse model to analyse the progeny of 

individual aNSCs in the adult subependymal zone of the mouse brain (Calzolari et al., 2015). 

By administering a low dose of tamoxifen, one could induce Cre activity in a small subset of 

NSCs (Calzolari et al., 2015). This will induce sparse labelling, which is essential for resolving 

individual clones and following their developmental trajectory without the confusion of 

overlapping cell populations. The Brainbow reporter systems express different fluorescent 

proteins in individual cells within a clone (Calzolari et al., 2015; Hampel et al., 2011; Richier 

& Salecker, 2014) This would allow to distinguish between the progeny of different NSCs and 

to follow their migration and differentiation into distinct neuronal subtypes. The tamoxifen-

inducible nature of CreERT2 allows researchers to control the timing of recombination (Mori 

et al., 2006). This means one could label NSCs at a specific time point and then follow their 
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progeny over defined periods, providing a detailed temporal resolution of neurogenic events. 

By inducing recombination at different ages or timepoints, one could compare the fate of NSCs 

born at different times. The combination of lineage tracing and temporal control would enable 

future studies to identify the intermediate steps in hypothalamic neurogenesis. Specifically one 

could observe the transition of NSCs to progenitor cells, then to neuroblasts, and finally to 

mature neurons (Zhang et al., 2010). One could analyse the timing of these transitions and the 

factors influencing them. By observing the spatial distribution of labelled cells, one could gain 

insights into the interactions between newborn neurons and existing neuronal populations 

within the hypothalamus (Weissman & Pan, 2015). Using these tools, future research could 

investigate the effects of different factors, such as diet and exercise, on hypothalamic 

neurogenesis. As well as track how these interventions influence the proliferation, 

differentiation, and survival of NSCs and their progeny, ultimately leading to a deeper 

understanding of how these factors impact hypothalamic function and contribute to conditions 

like obesity. 

The findings collectively suggest that a short-term increase in calorie-dense food consumption, 

such as during a holiday, can elicit a response from the hypothalamus, the centre of energy 

homeostasis, in an attempt to replace lost neurons due to hypothalamic injury induced by the 

HFD intake. However, these protective mechanisms can only withstand such changes for a 

limited time. Prolonged exposure to a high-calorie diet can have a detrimental impact on the 

neural circuits involved in energy homeostasis. If a high-calorie intake persists as part of one's 

daily lifestyle, the disruption of these circuits may contribute to the development of obesity.  

6.3. Effects of physiological and pharmacological interventions on the hypothalamic 

neurogenic niche  

Obesity is a chronic disease that is intricately intertwined with various other disorders, 

including T2DM, depression, and neurodegenerative conditions like AD (Pugazhenthi et al., 

2018; Maletínská et al., 2019). The metabolic syndrome, also referred to as insulin resistance 

syndrome, was first characterised by Barker et al. (1993). Generally, metabolic syndrome 

encompasses common symptoms involving various vascular risk factors, including obesity, 

dyslipidaemia, insulin resistance, glucose intolerance, and arterial hypertension (Ricci et al., 

2017). The co-occurrence of obesity and insulin resistance with metabolic syndrome also 

increases the likelihood of developing AD and other neurodegenerative disorders in the elderly 

(Razay et al., 2007; Raffaitin et al., 2009). Certain food intake-regulating peptides have been 

proposed as promising candidates for treating obesity and T2DM (Maletínská et al., 2015; 
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Klaauw, 2018) and may even help alleviate the cognitive deficits associated with 

neurodegenerative disorders (Giuliani et al., 2017; Hölscher, 2018; Mandal et al., 2018). 

Additionally, exercise is a cost-effective anti-obesity treatment that offers benefits beyond just 

weight loss and has been shown to reverse the detrimental effects of high fat diets on adult 

neurogenesis in the hippocampus (Han et al., 2019; Klein et al., 2016).  

Our results showed that running reversed the increased neurogenesis in the ME after short-term 

HFD by reducing cell proliferation and the production of newborn cells, whereas LiPrRP had 

little influence on the neuronal populations in acute HFD. Given the neuroprotective nature of 

LiPrRP, it is not surprising that no neuroprotective effects were observed in the short and 

intermediate HFD protocols, as there was no reduction in newborn neurons, which would 

correlate with the onset of neurodegeneration. In agreement, a meta-analysis found a modest 

association between metabolic syndrome and cognitive decline, with a marginally significant 

relationship observed in the younger-old age group (Siervo et al., 2014), suggesting that age is 

an important factor in this correlation. In the 21d protocol, LiPrRP reduced the HFD-induced 

increase in new neurons in the ArcN, a response also observed with running, suggesting a 

common protective mechanism against the initial hypothalamic injury. Additionally, HFD + 

Running decreased overall cell proliferation in the MBH compared to Controls. Interestingly, 

a similar anti-proliferative effect on Ki67+ cells in the MBH at the 21d HFD time point was 

seen with both LiPrRP and LIRA. Although this contrasts with findings from other studies 

showing that GLP-1 agonists and exercise induce cell proliferation and neurogenesis in the 

hippocampus, this may not be surprising. Exercise and GLP-1 improve the responses to HFD, 

thereby promoting normal brain function. While the response in the hippocampus is reduced 

proliferation, the response in the hypothalamus appears to be an initial increase. Therefore, it 

is logical to assume that LiPrRP and exercise reduce proliferation to maintain normal brain 

function. This suggests that the effects of exercise and anti-obesity compounds are niche-

dependent. In agreement, studies have reported that the GLP-1 agonist LIRA exhibits 

contrasting effects in different tissues. While it has been shown to promote cell proliferation in 

the hippocampus, LIRA has also demonstrated anti-proliferative and pro-apoptotic properties 

in human pancreatic cancer cells that are resistant to gemcitabine and other drugs (Zhao et al., 

2020). Furthermore, LIRA has been found to reduce the abnormal proliferation of vascular 

smooth muscle cells induced by hyperglycaemia (Shi et al., 2015; Zhao et al., 2021), suggesting 

a regulatory role in controlling aberrant cell growth. The wide distribution of the GLP-1 

receptor explains its diverse functions. The fact that the same agonist can elicit different cellular 
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responses depending on factors like cell specific signalling pathways and cellular context, 

reflects the complexity of biological systems and the challenges in developing new 

pharmacotherapies. Interestingly, the GLP-1 agonist LIRA reduces cancer progression and 

metastasis partly by inhibiting the NF-κB pathway (Zhao et al., 2020). NF-κB is a critical 

transcription factor that regulates various cellular processes, including inflammation, 

immunity, cell proliferation, and apoptosis, as well as hippocampal neurogenesis (Bortolotto 

et al., 2014). While NF-κB activation is important for adult neurogenesis in the hippocampus 

(Bortolotto et al., 2014), its activation has been associated with impaired aNSCs and the 

progression of obesity and pre-diabetes in the hypothalamus (Li et al., 2012). Importantly, NF-

κB has also been identified as a key mediator of tumour growth and resistance to chemotherapy 

(Pramanik et al., 2018). This suggests a variety of context-specific roles, similar to those 

observed for LIRA, as well as for exercise and LiPrRP. The anti-proliferative effects observed 

with both exercise and anti-obesity compounds may therefore be mediated by their influence 

on the NF-κB pathways. Indeed, LiPrRP has been previously shown to influence the JNK 

signalling pathways, which can in turn affect the NF-κB pathways. Exercise induces the 

expression of interleukin-6 (IL-6) in skeletal muscle as well as in neurons located in the 

hypothalamus (Laing et al., 2016). The actions of IL-6 might mediate the suppression of IKK-

β/NF-κB activation in the hypothalamus, thus helping to maintain normal function (Laing et 

al., 2016). This suggests a possible molecular mechanism by which exercise, and anti-obesity 

compounds achieve opposite functions on the hippocampus and the hypothalamus. While 

running shares some of the anti-proliferative effects of LiPrRP in acute HFD, it did not reduce 

stem cell proliferation or activation as analysed in vitro, which may be why it fails to rescue 

the DIO induced reduction of tanycyte derived neurons (shown as accumulative neurogenesis 

in Chapter 5) in contrast to LiPrRP. Indeed, this further suggests that exercise may 

predominantly have beneficial effects by reducing acute hypothalamic inflammation. One 

potential explanation is that while LiPrRP was shown to act cell intrinsically and directly on 

the cell populations in the hypothalamus and therefore may have long lasting effects, it's 

possible that the initial neuroprotective effects of exercise via inflammation amelioration are 

not sustained long-term in the face of continued DIO.  

As demonstrated by this study and previous research (McNay et al., 2012; Li et al., 2012), DIO 

has detrimental effects on the hypothalamic neuronal population. Interestingly, LiPrRP 

administration was able to rescue the DIO induced reduction in newborn mature neurons in 
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older mice, while 12 weeks of running could not. This suggested differences in mechanisms 

between the anti-obesity compound and exercise in the context of HFD.  

Recent studies have shown that the neuroprotective effects of LiPrRP extend to AD (Špolcová 

et al., 2015). In obese, pre-diabetic mice, treatment with palm1-PrRP improved insulin 

signalling and reduced tau phosphorylation in the hippocampus (Špolcová et al., 2015). 

Similarly, other anti-obesity compounds such as GLP-1 receptor agonists, including LIRA, 

which was also used in this study, have been shown to have neuroprotective effects in disease 

models of AD. Highlighting the interplay of obesity and neurodegeneration, but also 

confirming the neuroprotective qualities of LiPrRP in DIO induced neuronal decline 

demonstrated in our results. Indeed, in this study, the neuroprotective effects of LiPrRP were 

observed independently of diet in older mice. Exercise has also been shown to reverse negative 

impacts of HFD in the hippocampus, an important structure for learning and memory that is 

also affected in AD (Han et al., 2019; Klein et al., 2016; Rodríguez & Verkhratsky, 2011). 

While the results in this study were nuanced, the overall finding suggests that exercise cannot 

counteract the detrimental effects of prolonged HFD in the hypothalamus, a contrasting finding 

to that of LiPrRP. This further suggests that exercise may predominantly have beneficial effects 

by reducing acute hypothalamic inflammation.  

The findings reported here share both similarities and differences with other studies describing 

the impacts of GLP-1 receptor agonists and exercise on adult neurogenesis in the hippocampus. 

Like LiPrRP, GLP-1 agonists can directly and indirectly influence neurogenesis and metabolic 

health. They can act on GLP-1 receptors found on neurons and neural stem cells in regions like 

the hippocampus, stimulating neurogenesis and enhancing neuronal survival (Parthsarathy & 

Hölscher, 2013). Similarly, our lab (Jorgensen et al., 2024) showed GPR10 expression in 

primary neurospheres and, for the first time, directly in adult generated neurons in the 

hypothalamus. Studies using techniques like in situ hybridization and RT-PCR have identified 

the presence of GPR10 expression in several hypothalamic regions (Dodd & Luckman, 2013; 

Pražienková et al., 2019). However, the specific cell types expressing GPR10 within the 

hypothalamic regions have not been clearly delineated in the existing literature. While our 

results indicate that GPR10 is expressed in newborn hypothalamic neurons, the precise 

neuronal subtypes expressing this receptor remain to be identified. Furthermore, GLP-1 

agonists can indirectly promote neurogenesis by reducing inflammation and improving glucose 

metabolism and insulin sensitivity (Maletínská et al., 2019). Similarly, LiPrRP was found to 

lower insulin and leptin levels in the blood plasma of mice fed HFD for 4 months (Jorgensen 
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et al., 2024). Exercise, on the other hand, primarily boosts neurogenesis in the hippocampus by 

stimulating the release of neurotrophic factors, including BDNF, insulin-like growth factor 1 

(IGF-1), and VEGF, thereby promoting neural plasticity and adult hippocampal neurogenesis, 

anti-inflammatory effects, and induction of angiogenesis (Liu et al., 2019). Interestingly, 

hypothalamic BDNF action has been linked to the regulation of energy homeostasis (Gray et 

al., 2006; Hwang et al., 2023). However, the precise mechanism by which exercise regulates 

BDNF expression in the brain is unclear. While exercise is generally beneficial after brain 

injury, improving BDNF levels and cognitive function, there can be instances where the effects 

of exercise are less effective. For example (Griesbach et al., 2004) suggests that exercise too 

soon after traumatic brain injury might disrupt the molecular response and delay recovery. 

Perhaps the lack of neuroprotection in the hypothalamus in this study can be attributed to the 

timing of the exercise regime as these neurotropic factors has also been associated with 

neuroplasticity of the hypothalamus (Kernie et al., 2000; Hwang et al., 2023). In agreement, 

HFD reduces BDNF levels due to increased inflammation which has been coupled with 

impaired hippocampal-dependent learning memory performances (Wallace et al., 2003; Park 

et al., 2010; Park et al., 2015; Sobesky et al., 2016). Furthermore, GLP-1 agonists increase 

neurogenesis though increased BDNF singling (Gümüşlü et al., 2016; Reich & Hölscher, 

2022). Further suggesting an importance of restoring BDNF signalling to elicit neuroprotective 

effects. Unfortunately, increased stress levels due to social isolation may also indirectly alter 

BDNF expression. Both HFD (Lindqvist et al., 2006) and social isolation stress (Dong et al., 

2008) increases corticosterone levels in the brain which in turn induce inflammation and 

consequently reduce BDNF signalling (Park et al., 2015; Sobesky et al., 2016; Ho-yin Lee & 

Yau, 2020). Due to the partial divider and social isolation, the exercise may only be able to 

reverse some of the effects of both HFD induced inflammation and high corticosterone 

expression that consequently reduce BDNF levels.   

Indeed, the lack of significant weight change in the HFD fed mice suggests that the 3 month 

HFD model may represent a state of chronic inflammation rather than fully developed obesity. 

Future studies examining a similar experimental setup should further investigate the 

inflammatory state of the tissue. This could be achieved by measuring the mRNA levels of pro-

inflammatory genes to quantify the inflammatory response at the transcriptional level (Thaler 

et al., 2012) or by staining for markers of microglial activation. Such an approach would 

provide a more comprehensive understanding of the inflammatory milieu within the tissue. 

This further implies that excessive inflammation could potentially hamper the neuroprotective 
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effectiveness of exercise in our study. In agreement, in neurodegenerative diseases like AD, 

chronic neuroinflammation is a significant contributor to disease progression (Nunomura et al., 

2006). While exercise shows promise in these conditions, the effectiveness might be hampered 

by the already heightened inflammatory state, especially in later stages. A handful of studies, 

using AD models, show no effects of exercise on cognition (Xu et al., 2013). Svensson et al. 

(2020) reported running exercise may not only lack protective effects on the development of 

the AD phenotype in 5xFAD mice, which show an aggressive disease progression, but may 

also accelerate and aggravate it. Indeed, (Cerqueira et al., 2020) also showed that intense long 

exercise can lead, in general, to higher levels of inflammatory mediators, thus might increase 

the risk of injury and chronic inflammation. In contrast, moderate exercise or vigorous exercise 

with appropriate resting periods can achieve maximum benefit (Cerqueira et al., 2020). 

Highlighting the complexity of exercise studies, as discrepancies in housing conditions, 

exercise initiation, duration, and exercise modality needs to be resolved. Furthermore, the lack 

of neuroprotective effects of exercise in our study may also explain the absence of weight loss 

after 3 months of HFD and Running, while LiPrRP showed both neuroprotective effects and 

weight loss after 4 months HFD. However, the absence of weight loss may also be attributed 

to the social isolation-induced stress. Future studies should aim to refine the current protocol 

to significantly induce DIO, enabling a more robust comparison to LiPrRP administration. To 

fully elucidate the absence of neuroprotective response in our protocol future studies should 

aim to determining the peaks and habitual effect of neurogenesis to exercise in the 

hypothalamus and troubleshoot the HFD protocol and housing conditions to induce DIO.  

In the healthy brain, both LiPrRP and physical exercise enhanced the production of new 

neurons in aged mice without changing the overall cell population. This suggests that LiPrRP 

can exert neuroprotective effects regardless of the metabolic state, not solely in the presence of 

a dysregulated metabolism. Consistent with the distinct mechanisms of LiPrRP and exercise in 

HFD conditions, LiPrRP in Controls reduced cell proliferation and stem cell activation in vitro, 

whereas exercise had no impact on stem cell proliferation in the same assay. This further 

confirms that while LiPrRP acts intrinsically on htNSCs, the effects of exercise primarily 

influence and promote a favourable hypothalamic environment. The effects of exercise on the 

hypothalamus appear to be similar to those observed in the hippocampus. In the healthy 

hippocampus, cell proliferation shows a transient peak around 3-10 days followed by a plateau 

around 32 days, but continued physical activity maintains a stimulating effect on adult 

neurogenesis (Kronenberg et al., 2006). The existence of this transient peak may explain the 
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lack of accumulative stimulation in Controls also in the hypothalamus. They also found that 

prolonged physical activity sustains a stimulatory effect on adult hippocampal neurogenesis, 

but the quality of this effect changes over time. While sustained exercise preserves precursor 

cell division at levels comparable to a younger age, this enhanced potential does not translate 

into a prolonged boost in net neurogenesis or total granule cell numbers. Our results showed 

that 3 months of running increased acute hypothalamic neurogenesis, but without altering 

accumulative neurogenesis, suggesting that prolonged running stimulates a subset of 

hypothalamic stem cells to generate new neurons without necessarily changing the net neuronal 

addition, akin to the effects in the hippocampus. Similarly, Klein et al. (2019) also reported a 

habituation response of proliferating cells to prolonged exercise in the MBH of mice on a 

normal diet (Klein et al., 2019). The effects of exercise on the hypothalamus appear more 

complex in literature, where the outcomes may differ depending on whether the analysis 

examines the overall neuronal population, specific neuronal subtypes, or distinct nuclei (Laing 

et al., 2016; Niwa et al., 2015; Klein et al., 2019; Landry et al., 2022; Borg et al., 2014).  

Considering the impacts of LiPrRP on adult neurogenesis, we were interested in exploring 

whether anti-obesity agents demonstrate similar neurogenic potential, as observed with many 

antidepressant compounds (Eisch and Petrik, 2012; Malberg et al., 2000). LIRA and 

Semaglutide, two GLP-1 receptor agonists, have demonstrated the ability to induce weight loss 

within the first 5 weeks of administration in both animal and human studies (Ard et al., 2021). 

Clinical trials have shown that these medications can result in significant weight reductions 

relatively soon after initiation (Tak & Lee, 2021). Although initial weight loss can be 

significant, the rate of loss typically decelerates as the body adapts (Ryan et al., 2024). This 

plateau effect is characteristic of most weight loss interventions (Ryan et al., 2024). Studies 

have also found that most individuals regain weight after discontinuing anti-obesity 

medications like LIRA and Semaglutide, suggesting the need for sustained treatment to 

maintain the weight loss benefits (Holst, 2024). Randomised trials have shown that participants 

who stopped taking the active compounds and switched to placebo quickly reverted to their 

initial weight (Holst, 2024). Thus, the existing evidence indicates that the weight loss effects 

of LIRA and Semaglutide are largely contingent on continued administration of these therapies. 

Interestingly, both LIRA and LiPrRP reduced Ki67+ cells in the 21d protocol and increased 

beta tanycytes in the 3V in the 7d and the 21d protocol (Appendix Figure EV1) (Jorgensen  et 

al., 2024). A key distinction is however that LiPrRP has been shown to sustain weight loss 

without regaining weight after treatment cessation (Holubová et al., 2018). The reasons for 
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these differences remain unclear, and our data do not provide an explanation based on 

differences in neurogenic responses. Further research is needed to determine whether the 

distinct effects observed between LiPrRP and LIRA can be attributed to sustained 

modifications in the neural circuitry that are not evident with LIRA administration. Future 

investigations should determine if selectively inhibiting adult neurogenesis in the 

hypothalamus would attenuate the anorexigenic properties of the anti-obesity compounds, akin 

to the causative evidence demonstrating the requirement of hippocampal neurogenesis for the 

therapeutic efficacy of antidepressants (Santarelli et al., 2003). 

The data suggest that a brief period of increased caloric intake, such as during a holiday, may 

elicit a compensatory response in the hypothalamic regulation of energy homeostasis to 

mitigate any potential injury. This neurogenic response could potentially be prevented by 

engaging in regular exercise during such a period. However, if the high caloric intake persists, 

exercise alone may not be sufficient to maintain this protective effect. While the anti-obesity 

drug LiPrRP may not be effective for short-term weight loss during a holiday, it could aid in 

restoring normal energy homeostasis and inducing long-term weight loss for individuals 

struggling to maintain a healthy lifestyle. It is important to note that these conclusions are based 

on the data presented in this study, and it cannot be claimed that the anorexigenic actions of 

LiPrRP nor exercise are conveyed through neurogenesis.  
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6.4. Limitations and Future directions 

The finding that LiPrRP can influence neurogenesis to mediate its anti-obesity effect is indeed 

intriguing. However, further studies are needed to determine whether LiPrRP, similar to 

antidepressants (Santarelli et al., 2003; D'Sa & Duman, 2002), acts through neurogenesis. To 

gain insights, studies should investigate the effects of ablating hypothalamic neurogenesis 

concurrently with LiPrRP administration.  

While some studies have indicated a decline in tanycyte proliferation after 3-4 weeks of age in 

mice, the current investigation detected newly generated BrdU-labelled and GLAST lineage-

traced cells even in 4-5 month old animals. This contrasts with reports that β-tanycytes exhibit 

a marked reduction in BrdU incorporation between postnatal days 7 and 45 (Haan et al., 2013). 

Haan et al. (2013) further showed that no BrdU labelling could be detected in either β1 or β2 

tanycyte subtypes by 12 months of age, even under cumulative labelling paradigms (Haan et 

al., 2013). On the other hand, the study by (Robins et al., 2013) revealed that while Fgf10+ 

tanycytes (β-tanycytes) cycled at least once every 9-15 days, the α tanycytes had much slower 

cycling rates. Investigations utilising LacZ-reporter GLAST-CreERT2 mice further revealed 

that the numbers of α2-tanycytes increased significantly after a 6 week chase period, and these 

elevated levels were maintained even at 9 months of age (Robins et al., 2013). In the same 

study, analysis of GFP-reporter GLAST-CreERT2 mice showed a comparable trend. The extent 

and density of reporter-positive tanycytes significantly increased at 9 months compared to 5 

days across all three tanycytic zones. Notably, no difference was observed in the total number 

of ventricular zone cells during this period, suggesting that they must have been replaced over 

time (Robins et al., 2013). Along similar lines, a study (McNay et al., 2012) found that a 

substantial portion of the BrdU-retaining post-mitotic neurons in the ArcN were lost during 

embryonic development but were subsequently replaced over the first three postnatal months 

(McNay et al., 2012). This indicates a substantial cell turnover and suggests that tanycytes 

likely maintain their neurogenic capacity well beyond the initial 3-4 weeks, consistent with our 

own findings.  

Although transgenic lines expressing inducible Cre recombinase provide powerful and 

effective tools for lineage analysis, no studies have previously combined BrdU labelling with 

Cre-based lineage tracing to directly demonstrate that adult-generated hypothalamic neurons 

originate from proliferating progenitor cells (Haan et al., 2013; Robins et al., 2013). Here, for 

the first time, GLAST+ stem cells in the hypothalamus were lineage traced and BrdU labelled. 

However, GLAST+ tanycytes represent only a portion of the tanycytes in the hypothalamus, 
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where GLAST has been reported to label α-tanycytes of the HVZ, but not β-tanycytes (Robins 

et al., 2013) and it also labels a subpopulation of mature parenchymal astrocytes. While lineage 

tracing of the GLAST+ tanycyte population provides valuable insights, it may not offer a 

complete picture of the adult hypothalamic neurogenesis responses to external stimuli, as β-

tanycytes and astrogliogenesis were not traced in this analysis.  

It is essential that the behavioural and environmental factors that produce the highest levels of 

neurogenesis in adult mice be identified. Determining the ideal conditions for studying adult 

hypothalamic neurogenesis will enable the utilisation of a wide range of transgenic models and 

molecular tools to investigate the underlying mechanisms of hypothalamic neurogenesis in 

DIO and the impact of interventions. Further investigation employing inducible mouse models, 

such as the already existing GLAST-CreERT2 or Nestin-CreERT2 to target aNSCs and the 

Confetti multicolour Cre reporter (DeCarolis et al., 2013; Calzolari et al., 2015; Bast et al., 

2018) or Brainbow, could provide insights into the step-by-step process of adult neurogenesis 

in the hypothalamus and elucidate how tanycytes generate specific neuronal progeny in 

response to stimuli over time. Additionally, generating a Rax-CreERT2 mouse line to allow 

inducible in vivo tracking of hypothalamus specific aNSCs and their progeny, in combination 

with the Brainbow reporter, would significantly enhance the investigation.  

The role of hypothalamic neurogenesis in food intake and energy homeostasis remains under 

investigation. While the relationship is complex, some studies suggest that inhibiting cell 

proliferation in the hypothalamus using AraC can increase weight gain or prevent weight loss 

(Gouazé et al., 2013; Kokoeva et al., 2005). In contrast, using computer-guided focal irradiation 

to inhibit neurogenesis in the ME has led to reduced HFD induced weight gain in female mice, 

but not in males (Lee et al., 2014). These results indicate that adult-generated neurons in the 

ME may contribute to weight gain in females, and that the neural circuitry regulating body 

weight differs between genders (Lee et al., 2014). However, the overall effects of increased or 

decreased hypothalamic neurogenesis on food intake and energy balance are not 

straightforward, and likely depend on various experimental factors and potential compensatory 

mechanisms. While the relationship between hypothalamic neurogenesis and food intake 

regulation is complex, it has been suggested that neurogenesis may serve as a counter-

regulatory mechanism to maintain energy balance in response to environmental or 

physiological challenges. If this is the case, then hypothalamic neurogenesis itself may not be 

the direct cause of reduced or increased food intake, but rather the specific neuronal 

subpopulations generated. The environmental factors that these progenitor cells are exposed to 
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within the hypothalamic niche may determine the phenotype of the newly generated neurons 

and their subsequent influence on feeding behaviour. 

It is worth mentioning that although the plasticity of adult neurogenesis has been well-

established in laboratory strains of house mice and brown rats, Häuser et al. (2009) have shown 

that voluntary running and environmental changes, which effectively enhance adult 

hippocampal neurogenesis in these laboratory rodents, do not influence adult hippocampal 

neurogenesis in wild long-tailed wood mice (Häuser et al., 2009). While adult hippocampal 

neurogenesis has been reported to positively correlate with hippocampus-dependent learning 

tasks, especially spatial learning (Drapeau et al., 2003; Kempermann et al., 1998; Praag et al., 

1999; Praag et al., 2005; Kronenberg et al., 2006; Praag et al., 1999), the complete elimination 

of adult hippocampal neurogenesis has also been shown to have minimal or no effects on a 

wide range of behavioural measures in mice (Meshi et al., 2006). Importantly, the study by 

Häuser et al. (2009) demonstrated that in wild wood mice, voluntary running had no impact on 

cell proliferation, neurogenesis, or apoptosis in the hippocampus. This indicates that adult 

hippocampal neurogenesis in these wild rodents is resistant to changes in the environment, as 

evidenced by the lack of differences between animals sacrificed immediately after trapping and 

those housed in the laboratory (Häuser et al., 2009). These findings highlight the importance 

of studying adult neurogenesis in wild animal populations to gain a more comprehensive 

understanding of its true functional significance for human medicine. While voluntary exercise 

may only increase neurogenesis in sedentary laboratory mice, it could potentially be compared 

to the more sedentary lifestyle adopted by modern society in recent times. These models 

therefore remain relevant for research on this topic, as they provide valuable insights despite 

the limitations.  

It is also worth mentioning that the understanding of hypothalamic neurogenesis in humans 

remains extremely limited compared to rodents, due to methodological challenges. Researchers 

must rely on postmortem analyses, which are hindered by issues like the preservation of 

neuronal markers (Sharif et al., 2021). Evidence for adult neurogenesis in the human 

hypothalamus primarily comes from the detection of DCX (Batailler et al., 2014), a marker of 

immature neurons, but this may not accurately reflect the true morphology of these cells in the 

living brain. Factors like postmortem delay and duration of DCX expression in humans are not 

well understood, limiting the ability to reliably estimate the birth date and age of DCX-positive 

cells (Boekhoorn et al., 2006). Furthermore, the maturation of adult-generated neurons in 

humans may occur over a more protracted period compared to rodents (Kohler et al., 2011; 
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Kempermann et al., 2018), as mentioned in the general introduction. Overall, the limited 

knowledge of hypothalamic neurogenesis in humans highlights the need for further research 

and developments of translational models to fully understand human hypothalamic 

neurogenesis and its potential functions and implications for human health and disease.  

 

6.5. Conclusion and Outlook 

Obesity is a multifaceted disorder underlying persistent health issues, yet our understanding of 

the neurobiological mechanisms governing feeding behaviour and energy balance remains 

incomplete. This body of research has significantly advanced our comprehension of the 

relationship between a high-fat diet, physical and pharmacological interventions, and adult 

neurogenesis in the hypothalamus - a crucial brain region for regulating energy homeostasis.  

Our findings indicated that HFD initially stimulated a neurogenic response, but over time 

diminished the survival and production of adult-born neurons. In contrast, treatment with 

LiPrRP was found to act directly and intrinsically on the cell populations within the 

hypothalamus, potentially extending the ability of the stem cell population to respond to the 

HFD, as well as enhancing the long-term survival of adult-generated neurons. Meanwhile, 

exercise appeared to primarily have beneficial effects by alleviating acute hypothalamic 

inflammation, although these effects were not maintained long-term in the context of persistent 

DIO.  

This study has laid the groundwork for further exciting investigations into the role of 

hypothalamic neurogenesis in pathological regulation of our energy balance, an imperative area 

for future study with promising implications for the development of novel therapeutic strategies 

targeting obesity and associated metabolic disorders.   
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Appendix 1 

An analogue of the Prolactin Releasing Peptide reduces obesity and promotes adult 

neurogenesis 

These figures have been published:  
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Appendix Figure 1. Effects of LiPrRP on body weight, plasma, metabolites and expression of 

PrRP and its receptors 
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Appendix Figure 2. Effects of LiPrRP on tanycytes and proliferating cells in the MBH.  
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Appendix Figure 3. LiPrRP reduces cell activation and proliferation of htNSCs in vitro.  
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Appendix Figure 4. LiPrRP improves the survival of new neurons in the MBH.  
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Appendix Figure 5. Effects of LiPrRP on gene expression in the MBH and human iPSC-

derived hypothalamic neurons.  

 

 

 

 

 

 

 

 

 

 

 



214 

 

 

Appendix Figure EV1. Effects of LiPrRP in Control Diet and Liraglutide on tanycytes and 

proliferating cells in the MBH.  
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Appendix Figure EV2. LiPrRP promotes neurogenesis in the SGZ.  
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Appendix Figure EV3. LiPrRP reduces proliferation of naïve neurospheres.  
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Appendix Figure EV4. LiPrRP reduces proliferation of naïve htNSCs.  
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Appendix Figure EV5. Effects of LiPrRP on new adult-generated cells in shorter HFD 

protocols and in the context of Control diet.  
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Appendix Figure S1 – LiPrRP does not affect astrogliogenesis in the MBH.  

 

Appendix Figure S2 – Additional RNAseq data and confirmation of RNAseq by RT-qPCR 
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Appendix Figure S3 – Additional data from calcium imaging of hiPSC – derived 

hypothalamic neurons  
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Appendix Figure S4 – A schematic of LiPrRP effects on hypothalamic adult neurogenesis  
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Adult Neural Stem Cells Do Not Exist. Multidisciplinary Digital Publishing Institute, 
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