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Abstract 

Body weight regulation and the control of food intake are topics that continue 
to receive much attention as countries around the world grapple with alarming rates of 
obesity and the associated poorer health outcomes. Central to this has been two 
antagonistic populations of neurons, the agouti-related protein (AgRP)-expressing 
neurons and the proopiomelanocortin (POMC)-expressing neurons, which originate 
from the hypothalamic arcuate nucleus (ARC). Over the past two decades, there has 
been increasing interest in how these neurons develop, and how developmental insults 
may impact on their formation and later life function. As a component of this, it has been 
recognised that the adipocyte hormone leptin plays a critical role in modulating the 
development of the projections of AgRP and POMC neurons to other brain regions 
associated with body weight regulation. In rodent models, much of this circuitry 
elaboration occurs during the first few postnatal weeks.  

The research presented in this thesis followed two lines of enquiry, with the 
aim of better understanding the normal postnatal development of AgRP neurons in a 
mouse model. Initially, I focused on the role of leptin in these neurons’ development, by 
using qPCR to investigate whether several putative transcriptional targets of leptin 
signalling, Ephb3, Fez1, Ngfr, Plxnb1, and Unc119, were indeed leptin regulated in 
postnatal day 8 ARC. However, no evidence was found to support this hypothesis. In 
the second half of this thesis, the novel in situ hybridisation technique, RNAscope, was 
used to survey the hypothalamic expression of three ligand-receptor pairs, Ntn1 and 
Dcc, Wnt5a and Fzd5, and Slti1 and Robo1, that I reasoned may be involved in AgRP 
neuron elaboration. All three pairs were found to be expressed in the early postnatal 
hypothalamus, and various patterns of expression were described in the ARC and 
paraventricular hypothalamus on postnatal days 2, 8, 12 and 16.  

As the incidence of obesity in the developed world reaches epidemic 
proportions, understanding the normal development of the neural circuitry responsible 
for regulating food intake and maintaining energy balance is of increasing public health 
importance. 
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1 Introduction 

1.1 Preface – building a brain 

The process by which a vertebrate nervous system emerges from a rudimentary 
tube into a fully operational brain is one of astounding intricacy and coordination. From 
the initial layer of ectoderm cells, numerous simultaneous and sequential processes 
must occur in a stereotyped manner to produce a brain, that, at least at a gross level, 
appears almost indistinguishable from that of any other individual. Developmental 
processes, such as neurogenesis, gliogenesis and cell migration are fundamental for the 
growth and laying down of the cellular organisation; however, these processes alone do 
not culminate in a mature brain. Indeed, it is not until the nascent neurons have sent out 
projections and formed highly interconnected networks, that a functional brain begins 
to emerge.  

To begin to appreciate the enormity of the task required to wire a brain, take a 
moment to consider that a small network of 10,000 neurons with 10% connectivity could 
theoretically be configured in 2.86 × 1014116758 different ways (Reimann et al., 2017). Then 
consider that a mouse brain, which is generally regarded as one of the most basic models 
of mammalian development, contains approximately 70 million (70.89 × 106) neurons 
(Herculano-Houzel et al., 2006). From this we can quickly see that there is effectively an 
infinite number of ways in which a brain could theoretically be wired. Yet despite this, 
developmental processes ensure that within a species the resulting brain always forms 
with stereotyped organisation, connectedness, and localisation of function. Decades of 
research in the neurodevelopmental field has begun to identify many of the cues used 
by neurons to drive circuit formation. Extracellular ligands, cell surface receptors and 
intracellular signalling cascades all contribute instructions – stop, go, turn – to guide an 
axon to its target location. As such, there is a tendency to think about brain development 
in terms of autocrine, paracrine and juxtacrine signalling. Nevertheless, it is becoming 
clear that this is not the only level of control, and that signals more commonly associated 
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with the bloodstream, such as hormones and cytokines, also work to sculpt the overall 
development of different circuitries (Mohan et al., 2012; Sanders et al., 2014; Coiro et al., 
2015; Lombardo et al., 2018).  

This thesis focuses on one specific example; the adipose-derived hormone 
leptin, and its involvement in the development of circuitry that originates from the 
hypothalamic arcuate nucleus. This circuitry is responsible for regulating food intake 
and energy expenditure behaviours, and is the very circuitry that leptin then acts on 
later in life.  

1.2 Neural basis of homeostatic body weight regulation  

Before we begin to explore the development of feeding-associated neuronal 
circuitry, it is helpful to first have a basic understanding of what is known about the 
structure and function of this circuitry in mature adults.  

Balancing energy intake and output is a fundamental tenet of the survival of any 
living being. Accordingly, animals have evolved a complex neural circuitry to monitor 
energy homeostasis and direct feeding and energy expending behaviours. Work in the 
early 1940s to identify key brain regions involved in energy homeostasis firmly 
established the hypothalamus as a central regulator. Hetherington and Ranson (1940) 
found that lesioning of the hypothalamus in rats resulted in the animals becoming 
“unmistakably obese”. Subsequent refinement in lesioning protocols allowed for further 
characterisation of different hypothalamic areas. In both rats and cats, lesioning of the 
ventromedial hypothalamus resulted in obesity, while more lateral hypothalamic 
lesions abolished food intake and caused severe anorexia (Anand & Brobeck, 1951). 
These findings were followed by the proposal of a model of energy homeostasis, 
whereby the concentration of circulating metabolites informs specialised cells in the 
hypothalamus of the body’s energy state (Mayer et al., 1951; Kennedy, 1953), a model 
which still largely holds true today.  

 Over the past few decades, the hypothalamic arcuate nucleus (ARC) has 
become the central integration point in models of energy homeostasis. Located at the 
base of the third ventricle, cells in the ARC are often regarded as an entry point to the 
neural feeding circuits, due to their unique access to a range of peripheral circulating 
molecules associated with energy homeostasis, such as pancreatic insulin, adipose 
tissue-produced leptin, and stomach-produced ghrelin (Faouzi et al., 2007; Rodriguez et 
al., 2010). ARC neurons detect these signals, integrate the information about the body’s 
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energy needs and convey it to other areas in the brain, largely in line with the models 
proposed by Mayer et al. (1951) and Kennedy (1953). Two distinct populations of ARC 
neuron have been predominantly identified as having energy homeostasis functions; the 
proopiomelanocortin (POMC) neurons which co-express cocaine and amphetamine 
regulated transcript (CART), and the agouti-related peptide (AgRP) neurons which co-
express neuropeptide Y (NPY) and gamma-aminobutyric acid (GABA) (Schwartz et al., 
2000).  

1.2.1 Arcuate AgRP and POMC neurons  

The ARC POMC and AgRP neurons form two antagonistic populations of 
neurons, producing opposite effects on feeding behaviour. POMC neurons provide the 
main anorexigenic drive within the ARC feeding circuitry, while the intermingled 
orexigenic AgRP neurons stimulate appetite when active. These opposing actions have 
been clearly demonstrated in mice over the past few years with the development of 
genetic techniques to modulate neuronal activity. Prolonged activation of POMC 
neurons either optogenetically (stimulation for 24 hours), or chemogenetically 
(stimulation for three days), results in decreased food intake and body weight (Aponte 
et al., 2011; Zhan et al., 2013), while ablation of the neurons in adult mice results in 
hypophagia and obesity (Zhan et al., 2013). In direct contrast, optogenetic or 
chemogenetic activation of AgRP neurons rapidly induces voracious feeding (Aponte et 
al., 2011; Krashes et al., 2013), and chronic activation leads to marked weight gain 
(Krashes et al., 2013). 

One of the pivotal components of the neural regulation of energy homeostasis 
is the detection of circulating metabolites indicative of the body’s energy status. A raft 
of peripheral tissues, including the stomach, pancreas and adipose, produce metabolic 
hormones, such as ghrelin, insulin and leptin, in proportion to the body’s energy 
reserves. These hormones convey information such as how much fat tissue the body 
possesses, the levels of circulating glucose and whether food has been consumed 
(Drazen et al., 2006; Woods & D'Alessio, 2008; Komatsu et al., 2013). In a broad sense, it 
is generally regarded that hormones associated with the fed state (e.g. leptin and insulin) 
activate POMC neurons and inhibit AgRP neurons to decrease food intake, while 
hormones elevated in a fasted state (e.g. ghrelin) have the reverse effect (depicted in 
figure 1.1). In truth, the actual contribution of each of these hormones to modulating the 
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activity of AgRP and POMC neurons in vivo remains contested, with the major fallacy 
that deletion of the receptors of these hormones specifically from POMC or AgRP  

 

Figure 1.1 Peripheral metabolic hormones and the neural maintenance of energy 
homeostasis. Peripheral hormones insulin and leptin, derived from the pancreas and 
adipose tissue respectively, convey satiety signals by inhibiting ARC AgRP neurons 
(green) and activating POMC neurons (red), whereas stomach derived ghrelin activates 
AgRP neurons. POMC and AgRP neurons then relay the signals to target regions outside 
of the ARC to ultimately regulate energy homeostasis. Figure adapted from Schwartz 
and Morton (2002), peripheral organ images from https://smart.servier.com  

 
neurons often fails to recapitulate global deletions of the receptors (for examples see van 
de Wall et al. (2008) and Vong et al. (2011)). In a report that appeared recently in the 
journal Nature, researchers made use of several novel approaches in an attempt to 
identify the primary neural target of leptin (Xu et al., 2018). From this work, AgRP 
neurons were identified as the primary leptin responsive cells, which came as somewhat 
of a surprise, as past reports of disrupted leptin receptor signalling in AgRP neurons 
had failed to produce a phenocopy of leptin receptor null animals (van de Wall et al., 
2008). To reinvestigate this paradigm, leptin receptors were specifically deleted out of 
AgRP neurons in adult mice using a CRISPR-Cas9 system. This induced 
hyperleptinaemia, obesity and diabetes, which accounted for 81% of the weight gain, 
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85% of the hyperphagia and 61% of the hyperglycaemia seen in age-matched leptin 
receptor null mice. Deletion of leptin receptor from POMC neurons in a similar manner 
produced no effects on body weight or blood glucose (Xu et al., 2018). However, in the 
same year, a different group of researchers reported that leptin had an acute effect on 
POMC neurons, but not on AgRP neurons as shown using cell-attached 
electrophysiological recordings (Lee et al., 2018). In this instance, differences between in 
vivo and in vitro methods likely account for the discord between the two papers. When 
interpreting the results, there is a tendency to give more weight to the in vivo data, that 
AgRP neurons are the primary leptin responsive cell, as it does not necessarily follow 
that just because something responds in slices, it will respond in the same way in vivo. 
Similar uncertainties surround the relative contribution of other key metabolic 
hormones to modulating AgRP and POMC neuron activity, however, in general, it 
appears that both POMC and AgRP neurons are important in conveying insulin’s 
energy homeostasis regulatory effects, while ghrelin primarily modulates the activity of 
AgRP neurons (Lin et al., 2010; Wang et al., 2014; Chen et al., 2017).  

 The well-defined model that we have explored, in which AgRP and POMC 
neurons antagonise each other has underpinned much of the understanding over the 
past 25 years of how energy homeostasis is maintained. However, as is often the case 
with scientific understanding, it is becoming clear that it may not be that simple. Single-
cell RNA sequencing of POMC neurons from adult mice found that 28% of the POMC-
expressing neurons surveyed also express AgRP (Lam et al., 2017). While the functional 
relevance of this remains unclear, it is an important reminder that the neural basis of 
body weight regulation likely contains intricacies not yet understood.   

1.2.2 Neural inputs of the ARC feeding circuitry  

AgRP and POMC neurons are often perceived as existing in isolation, receiving 
signals from circulating hormones, and conveying them to higher brain areas (in the 
manner depicted in figure 1.1). While these hormonal inputs certainly influence the 
activity of AgRP and POMC neurons, as we have previously discussed, neural inputs 
also feed information into the system. Recent advances in cre-dependent rabies virus-
based transsynaptic tracing techniques are beginning to allow cell-type-specific 
unbiased surveys of inputs. To date, the most extensive study of inputs into ARC 
neurons published comes from Wang et al. (2015) who focus primarily on POMC 
neurons. Retrograde labelling identified 52 brain areas which provide direct input into 
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POMC neurons. Of these, the majority of inputs (~60%) were from hypothalamic areas, 
including the medial preoptic area/medial preoptic nucleus (MPA/MPO), lateral 
preoptic area (LPA), dorsomedial hypothalamus (DMH), lateral hypothalamic area 
(LHA), paraventricular hypothalamus (PVH), supraoptic nucleus (SON) and 
ventromedial hypothalamus (VMH), with additional inputs from the hippocampus, 
lateral septum, bed nucleus of the stria terminalis (BNST), and midbrain (Wang et al., 
2015). Of these regions Wang et al. (2015) also report that AgRP neurons receive inputs 
from 35 of the 52 areas; however, it is somewhat unclear whether AgRP neurons 
received inputs from additional brain regions not included in this survey.   

Additional reports, including functional studies, of inputs into the ARC feeding 
circuitry are continuing to appear in a piecemeal fashion, often as part of larger works 
looking at the function of the ARC. An example is seen in Xu et al. (2018) who 
investigated the primary neural targets of leptin. Here they describe a GABAergic 
population of leptin receptor-expressing afferents in the ventral DMH, which appear to 
convey leptin’s acute suppression of hunger-induced appetite onto AgRP neurons. 
Further characterisation of this afferent pathway is seen in Garfield et al. (2016), who 
used channelrhodopsin assisted circuit mapping (CRACM) to produce concordant 
results. Other reports include an excitatory pathway where pituitary adenylate cyclase 
activating polypeptide and thyrotropin releasing hormone expressing neurons in the 
PVH excite AgRP neurons (Krashes et al., 2014), and both glutamatergic and GABAergic 
neurons in the DMH which regulate POMC neurons (Sternson et al., 2005; Krashes et al., 
2014; Rau & Hentges, 2019).  

1.2.3 Projections from the ARC feeding circuitry  

The final component of the ARC feeding circuitry is the axonal projections that 
AgRP and POMC neurons make to higher areas of the brain. It is these higher-order 
connections that likely give rise to the appropriate behavioural responses to meet the 
body’s energy state. Early immunohistochemical mapping of AgRP projections labelled 
areas including the MPO/MPA, periventricular area, PVH, DMH, LHA, central and 
posterodorsal medial amygdala (CEA/MePA), ventral tegmental area (VTA), 
paraventricular thalamus (PVT), parabrachial nucleus (PBN), and periaqueductal gray 
(PAG) as potential axonal target regions (Broberger et al., 1998). More recent anterograde 
viral mapping of POMC neurons identified a more exhaustive, but over-lapping list of 
likely projection sites, with notable labelling also seen in the VMH, BNST, and nucleus 
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accumbens (ACB) (Wang et al., 2015). Many of the regions that send afferent inputs to 
AgRP and POMC neurons (see section 1.2.2) receive reciprocal axonal projections. 
Interestingly, although Wang et al. (2015) reported that AgRP and POMC neurons have 
similar projection patterns, POMC projections appeared to innervate a broader 
collection of brain areas. A summary of these projections is depicted in figure 1.2 below. 
While labelling studies, such as the two discussed, provide a useful overview of the 
extent of any projections, they must be interpreted with caution. These studies simply 
show the distribution of the identified fibres and do not necessarily distinguish axon 
terminals and synaptic partners.  

 

Figure 1.2 Summary of nuclei targeted by ARC efferent projections. Sagittal schematic 
depicts the principal brain regions that receive inputs from ARC AgRP and POMC 
neurons in the mouse brain, which have been identified as functionally important (green 
nuclei), or identified by tract-tracing methods (blue nuclei).  ACB – nucleus accumbens; 
ARC – arcuate nucleus, BNST  – bed nucleus of the stria terminalis; CEA – central 
amygdaloid nucleus; DMH – dorsomedial hypothalamus; LHA – lateral hypothalamic 
area; MPO – medial preoptic nucleus; PAG – periaqueductal gray; PBN – parabrachial 
nucleus; PVH – paraventricular nucleus of the hypothalamus; PVT – paraventricular 
nucleus of the thalamus; VMH – ventromedial hypothalamus; VTA – ventral tegmental 
area.  

 
Much of the recent understanding of the function of the projections from the 

ARC comes from a series of papers that were published in high impact journals. This 
was partly because these studies pioneered the use of new techniques. However, the 
cost of this, is that the reproducibility and rate of false positives or negatives of any of 
these novel techniques have yet to be rigorously determined. As a result, the findings of 
the papers discussed over the next two paragraphs should be treated with some caution; 
nevertheless, they do add to the understanding in the field and as such merit discussion. 
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In one of the more recent papers, Betley et al. (2013) probed the functional relevance of 
AgRP axon projections to a selection of downstream targets. Using optogenetic 
stimulation of AgRP fibres, they reported that the projections to the PVH, anterior BNST, 
LHA and to a lesser degree the PVT (see figure 1.2, regions highlighted in green) were 
all sufficient to evoke a feeding response. However, no behavioural response was seen 
following stimulation of projections in the PAG, PBN or CEA. Further viral tracing 
studies revealed that distinct subpopulations of AgRP neurons project to each area in a 
parallel circuit arrangement, with neurons located in the anterior ARC generally 
projecting to anterior brain regions, and posterior neurons projecting to hindbrain 
targets (Betley et al., 2013). In summary of their findings Betley et al. (2013) proposed a 
model in which the aBNST, PVT, PVH and LHA form a core forebrain feeding circuit, 
which is modulated by inputs from the ARC, as well as areas which also receive inputs 
from the ARC such as the PAG, PBN and CEA. While this model may be an 
oversimplification, as it only includes a subset of potential target brain regions, it is at 
least the start of a framework for understanding how the brain coordinates energy 
homeostasis. 

Work has also been undertaken to begin to characterise the neurons that ARC 
neurons form synapses with in some of the target brain regions.  Within the PVH, Atasoy 
et al. (2012) identified oxytocin-expressing neurons as a target of AgRP neurons through 
a series of optogenetic experiments. However, this has since been disputed by Garfield 
et al. (2015), who failed to find evidence of such a connection using CRACM analysis. 
Garfield et al. (2015) instead argue that neurons expressing MC4R, a receptor that is 

agonised by the POMC product a-MSH and antagonised by AgRP, represent a 
significant proportion of the post-synaptic partners within the PVH. Taking a different 
approach, Atasoy et al. (2014) have pioneered the use of serial-section electron 
microscopy as an alternate method to understand more about molecularly defined 
synaptic connections. Analysis of the ultrastructure of synapsis formed by AgRP 
neurons within the PVH identified that the majority of synapses were symmetrical, 
which is indicative of GABAergic synapses. In comparison, POMC synapses were more 
heterogeneous, with 32% identified as asymmetric (glutamatergic) and 20% symmetric 
(GABAergic). Additionally, POMC neurons were found to make the majority of their 
contacts onto dendrites, while AgRP neurons formed more synapses directly onto the 
soma (Atasoy et al., 2014). Although these papers by no means provide a complete map 
of the synaptic partners of AgRP and POMC neurons, they do detail several new 
prospective techniques which may be used in future to characterise this circuitry further.  
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Here we have explored some of what is known about the neural basis of 

homeostatic energy regulation, focusing primarily on the involvement of the ARC AgRP 
and POMC neurons. It is important to note that this is not a complete review of all that 
is known about the neural circuitry underpinning body weight regulation. Aspects, 
including input from reward pathways and the hedonic control of food intake, have not 
been included. While it is acknowledged that all of these components are important to 
overall body weight regulation, they fall outside the scope of the circuitry that we will 
now continue to explore from a developmental viewpoint, so have not been included in 
this review.  

1.3 Development of the arcuate nucleus  

Many of the exact details of how the hypothalamus develops remain 
incompletely understood. Unlike many other regions of the central nervous system, 
which are arranged in columnar structures, the hypothalamus is made up of a 
patchwork of nuclei, comprised of a multitude of distinct neuron types (Burbridge et al., 
2016). Whether the hypothalamus develops as part of the telencephalon (hypothalamo-
telencephalic prosomeres (Puelles & Rubenstein, 2015)), or whether it is part of the 
diencephalon (Bedont et al., 2015) remains highly contested. Despite this, it is generally 
accepted that Wnt and Shh signalling play important roles in its induction from the 
neural tube (Burbridge et al., 2016; Xie & Dorsky, 2017).  

 Early fate-mapping studies using BrdU found that the hypothalamus 
broadly develops in an outside-in manner, with medially located nuclei, such as the 
ARC, developing later than lateral nuclei (Altman & Bayer, 1978a). Within the 
developing tuberal hypothalamus, Nkx2.1 is widely expressed and appears necessary 
for the maintenance of the progenitor territories that will develop into the ARC, VMH 
and DMH (Kimura et al., 1996; Shimogori et al., 2010). The ARC and VMH are then 
further specified by proneural genes including Ascl1 and Ngn3 (Anthwal et al., 2013; 
Burbridge et al., 2016).  

In mice, the first post-mitotic neurons in the ARC have been reported to be born 
on gestational day (GD) 11.5, with the majority of cells generated between GD11.5 and 
GD12.5 (Padilla et al., 2010; Ishii & Bouret, 2012). However, as Padilla et al. (2010) did not 
begin pulse-labelling with BrdU until GD11.5, it remains possible that some neurons 
differentiate earlier than reported. Both NPY and POMC neurons are born within the 
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same time period, although the expression of Pomc transcript in the ARC precedes Npy 
expression by a day (Padilla et al., 2010). Surprisingly, early Pomc expression appears not 
to be indicative of a terminal cell fate. Within the developing ARC, the number of cells 
expressing Pomc peaks at GD13.5; however, by adulthood, only half of these cells still 
express Pomc. Unexpectedly, lineage tracing showed that 25% of NPY cells initially 
expressed Pomc during development (Padilla et al., 2010). To date, it is unclear if this 
subset of NPY/AgRP holds any functional significance, or whether it bears any relation 
to the co-expressing POMC/AgRP neurons discussed in section 1.2. 

1.3.1 Development of efferent projections from the ARC 

Following the genesis, differentiation and migration of ARC cells to their 
mature locations, the neurons must form projections and connect to other hypothalamic 
and extra-hypothalamic nuclei in order to form the mature feeding circuits previously 
discussed. The formation of these projections has been the subject of several studies, 
however methodological and technical constraints have somewhat limited this 
characterisation. Although immunohistochemical evidence for the presence of NPY 
projections in the PVH of mice by birth now exists (Sanders et al., 2014), the majority of 
studies in rodents have focused solely on the early postnatal period, leading to a general 
view within the literature that the development of these projections occurs entirely 
postnatally.  

One of the first reports of a timeline for ARC projection development made use 
of the lipophilic marker DiI to label projections in the developing mouse hypothalamus 
between postnatal day (P) 4 and P21 (Bouret et al., 2004a). While providing an overview 
of development, it is useful to note when interpreting these findings that DiI only labels 
a very small subset of cells, and does not distinguish between neuronal types especially 
within the heterogenous ARC. At P4, Bouret et al. (2004a) identified labelled fibres in the 
periventricular pathway, dorsal to the ARC; however, staining was largely absent in all 
of the target nuclei investigated. Projections to the DMH appeared to develop rapidly, 
with low levels of staining reported at P6 as seen in figure 1.3, and an established pattern 
of fibres present by P12. In the PVH and LHA DiI labelled fibres were not seen until P8-
10 and P12 respectively (see figure 1.3). Labelling of projections to extra-hypothalamic 
regions, such as the aBNST and PVT, was apparent at P14. By P18 the pattern of 
projections from the ARC appeared similar to that of adult mice (Bouret et al., 2004a).   
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Figure 1.3 A model of postnatal ARC development as described by Bouret et al. (2004a). 
ARC neurons extend their projections to target nuclei postnatally, reaching the DMH by 
postnatal day (P) 6, the PVH by P8 – P10 and LHA by P12.  

 
To further characterise the formation of AgRP/NPY projections, several studies 

have made use of immunohistochemical and in situ techniques, which allow for the 
discrimination of specific neuronal subtypes. In these studies antibodies against AgRP 
were used, as unlike NPY, which is expressed by multiple areas in the brain, AgRP 
expression is confined to cells originating from the ARC (Broberger et al., 1998; Grove et 
al., 2003). In the developing mouse brain, AgRP immunoreactivity was found to be 
largely confined to the ARC at P0, with only a few stained fibres identified in the PVH 
and extrahypothalamic sites, such as the BNST and MPA (Nilsson et al., 2005). By P5, 
staining was clearly seen in the PVH, with intensity and fibre number increasing 
progressively until P21. Projections to the LHA developed later, with staining becoming 
prominent by P10 (Nilsson et al., 2005). Comparable patterns of development have been 
observed in the rat brain (Grove et al., 2003). At P2 a low-density network of NPY-
immunoreactive fibres was seen throughout the PVH, DMH and LHA, which did not 
co-label for AgRP immunoreactivity. By P5 however, NPY and AgRP co-expressing 
fibres were apparent in the DMH and PVH. Similarly to mice, staining in the LHA 
developed later and was noted at P10-11. Across all of the nuclei, the staining continued 
to increase in abundance over the first two postnatal weeks, reaching adult-like levels 
by P15-16 (Grove et al., 2003).  
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In keeping with the timeline of ARC development set by Bouret et al. (2004a), 
both Nilsson et al. (2005) and Grove et al. (2003) have interpreted their findings as 
showing that AgRP/NPY projections develop postnatally in rodents, with Grove et al. 
(2003) rationalising that NPY-positive projections seen in the PVH at P2 originate from 
an NPY-expressing population of neurons in the brainstem. However, from a 
developmental perspective it is perplexing that neurons would be generated around 
GD11.5 – GD12.5 and then sit in isolation, likely without the necessary neurotrophic 
reinforcement, before finally sending out axonal projections two weeks later. We must, 
therefore, consider that the methods used in these papers may not have uncovered the 
entire picture of what is occurring. It may be an overstatement to interpret the lack of 
immunoreactivity or staining in target nuclei at early postnatal ages as definitive 
evidence that these projections do not yet exist. This is especially pertinent as DiI only 
labels a small proportion of cells, and developmental immunolabelling of AgRP fibres 
is complicated by whether the neurons have yet begun to transport the peptide into their 
axons. An alternative interpretation is that primitive projections between the ARC and 
nuclei such as the PVH are present at birth, but do not yet transport AgRP along their 
axons. Under this model, these efferent projections would elaborate further postnatally 
by branching and forming synaptic connections, which would account for the gradual 
increase in immunoreactivity or DiI labelling seen over the first two postnatal weeks. 
Furthermore, a study of neurons in the VMH, which shares a similar developmental 
lineage to the ARC, showed that the neurons had started extending projections by 
GD10.5, almost as soon as they were born (Cheung et al., 2013). While further work is 
required to establish a definite timeframe for ARC development, this latter 
interpretation aligns more with the previous work from our lab where NPY 
immunoreactive fibres were detected in the PVH by P0 (Sanders et al., 2014). To date, 
little work has been published specifically investigating the development of POMC 
projections; however, it is expected that they follow a similar time course to that of AgRP 
neurons (Coupe & Bouret, 2013).  

As is often case with developmental research, much of the work to understand 
the development of the ARC has taken place in rodent models. However, the timing of 
brain development in relation to birth differs markedly in rodents compared to humans 
and many other species. One study has instead been carried out using non-human 
primates (NHPs, Japanese macaque monkeys) to investigate how the ARC develops 
during the late second and third trimester in an animal model that more closely 
resembles human development (Grayson et al., 2006). As early as late second trimester 
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(GD100) lightly-labelled co-expressing NPY and AgRP cell bodies were observed in the 
ARC, with sparse double-labelled fibres detectable in the PVH. The density of these 
efferent projections in the PVH increased substantially by GD130 (early third trimester) 
and again at GD170 (near term), although even close to birth NPY/AgRP fibre densities 
were still lower than those seen in the adult brain. Grayson et al. (2006) also attempted 
to characterise the development of the ARC POMC projections in NHPs. However, this 

was thwarted by the inability to detect co-localised a-MSH and CART immunoreactive 
cell bodies or fibres. In general, there was a suggestion that POMC projections may 
develop later than those from AgRP neurons, but as both POMC and CART are 
expressed by other cell populations, single labelling of either peptide could not 
confidently be attributed to the ARC population of neurons. Overall the data presented 
by Grayson et al. (2006) suggests that while much of the development of the ARC 
network occurs during the third trimester in NHPs, further axon branching and synapse 
formation may still occur following birth.  

1.4 A role for leptin  

The adipocyte hormone leptin has long been inextricably linked with the 
regulation of energy homeostasis and the ARC feeding circuitry. First identified by 
Zhang et al. (1994) as the gene mutated in the profoundly obese ob/ob mice (now known 
to be leptin-deficient), the discovery of leptin initially raised hopes that it might lead to 
therapeutic treatments for obesity (Halaas et al., 1995). For the most part, this did not 
eventuate, as the majority of people with obesity are not leptin-deficient (as was the case 
with ob/ob mice), but instead show elevated serum leptin levels and are likely leptin 
resistant (Caro et al., 1996; Considine et al., 1996). While leptin was initially considered 
solely for its role as a satiety signal in adults, the pertinent observation that ob/ob mice 
display altered brain structure, particularly within the hypothalamic circuitry governing 
energy homeostasis, provided evidence that leptin may also play a role in brain 
development (Steppan & Swick, 1999; Bouret et al., 2004b).   

1.4.1 Leptin and leptin receptor expression during development  

One of the fundamental criteria for leptin having a developmental function is 
that both it, and its receptors, must be present during the developmental period. In 
rodents, low levels of leptin have been detected within the sera at GD14 (Udagawa et al., 
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2006). Following birth, leptin levels increase dramatically, with neonates exhibiting a 
postnatal surge in which leptin levels increase 5-10 fold before falling to adult levels 
(Ahima et al., 1998). As we see in figure 1.4, there is a great deal of variability 
surrounding the timing of this surge reported within the literature; however, the general 
consensus appears to be that it occurs somewhere within the first two to three postnatal 
weeks (Ahima et al., 1998; Yura et al., 2005; Delahaye et al., 2008; Kirk et al., 2009; Pinsky 
et al., 2017; Dumon et al., 2018).  

  

Figure 1.4 Comparison of reported postnatal leptin surge data. Approximate serum 
leptin levels in mice (solid lines) and rats (dotted lines) as reported in the literature (black 
lines) and our own colony (Thomas Kim, red lines), in the first few postnatal weeks. 
Grey dotted line demarcates the age where leptin begins to exert anorectic effects. 
Approximate data derived from the figures of  Yura et al. (2005), C57Bl/6, black circle; 
Delahaye et al. (2008), Wistar, black square; Kirk et al. (2009), Sprague Dawley, black 
triangle; Pinsky et al. (2017), FVB/N, open circle; Dumon et al. (2018), C57Bl/6, black 
diamond; and Kim (unpublished data), C57Bl/6, red triangle.  

 
Expression of the long-form leptin receptor LepRb in mice has been seen even 

earlier in development. mRNA detection of LepRb in whole-brain samples by reverse 
transcriptase PCR has been reported as early as GD10.5, and by GD18.5 clear expression 
as seen by in situ hybridisation is evident in the ARC (Udagawa et al., 2000).  

Despite the expression of both leptin and leptin receptor early in development, 
neonates appear to be insensitive to the metabolic effects of leptin. This salient discovery 
was reported by Mistry et al. (1999) who found that daily intraperitoneal injection of 
neonatal mice with leptin from P7 to P10 had no impact on body weight or milk intake. 
Likewise, at P17 intracerebroventricular treatment with leptin did not alter food intake 
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or body weight. In fact, it was not until leptin’s effects were tested at P28, that the 
characteristic anorectic effects became evident following intracerebroventricular 
treatment (demarcated by the grey dotted line in figure 1.4). Together, these findings 
that leptin was present in high levels during development, but did not control metabolic 
parameters were highly suggestive that leptin may play a role in modulating 
development that is quite distinct from its role in body weight regulation seen later in 
life.  

1.4.2 Leptin deficient models and hypothalamic development  

The hypothesis that leptin is critical for the normal development of ARC 
efferent projections that regulate feeding was first proposed by Bouret et al. (2004b), 
following their observation of structural differences in the brains of ob/ob  mice. Tracing 
of the projections, through the insertion of DiI crystals into the ARC, revealed that the 
labelled fibre density in each of the PVH, DMH and LHA was markedly reduced in 
ob/ob mice compared to their wild-type littermates. This reduction in fibre density was 
not only seen through early postnatal development but persisted into adulthood. 
Furthermore, Bouret et al. (2004b) found that treatment of ob/ob neonates with 
recombinant leptin from P4 to P12 restored fibre densities in the PVH to similar levels 
of wild-type controls. However, treatment of adult ob/ob mice failed to replicate this 
rescue, highlighting the developmental nature of leptin’s actions. Bouret et al. (2004b) 
went on to claim that leptin acts on developing ARC neurons to specifically promote 
axon elongation and outgrowth. This conclusion was made in light of in vitro evidence 
that ARC explant cultures treated with leptin had a significantly higher density of fibres 
than controls. It is difficult to know what conclusions should be drawn from ARC 
explant cultures, as the heterogeneous nature of ARC cell types combined with the loss 
of signals from surrounding brain areas make it an impracticable method to study the 
normal development of a specific cell type. Needless to say, it is probable that the 
interpretations drawn by Bouret et al. (2004b) about the specific role that leptin plays in 
development are a likely overinterpretation of what their data actually showed.  

Since the initial report, the Simerly Group have extended their observations of 
leptin and the development of the ARC feeding circuitry. Using immunohistochemical 
techniques Bouyer and Simerly (2013) reported that AgRP neurons appeared to be more 
susceptible to the loss of developmental leptin signalling than POMC neurons. In ob/ob 
mice there was a pronounced reduction in AgRP fibre immunoreactivity seen 
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throughout the PVH in contrast to limited changes in α-MSH (a product of POMC) 
immunoreactivity. From a functional perspective, treatment of ob/ob neonates with 
exogenous leptin from P4 – P14 only resulted in a modest reduction in the body weight 
of the mice during adulthood when compared to vehicle-treated littermates, with both 
groups remaining markedly obese. However, while only small changes were seen in 
body weight, neonatal leptin treatment of ob/ob mice normalised adult food intake to 
levels comparable to that of wild-type controls. Most strikingly the leptin-treated 
animals showed greater sensitivity to the anorexigenic effects of leptin during a leptin 
challenge at 12 weeks of age, further supporting the idea that leptin is critical for proper 
development of the metabolic circuitry that leptin itself acts on later in life. To further 
tease apart the critical period in which leptin exerts its developmental actions, 
Kamitakahara et al. (2018) attempted to rescue the structural deficits in ob/ob mice with 
postnatal leptin treatments over a number of discrete time periods. Daily intraperitoneal 
leptin treatment from P4 – P14 or P16 – P26 significantly increased AgRP fibre 
immunoreactivity in the DMH. However, later leptin treatment from P28 – P38 failed to 
increase the density of AgRP projections to the DMH, suggesting that the neurotrophic 
actions of leptin did not extend beyond the 4th postnatal week. Nonetheless, it is 
important to note that this has since been challenged by Ramos-Lobo et al. (2019) who 
claim that restoration of leptin signalling in adulthood is able to restore deficits in ARC 
circuitry. One of the novel findings reported by Kamitakahara et al. (2018) was that 
restoration of ARC projections by exogenous leptin treatment was sexually dimorphic. 
Up until this paper, none of the previous work had distinguished development by sex, 
so it had been unclear if a bias existed. Here it was reported that leptin restored AgRP 
projections to the DMH in both sexes, however in the PVH significant rescue was only 
seen in leptin-treated females. This introduced the possibility that male and female 
neonates may be differently responsive to leptin during development.  

While Bouret and Simerly have pioneered much of the research into leptin and 
the development of the ARC, an independent research group has managed to produce 
results to support their findings. Using a different paradigm, blockage of leptin 
signalling from P2 – P13 in rat neonates with a pharmacological antagonist resulted in 
concordant functional outcomes (Attig et al., 2008). When animals that had been treated 
neonatally with the leptin antagonist were put on a high-energy diet for three months, 
they gained significantly more weight than saline-treated controls (49.4%±5.0 vs 
32.9%±4.5 weight gain). This increase was accompanied by a greater abdominal fat mass 
and hyperleptinaemia.  
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Figure 1.5 Role of leptin in the development of the ARC feeding circuitry. Leptin 
promotes elaboration of ARC projections to the PVH, LHA and DMH as seen in green. 
In the absence of leptin (red) this elaboration is stunted.  

 
The data we have just explored summarises a collection of elegant studies, 

which clearly demonstrate that leptin in the early postnatal period is critical for the 
normal development of ARC neurons and their projections. Nevertheless, what remains 
less clear is how leptin orchestrates this development. Bouret and Simerly, who largely 
dominate the literature within the field, have continued to reiterate their assertion that 
leptin acts directly on ARC neurons to promote axon outgrowth and the formation of 
tracts between the ARC and target nuclei (Bouret & Simerly, 2007; Bouret, 2013; Elson & 
Simerly, 2015). However, to date, little evidence exists to support this claim conclusively, 
and as such, all that can be definitively stated is that leptin is somehow important for 
the elaboration of ARC circuitry. If we return to the model proposed of postnatal ARC 
development (see section 1.3), in which primitive projections between the ARC and 
target nuclei are present at birth and elaborate further postnatally by branching and 
forming synaptic connections, it is easy to imagine an alternate role for leptin could 
include branch promotion and/or involvement in synaptogenesis. For the most part, 
this model is not at odds with the data presented by Bouret et al. (2004b), Bouyer and 
Simerly (2013) or Kamitakahara et al. (2018), as it would also result in a gradual increase 
in fibre density in the target regions over the early postnatal period (see figure 1.5). 
Furthermore, the postnatal period in which leptin appears to exert its developmental 
effects aligns more closely with when we believe branching and synaptogenesis likely 
occur.  
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1.4.3 Leptin signalling  

Understanding leptin signalling mechanisms can also aid us to understand the 
role leptin may play in orchestrating development. Throughout the majority of the 
literature we have discussed so far, the term leptin receptor (LepR, also known as ObR) 
has been used in reference to the long-form type receptor LepRb. However, to date, six 
isoforms of LepR have been identified (LepRa-f), which are generated by alternate 
splicing of the Lepr gene (Lee et al., 1996). Of these, all but the soluble receptor form 
LepRe, have an identical extracellular and transmembrane domain, differing only by 
their intracellular tail (Lee et al., 1996; Ge et al., 2002). Relatively little is known about the 
function of the short isoforms of LepR, with the long-form LepRb thought to mediate 
much of leptin’s central actions (Kwon et al., 2016). Accordingly, db/db mice, which lack 
only LepRb, display a remarkably similar obese phenotype to their leptin-deficient 
ob/ob counterparts (Tartaglia, 1997). LepRb is also thought to mediate the 
developmental actions of leptin, as the ARC projections in db/db mice are deficient in 
an identical manner to those seen in ob/ob mice (Bouret et al., 2012).  

 LepRb is a typical class I cytokine receptor, with similarities to the 
interleukin family of receptors (Myers et al., 2008). Like other class I cytokine receptors, 
LepRb lacks intrinsic kinase activity, instead, interacting with the tyrosine kinase Jak2 
to mediate signalling (Kloek et al., 2002). Binding of leptin to LepRb’s extracellular 
domain initiates the recruitment and autophosphorylation of Jak2. In turn, Jak2 
phosphorylates three tyrosine residues on the intracellular tail of LepRb (Y985, Y1077 
and Y1138). Phosphorylation of each of these sites induces a distinct signalling pathway 
(see figure 1.6). Phosphorylation of Y1077 and Y1138 leads to the recruitment of the 
latent transcription factors STAT5 and STAT3 respectively, which upon 
phosphorylation dimerise and translocate to the nucleus where they affect transcription 
(Munzberg & Morrison, 2015). Amongst the pSTAT3-regulated genes is Socs3, which, 
when translated feeds back to down-regulate leptin signalling (Bjorbaek et al., 1998). 
Y985 phosphorylation allows for interaction with the SH2 domain of ShP2. This leads to 
the induction of the canonical MAPK/ERK signalling pathway. Additionally, 
phosphorylation of several JAK2 amino acid residues results in the phosphorylation of 
IRS and subsequent activation of the PI3K signalling pathway and mTOR signalling 
(Kwon et al., 2016). A summary of these signalling mechanisms is depicted in figure 1.6 
below.  
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Figure 1.6 Leptin signalling pathway. Leptin binds to its receptor LepRb (green) to 
activate Janus kinase 2 (JAK2). JAK2 phosphorylates LepRb on tyrosines (Y) Y985, Y1077 
and Y1138, which in turn activate the STAT3, STAT5, ERK and PI3K intracellular 
pathways. The activated pathways contribute to the regulation of energy homeostasis 
(solid lines), while STAT3 and ERK signalling also contribute to postnatal ARC 
development (dotted lines).  

 
During the postnatal developmental period, all three of the major leptin 

signalling pathways (STAT3, ERK, PI3K) have been shown to respond to exogenous 
leptin treatment in the ARC (Bouret et al., 2012). To establish which of these pathways 
may mediate the neurotrophic actions of leptin Bouret et al. (2012) selectively knocked 
out each of the pathways. In vitro, inhibition of either the STAT3 or ERK pathway 
significantly attenuated leptin-induced neurite outgrowth in ARC explants; however, 
PI3K pathway inhibition failed to have an effect. To further characterise this in vivo, the 
ARC development of mice mutant at either tyrosine 1138 of the LepRb (s/s, STAT3 null), 
or tyrosine 985 (l/l, ERK null) was explored (for clarification of the mutation sites see 
figure 1.6 above). DiI labelling of both s/s and l/l neonates revealed a reduced density 
of labelled fibres in the PVH compared to wild-type controls. While this reduction was 
less severe in s/s animals compared to l/l animals, who had a reduced fibre density in 
the PVH comparable to db/db (LepRb null) counterparts, these data highlighted the 
importance of both pathways in specifying the development of the ARC projections. 
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1.4.4 Evidence from the hippocampus, cortex and cerebellum  

Although leptin has primarily been associated with the hypothalamus, leptin 
receptor expression is seen in a number of additional brain regions, including during 
development (Udagawa et al., 2000; Morash et al., 2001; Caron et al., 2010). Accordingly, 
it is thought that leptin may also help mediate development in some of these regions. 
Here we will review literature from the hippocampus, cortex and cerebellum with 
particular focus on specific functions for leptin, as it contributes to our overall 
understanding of what may be occurring within the hypothalamus.  

In the cortex, leptin has been found to influence the number of cortical neurons 
born during the embryonic developmental period (Udagawa et al., 2006). Mice deficient 
in leptin (ob/ob) had significantly fewer cells in the neuroepithelium and cortical plate 
at GD18, an effect that could be partially remediated by exogenous leptin treatment. 
BrdU birth dating by Udagawa et al. (2006) has suggested that leptin likely promotes 
neurogenesis, and the loss of cells is the result of fewer cells being generated instead of 
increased cell death.  Later in development, leptin may also influence axonal growth. 
Treatment of primary embryonic cortical neuron cultures with leptin led to a marked 
increase in axon growth cone area, combined with a reduced rate of growth cone 
collapse (Valerio et al., 2006). The application of pathway inhibitors implicated both the 
MAPK/ERK and PI3K pathways in mediating this effect, with no evidence for the 
STAT3 pathway being active within the cortex.  

 Leptin has also been implicated in hippocampal learning and memory, 
suggestive of a role in modulating synaptic plasticity within the hippocampus (Li et al., 
2002; Oomura et al., 2006). To characterise this further, O'Malley et al. (2007) examined 
the effects of leptin on in vitro hippocampal neuron cultures. Incubation of the neurons 
with leptin rapidly increased the number of filopodia along the proximal dendritic 
processes, which coincided with a redistribution of the cytoskeletal component, actin, 
from the dendritic shafts into the filopodia. The effect appeared to be governed by the 
MAPK/ERK pathway as the application of a MEK inhibitor attenuated the increase in 
dendritic filopodia. Similar results were reported by Dhar et al. (2014), who found that 
application of leptin to organotypic slice cultures increased the dendritic spine density 
in both the CA1 and CA3 regions of the hippocampus. This effect was also found to be 
MAPK/ERK mediated. Furthermore, in vivo, db/db had significantly fewer dendritic 
spines on both CA1 and CA3 pyramidal neurons than their wild-type counterparts.  

 Finally, within the cerebellum, an example of cell-type-specific effects of 
leptin has been reported. Treatment of cerebellar primary neuron cultures with leptin 
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was shown to increase the survival of Purkinje cells but had no effect on granule cells 
(Oldreive et al., 2008). Moreover, in a similar manner to cortical neurons, leptin also 
promoted neurite outgrowth from Purkinje cells and increased the number of neurite 
branches in vitro.  

1.4.5 Contribution of other metabolic hormones  

This section has focused solely on the role of leptin in orchestrating 
development, as it 1) is the most extensively studied hormone involved in ARC 
development, and 2) underpins many of the ideas explored in this thesis. Nevertheless, 
it would be remiss not to acknowledge that other hormones likely also contribute to the 
development of the ARC circuitry. Recent papers have suggested that both insulin and 
ghrelin may play inhibitory roles in the development of ARC projection pathways (Vogt 
et al., 2014; Steculorum et al., 2015). In the case of insulin, exposure of neonatal mice to a 
high-fat diet with associated hyperinsulinemia resulted in decreased AgRP and POMC 
fibre densities in the PVH, DMH and LHA (Vogt et al., 2014). While exposure to a high-
fat diet would not selectively alter only insulin levels, Vogt et al. (2014) found that 
inactivation of insulin receptors on POMC neurons could restore POMC fibre densities 
in the posterior PVH. Similarly, blockade of ghrelin during perinatal development 
increased AgRP and POMC fibre densities in the PVH of adult mice (Steculorum et al., 
2015).  These studies provide further evidence for the complex roles that hormones play 
in fine-tuning the development of the ARC circuitry.  

1.5 Does aberrant leptin equate to aberrant 
development?  

Body weight regulation is a topic that has garnered a lot of interest over the 
past few decades, especially as most Western societies continue to grapple with high 
rates of obesity and the associated medical and economic costs. Much attention has been 
put on increasingly obesogenic environments, with ready access to foods high in fat and 
sugar and more sedentary lifestyles. While countless studies have confirmed the link 
between high body mass index (BMI) and low physical activity levels, high screen-time 
and high food intake (Kimm et al., 2005; Hancox & Poulton, 2006; Anderson et al., 2016; 
Anderson et al., 2017), it is apparent that merely viewing obesity in terms of an imbalance 
between energy intake and energy expenditure is an oversimplification of the problem. 
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A number of genetic polymorphisms have been identified that either singly, or in 
combination with other genes, predispose an individual to becoming obese (Frayling et 
al., 2007; Locke et al., 2015). However, the rise in obesity’s prevalence over the past three 
decades has been so rapid that it cannot simply be attributed to a change in the 
population’s genetic make-up and instead suggests that the increase in obesity risk is 
due to interactions between genetics and the change in environment (Bouret et al., 2015). 
Increasingly, the evidence is now pointing to the importance of environmental factors 
much earlier in development than originally considered, and that in fact, a mother’s 
body weight during gestation may influence the risk of her offspring developing obesity 
later in life.  

Some of the earliest evidence that maternal nutrition during gestation may 
influence long-term metabolic regulation in the offspring came from the retrospective 
study of individuals born during the Dutch Famine at the end of World War II. As the 
Dutch population generally had adequate access to food both prior to and after the 
famine, it has provided insight into the effects of maternal undernutrition during a 
discrete period of early development (Roseboom et al., 2001). At 19 years of age, the 
cohort that had been exposed to maternal undernutrition in utero had significantly 
higher rates of obesity than those born in unaffected areas (Ravelli et al., 1976). The 
cohort also had increased rates of cardiovascular disease, impaired glucose tolerance 
and more atherogenic lipid profiles, with effects still seen at 50 years of age (Ravelli et 
al., 1998; Ravelli et al., 1999; Roseboom et al., 2000a; Roseboom et al., 2000b). 

Although much of the initial work on understanding the impact of maternal 
nutrition on offspring health focused on maternal undernutrition, the impact of 
maternal overnutrition and obesity is of much greater relevance to Western societies 
today. Epidemiological studies have now demonstrated that maternal obesity during 
pregnancy significantly increases the risk of the child becoming obese (Whitaker, 2004; 
Berkowitz et al., 2005; Gale et al., 2007; Andres et al., 2015). One retrospective cohort study 
of 8894 children born in the USA found that at four years, the prevalence of obesity 
among children born to obese mothers was 2.4-2.7 times greater than those born to 
normal-weight mothers, with 24.1% of children of obese mothers being classed as obese 
compared to 9% from normal-weight mothers (Whitaker, 2004). This correlation has 
been replicated in both rodent and large animal models (Samuelsson et al., 2008; Nivoit 
et al., 2009; Ornellas et al., 2013; Long et al., 2015), providing weight to the argument that 
the association is not entirely attributable to hereditary genetic factors or learned eating 
and exercising behaviours. In particular, one report using a cross-fostering model in rats 
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looked at the relative impact of in utero and early postnatal exposure to maternal obesity 
(Sun et al., 2012). Pups that underwent gestation in either high-fat or control fed dams 
were cross-fostered to give four groups either exposed to obesity in utero alone, during 
lactation alone, during both gestation and lactation or not at all. Sun et al. (2012) found 
that maternal high-fat exposure during the early postnatal period had the greatest 
impact on offspring body weight regulation, with these pups displaying increased body 
weight and adipose tissue irrespective of their prenatal diet. 

Given the evidence that leptin is important for the correct development of the 
brain circuitry governing energy homeostasis and body weight regulation, and given 
that leptin is likely abnormal in both cases of maternal over- and undernutrition, the 
question arises; does aberrant leptin, and hence aberrant brain development, at least 
partly explain the correlation between maternal body weight and offspring body weight 
later in life?  

1.5.1 Leptin and maternal undernutrition  

The clearest scenario in which leptin levels may be altered during development 
is in the case of maternal undernutrition, which would result in hypoleptinemia. This 
has been investigated in both a rat and mouse model of gestational caloric restriction 
(Vickers et al., 2005; Yura et al., 2005).  In each case, exposed offspring gained more 
weight than ad libitum controls when challenged with a high-fat diet post-weaning. 
Vickers et al. (2005) then found that if exogenous leptin was given to the undernutrition-
exposed neonates from P3 to P13, their caloric intake, locomotor activity, body weight 
and fat mass during adulthood all normalized to levels similar to ad libitum controls, a 
stark contrast to saline-treated undernutrition-exposed offspring. However, they did not 
measure the endogenous leptin levels of the neonates during development. In the mouse 
model, Yura et al. (2005) reported that maternal undernutrition, in fact, advanced the 
timing of the leptin surge, so that serum leptin levels peaked at P8-P10, in comparison 
to P16 in control offspring (Yura et al., 2005). Furthermore, when a premature leptin 
surge was artificially induced in normally nourished control offspring by injecting leptin 
from P5.5 – P10.5, the offspring also showed greater weight-gain when fed a high-fat 
diet than vehicle-injected controls. Although neither Yura et al. (2005) nor Vickers et al. 
(2005) investigated whether undernutrition anatomically altered the development of 
ARC projections to other hypothalamic nuclei, the behavioural findings suggest that 
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aberrant postnatal leptin largely accounted for the impact of maternal undernutrition 
on offspring body weight regulation. 

1.5.2 Maternal obesity and leptin  

In a slightly contradictory paradigm, the developmental programming 
processes that are aberrant in maternal undernutrition may also be relevant to 
understanding the effect of maternal obesity. Unlike undernutrition, gestational 
exposure to maternal obesity, both amplifies and prolongs the postnatal leptin surge in 
neonatal rats, with serum leptin levels remaining significantly higher than those of 
controls between P7 and P18 (Kirk et al., 2009). However, this inappropriate exposure to 
leptin may result in developmental leptin resistance. The first evidence for this was seen 
in a polygenic rat model of obesity, where obese susceptible neonates showed decreased 
responsiveness to exogenous leptin in the ARC at P10 compared to their obesity-
resistant counterparts (Bouret et al., 2008).  

 

Figure 1.7. Leptin responsiveness in the ARC of P8 offspring of control and obese 
dams. A – D) White dots represent nuclear pSTAT3, red shows AgRP neurons in the 
ARC of vehicle-treated offspring from normal-weight dams (A), leptin- treated offspring 
from normal-weight dams (B), vehicle-treated offspring of obese dams (C) and leptin-
treated offspring of obese dams (D). E) Quantification of AgRP/pSTAT3 co-localisation 
in control and maternal-obese (mHFD) offspring. F) Number of AgRP positive cells per 
section. G – H) Postnatal serum leptin levels in control (G) and maternal-obese (mHFD, 
H) offspring. Figures from Thomas Kim, Jasoni Lab (unpublished data).  

 
Preliminary data from the Jasoni lab indicates that a similar phenomenon may 

occur in a diet-induced mouse model of maternal obesity. In these neonates, the leptin 
surge occurs prematurely, with a peak seen in offspring of obese dams on P4, 
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significantly earlier than the peak normally seen at P16 (Figure 1.7, G, H). Again, 
exogenous leptin treatment, this time at P8, was unable to stimulate ARC pSTAT3 
translocation in the offspring of obese dams to the same levels as controls (figure 1.7 A-
D). In accordance with Baquero et al. (2014), at this age, the majority of pSTAT3 positive 
nuclei in the ARC co-localised with AgRP. This suggested that during this period, the 
majority of leptin- responsive cells are AgRP neurons. Together, these data support the 
idea of developmental leptin signalling as a possible mechanism to explain why 
offspring exposed to maternal obesity are at a higher risk of developing obesity 
themselves later in life. 
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1.6 Hypothesis and aims  

The data presented within this introduction paint a clear picture that leptin is a 
key mediator of ARC neuron development across the early postnatal window. However, 
it is unclear exactly how it does this. Evidence that leptin signalling may be impaired in 
scenarios, such as maternal obesity, makes this subject area of particular interest as it 
may provide a possible mechanism to explain why offspring exposed to maternal 
obesity are at a higher risk of developing obesity themselves later in life.  This thesis 
followed the hypothesis that leptin normally regulates the expression of developmental 
cues postnatally to ultimately direct the elaboration of the ARC feeding circuitry. Two 
lines of thinking were explored, which can be summarised as:  

 
Aim 1:  To determine whether leptin normally regulates the expression of 

putative pSTAT3 target genes in AgRP neurons during the early 
postnatal period (Chapter 3).  

 
Aim 2:  To characterise the normal postnatal expression of three ligand-

receptor pairs, Fzd5 and Wnt5a, Dcc and Ntn1, and Robo1 and Slit1, in 
the developing ARC and PVH (Chapter 4).  
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2 Methods 

2.1 Animals  

All animal procedures were approved by the Animal Ethics Committee of the 
University of Otago. Tissue was provided by approved users from the Jasoni Group. 
Briefly, female wild-type C57Bl/6 mice were maintained under a 12-hour light-dark 
cycle with ad libitum access to water and chow food. Females were time-mated with 
normal weight males and allowed to complete full gestation. The day of birth was 
defined as postnatal day 0 (P0). Pups were left undisturbed with their dam until 
collection on postnatal day 2, 8 12 or 16 (P2, P8, P12 or P16).  

2.1.1 Leptin and saline treatment  

A subset of tissue used in the experiments in this thesis was from animals 
acutely treated with either leptin or saline (control). All of this work was carried out by 
an approved user. P8 pups were intraperitoneally injected with either 10mg/kg of 
recombinant mouse leptin (R&D Systems 498-OB, USA) or an equivalent volume of 
saline vehicle, in accordance with literature published in the field (Bouret et al., 2012; 
Kamitakahara et al., 2018). Thirty minutes post-injection the pups were decapitated and 
the tissue collected as described below.  

2.1.2 Tissue collection  

Postnatal day 2, 8, 12 and 16 female and male neonates were sacrificed by 
decapitation. The brains were rapidly dissected from the skull using tools treated with 
Ambion RNase-Away, and then immediately snap-frozen in RNase-free isopentane on 

dry ice. All tissue was stored wrapped in aluminium foil at -80 °C until sectioning.  
The sex of all neonates was determined at the time of tissue collection. Initially, 

tail tips were collected for Sry genotyping (see protocol below). However, it was later 
found that sex could be determined by gonadal dissection (P2, P8) or by anogenital 
distance (P12, P16). This provided a more straightforward and immediate method for 
sex determination.  
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2.1.3 Sry genotyping  

DNA for genotyping was extracted using a crude extraction protocol. Briefly, 

tail tips were digested overnight at 55 °C in 250 µL lysis buffer (appendix A) with 2.1 µL 

20 mg/mL proteinase K. The DNA was then precipitated in 250 µL isopropanol, pelleted 

(10,000 rcf) and resuspended in 100 µL TE (Tris-EDTA) buffer (pH 8.0, Invitrogen).  
PCR was carried out to determine the presence or absence of the Sry gene, 

alongside PCR for the autosomal gene Smo, which acted as a positive control. Each 

reaction contained 6.25 µL DreamTaq 2x Master Mix (Thermo Scientific), 0.4 µL Sry 

forward primer (50 µM), 0.4 µL Sry reverse primer (50 µM), 0.125 µL Smo forward primer 

(15 µM), 0.125 µL Smo reverse primer (15 µM), 4.2 µL MilliQ water and 1.0 µL DNA to 

give a total reaction volume of 12.5 µL. Details of the forward and reverse Sry and Smo 
primers are given in Table 2.1.  Male and female positive controls, as well as a no-
template (MilliQ water) negative control, were included in all PCR runs.   

Table 2.1 Primer sequences for Sry genotyping 
Gene  Sequence Amplicon  

Sry 

 
F: GAGAGCATGGAGGGCCAT 
 270 bp  
R: CCACTCCTCTGTGACACT 
 

Smo 

 
F: CCACTGCGAGCCTTTGCGCTAC 
 160 bp  
R: CCCATCACCTCCGCGTCGCA 
 

 

PCR reactions were run using the following protocol: 95 °C for 3 minutes (initial 

denaturation); 40 cycles of 95 °C for 30 seconds, 64 °C for 40 seconds, 72 °C for 45 seconds 

(amplification); followed by 72 °C for 5 minutes (final extension). PCR products were 
analysed on a 1% agarose electrophoresis gel with ethidium bromide and visualised 
under a UV light. As seen in the representative gel below (figure 2.1), the presence of 
two bands of 160 bp and 270 bp was indicative of a male (Sry present), while one 160 bp 
band was indicative of a female (Sry absent).  Primer dimer was commonly seen in the 
no template control, which appeared to be an inherent problem with the DreamTaq 2x 
Master Mix (Thermo Scientific). However, this product was always discernibly smaller 
than the Smo band, so did not pose any concerns to the reliability of sex determination 
using this technique.  
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Figure 2.1 Representative Sry genotyping electrophoresis gel. Males are indicated by 
two bands (Sry present), while only the smaller product is seen for females. No template 
(NTC), and positive male and female controls are seen on the left. Molecular weight is 
indicated by a 100 bp DNA ladder, with 600bp and 100bp bands annotated.   

2.2 Gene expression analysis  

2.2.1 Tissue sectioning and microdissection  

Whole P8 leptin- and saline-treated brains were embedded in optimal cutting 
temperature media (OCT, Surgipath FSC22 Clear) and sectioned coronally on a cryostat 

(Leica CM1950) with the object temperature set at -10 °C and the chamber temperature 

set at -9 °C. Hypothalamic sections cut at 50 µm were collected onto RNase-free slides 
and incubated overnight at -20 °C in Ambion RNAlater®-ICE. RNAlater®-ICE makes the 
tissue pliable and helps to stabilise RNA at room temperature for a short period of time, 
minimizing RNA degradation during the microdissection process.  

The ARC was microdissected (see figure 2.2) from the sections using Ambion 
RNase Away® reagent-treated microdissection tools and fine forceps. The ARC was 
identified using morphological landmarks, including the shape of the third ventricle and 
the shape of the base of the brain. For each brain, the ARC was present across 8 - 10 
sections. Tissue was collected into RNase free tubes containing ice-cold TRIzol® Reagent 
(Invitrogen), lysed by vortexing and stored at -80 °C until RNA extraction.  
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Figure 2.2 Microdissection of the ARC. A) Dissecting microscope snapshot of a 50 µm 
coronal section following dissection of the ARC. Dissected area is highlighted within the 
red box. B) Higher magnification snapshot of the ARC prior to dissection. The ARC, as 
indicated by the red dotted line, is distinguishable by the shape of the ventricle and base 
of the brain. C) Microdissected ARC prior to collection with fine forceps. The dissected 
region to be collected is indicated by the red dotted line. Scale bars: 1000µm (A), 200µm 
(B, C) 

2.2.2 RNA extraction and cDNA conversion  

RNA was extracted from individual P8 leptin- and saline-treated ARC samples 

using the Zymo Direct-zol MiniPrep kit. Microdissected samples stored in TRIzolÒ 
reagent were defrosted on ice and run through the Zymo-spin IIC column in accordance 

with the manufacturer’s protocol. RNA was then eluted in 30 µL RNase-free water 
(UltraPure, Invitrogen) into RNase-free tubes.  

Eluted RNA samples were DNase treated using the Ambion DNA-free kit (Life 
Technologies) following the manufacturer’s protocol. RNA concentration was 
quantified using both a Nanodrop spectrometer (Nanodrop 2000, Thermo- Scientific) 
and a Qubit 3.0 fluorometer (Life Technologies). RNA concentration measurements 
from the Qubit fluorometer were used in preference to Nanodrop readings for 
downstream applications, as the concentration of RNA in ARC samples was too low for 
reliable readings from the Nanodrop.  Following quantification, RNA was stored 

suspended in RNase-free water at -80 °C until cDNA conversion.  
cDNA was synthesised from the RNA samples using qScript cDNA SuperMix 

(Quanta Biosciences) following the manufacturer’s protocol. Because RNA yields varied 
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between the samples, from 2.1 ng/µL to 3.78 ng/µL (in 30 µL), the RNA input was scaled 

with RNase-free water so that all reactions contained 50 ng total RNA in a 30 µL reaction 
volume. qScript cDNA SuperMix is a convenient master mix containing ready-mixed 
oligo (dT), random hexamer primers and reverse transcriptase, which has been 
extensively used by the Jasoni lab group. However, the inclusion of the reverse 
transcriptase in the master mix makes it impossible to include a no reverse transcriptase 
control. Instead, in place of this control, equivalent concentrations of unconverted, 
DNase-treated RNA were used in the following qPCR experiments.  

2.2.3 Quantitative PCR  

2.2.3.1 Primer design  

Quantitative PCR (qPCR) primers were designed to target the cDNA sequences 
of a number of developmentally associated genes. Primers for Fez1, Ngfr and Unc119 
had previously been designed and characterised as part of work undertaken in my 
Honours degree, and are listed in Table 2.2. Primers for Ephb3 and Plxnb1 were designed 
using the described protocol.  

Mus musculus transcript sequences were obtained from NCBI Gene 
(https://www.ncbi.nlm.nih.gov/gene/). For each gene, the accession number was 
entered into NCBI Primer Blast to generate potential candidate primer sets 
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/). Parameters were set within the 
design tool so that the generated primers had a melting temperature close to 60 °C, a GC 
content of 50-60%, were between 18 and 24 bp in length, amplified a region no greater 
than 200 bp and did not amplify unintended targets. Additionally, the primers were 
required to span across an intron where possible, with one of the primers annealing 
across an exon-exon junction. Intron-spanning primers were preferentially chosen as an 
additional control, to selectively amplify cDNA derived from spliced mRNA sequences 
and not genomic DNA. Candidate primer pairs were screened using NetPrimer 
(http://www.premierbiosoft.com/NetPrimer/AnalyzePrimer.jsp) to select pairs with 
a lower likelihood of forming cross dimers. The Ensembl mouse genome browser 
(http://asia.ensembl.org/index.html) was used to screen the primer pairs for known 
single nucleotide polymorphism sites.  

Primers for the reference genes Pgk1 and Sdha had previously been used within 
the Jasoni Lab Group and were provided. All primers were manufactured by Integrated 
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DNA Technologies and resuspended in TE Buffer (Invitrogen) as directed. The 
sequences of all primers are listed in Table 2.2.  

Table 2.2 qPCR primer sequences (5’-3’) 
 
Gene 
 

 
Sequence  
 

 
Amplicon  
 

 
Efficiency 
 

 
Source 
 

Ephb3 

 
F: TCTACGGCTCAATGACGGAC 
 134bp 109.3% Self-

designed  
R: TGACAAGGATGTTTCGGGCA 
 

Fez1 

 
F: CGAGAAGGTGCCTACTTTGCT 
 80 bp 105.6% Self-

designed  
R: TGAGGCTGCTCCAAAGATGA 
 

Ngfr 

 
F: AGTGTGTGAAGAGTGCCCAG 
 145bp 108.6% Self-

designed  
R: AGGGATCTCCTCGCATTCGG 
 

Plxnb1 

 
F: TGGATGTTGAATGGCGGTCT 
 76 bp 104.5% Self-

designed  
R: CCCTGGAGTTCGGAAGTGAC 
 

Unc119 

 
F: TCGCTACCAGTTCACACCTG 
 89 bp 94.4% Self-

designed  
R: AGTTGTTGACCGGCTTGTCT 
 

Pgk1 

 
F: CTCCGCTTTCATGTAGAGGAAG 
 117 bp 99.0% 

Willems 
et al. 
(2006) 

 
R: GACATCTCCTAGTTTGGACAGTG 
 

Sdha 

 
F: GATTACTCCAAGCCCATCCA 
 152 bp 98.6% 

Glendini
ng et al. 
(2018) 

 
R: GCACAGTCAGCCTCATTCAA 
 

2.2.3.2 Primer specificity and efficiency   

As an initial test of specificity, the primers designed for Ephb3  and Plxnb1 were 
screened by PCR using P0 and P8 cortical cDNA. These regions were selected as positive 
controls, as expression data from Allen’s  Developing Mouse Brain Atlas 
(http://developingmouse.brain-map.org/) indicated that both genes were expressed 
within the developing cortex. The PCR products for each primer set were run on a 1% 
agarose gel with ethidium bromide and visualised under UV light. Both primer sets 
produced a single band of the expected size (appendix B, figure B1) suggesting that they 
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did not amplify unintended targets or form primer dimers. Analysis of the qPCR melt 
curve from each primer set showed single peaks (appendix B, figure B2), again 
indicative that a single product was being produced.  

Primer efficiencies were determined by generating a standard curve using a 1:3 

dilution series of WT (wild-type, untreated) P8 cortical cDNA (i.e. 25ng/µL, 8.3ng/µL, 

2.8ng/µL, 0.93ng/µL, 0.31ng/µL). CT (threshold cycle) values were plotted using a 
logarithmic scale (see appendix B, figure B2), and efficiencies calculated using the 
following equation:  

Efficiency	(%) = -10
( 01
	23456	) − 18 100 

Primer efficiencies provide a measure of the rate at which a target sequence is 
amplified. Using the equation, an efficiency of 100% indicates that the primers increase 
the amplicon abundance by 2-fold every cycle. Efficiencies either above or below this 
can indicate pipetting error, poorly designed primers and/or amplification of non-
specific amplicons or primer dimers. All of the primers used fell within the general 
guideline that efficiencies should be between 90-110% (Taylor et al., 2010). Ideally, ARC 
cDNA would have been used to calculate efficiencies, as it would have shown how the 
primers behave with cDNA equivalent to the experimental samples. However, the 
scarcity of ARC cDNA and the relatively low concentration of cDNA in ARC samples 
made performing a dilution series impractical.   

2.2.3.3 qPCR protocol and analysis  

All qPCR was performed under standard thermal cycling conditions on a Viia7 
Real-Time PCR machine (Applied Biosystems) using 96 well plates. Each reaction was 
run in triplicate and contained 5 $L 2x PowerUp SybrGreen Master Mix (Applied 
Biosystems), 0.5 $L forward and reverse primer mix (final primer concentration 0.5 $M), 
3.5 $L molecular grade H2O and 1 $L cDNA (diluted 1:2 in RNase-free H2O), giving a 
total reaction volume of 10 $L. Reactions were run with the following protocol: 50 °C 
for 2 minutes, 95 °C for 2 minutes (pre-incubation); 40 cycles of 95 °C for 15 seconds 
(denaturing), and 60 °C for 1 minute (annealing and extension); 95 °C for 15 seconds, 60 
°C for 1 minute and then raised to 95 °C (melt curve). All plates included no-template 
negative controls, and for each sample, an unconverted RNA sample was run in place 
of a no reverse transcriptase control. Gene expression was normalized to the reference 
genes Pgk1 and Sdha, which had previously been shown in my honours work to remain 
stably expressed in the P8 ARC.  
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CT values were automatically calculated by the qPCR software, and an average 
of the technical replicates was taken. Normalised relative expression ratios were 
calculated to determine the relative amount of the gene of interest in each sample using 
the common base method described in Ganger et al. (2017). CT values were normalised 
against Pgk1 and Sdha, using the following equations:  

Firstly all CT values were efficiency corrected using the primer efficiencies (E) 
calculated in section 2.2.3.2 to give Cw values for each gene. In keeping with Ganger et 
al. (2017) the superscript (w) is used to denote the use of efficiency weighting on the CT 
values, and does not denote exponentiation.  

9: 	= 	 log1>(?) ∙ 	9A 
Then the difference between the weighted CT values (Cw) of the gene of interest 

and the mean Cw of the reference genes was calculated.  

∆9: 	= C	
1
D
E 9FGHI

:
J

I	K1
	L 		− 	9MNO:  

Finally normalised relative expression ratios were calculated by normalising to 
the mean male saline ∆Cw. From this, the fold change relative to male saline-treated 
samples, which was set as the reference point, could be determined.  

∆∆9: 	= 	∆9PQRSTU: −	
1
D
E ∆9VQTU	PQTIJU

:
J

IK1
 

 

WXYZ	[ℎ]D^_ = 	10	∆∆`a 
Unlike the ∆∆CT method that is commonly used to quantify qPCR, this method 

includes an efficiency correction (E), rather than assuming 100% primer efficiency 
(Ganger et al., 2017). We have previously used the Pfaffl method, and a modification, 
both of which take into account primer efficiency (Pfaffl, 2001; Hellemans et al., 2007). 
However, as they arbitrarily pair samples to compare CT values, they are not suitable 
when there is more than one independent variable. Two-way ANOVA (treatment x sex) 
were performed using GraphPad Prism (v 8.3.1) software to analyse for significant 
changes in gene expression. Results were considered statistically significant if p ≤ 0.05. 
Post-hoc testing was not performed, as no significance was observed to warrant it.  

2.3 RNAscope in situ hybridisation  

RNAscope (ACD bio) is a relatively new method for in situ hybridisation 
detection of mRNA, which was first described by Wang et al. (2012). RNAscope works 
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on the premise that pairs of “double Z” probes hybridise contiguously to target mRNA. 
These pairs of probes together make up a binding site for a preamplifier, which is in turn 
amplified (see figure 2.3). Probes for each mRNA are made up of 10 – 20 pairs, meaning 
that the target is bound at multiple sites. It is purported that this novel probe design 
increases the specificity and sensitivity of this in situ hybridisation technique (Wang et 
al., 2012). One of the main advantages we saw in comparison to traditional in situ 
hybridisation methods, was that the probes are not RNA based, reducing the likelihood 
of probe degradation. Additionally, RNAscope makes use of common chromogen 
staining methods such as peroxidase- and alkaline phosphatase-based systems, 
removing the need for radioactive labelling.  

 
Figure 2.3 Schematic showing the premise of RNAscope, from Wang et al. (2012). 
Target mRNA is bound by pairs of double-Z probes, which in turn are bound by 
preamplifiers and amplifiers.  
 

A large component of the work carried out for this Master’s thesis involved 
establishing RNAscope as a new technique within the Jasoni Lab. Frustratingly, the 
proprietary nature of the technique somewhat limited the ability to make informed 
adjustments to the protocol; however, some optimisation was carried out to achieve 
satisfactory results.  

2.3.1 Mouse 3T3 cell pellet  

As an initial proof of technique, and at the manufacturer’s recommendation, 
RNAscope mouse control slides were used to demonstrate that the technique could 
work in our hands. Formalin-fixed paraffin-embedded cell pellets from mouse 3T3 cells 
(ACD Bio), provided by the manufacturer as control slides, were pre-treated following 
the manufacturer’s protocol, before hybridisation with the positive control probe for the 
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constitutively expressed gene Ppib or the negative control probe for the bacterial gene 
dapB. The assay was run in accordance with the manufacturer’s instructions, with the 

exception that a standard hybridisation oven capable of holding 40°C ± 1°C, and a 

sealed, humidified box, was used in place of the HybEZÔ oven system. Following DAB 
staining, the slides were counterstained in hematoxylin, before dehydrating and cover-
slipping with DPX. Slides were imaged using a Nikon Ti2E inverted microscope.  

As can be seen in figure 2.4, small brown dots were apparent in the slide 
hybridised with Ppib, which were not present on the cell pellet hybridised with the 
negative control probe dapB. While faint, the positive staining on the Ppib slide gave 
reassurance of technical competence, and that the protocol could be successfully 

performed without the prescribed HybEZÔ hybridisation oven.  

 
Figure 2.4 RNAscope control slides. RNAscope in situ hybridisation of mouse 3T3 cell 
pellets using the negative control probe dapB (A) and positive control probe Ppib (B). 
Scale bar: 50µm.  

2.3.2 Tissue sectioning  

Tissue was collected as described above (section 2.1.2). Whole wild-type fresh 
frozen P2, P8, P12 and P16 brains were fully embedded in OCT (Surgipath FSC22 Clear). 

Coronal sections were cut at either 20 µm (all sections used for the brown singleplex) or 

14 µm (some sections used for the dual label) using a cryostat (Leica CM1950), and 
sections containing the hypothalamic ARC and PVH collected onto RNase-free 
SuperFrost Plus slides (LabServ). Collected sections were briefly dried onto the slides at 

room temperature, before storage at -80 °C.  
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2.3.3 RNAscope DAB brown singleplex  

The RNAscope 2.5 HD brown assay detects the expression of a single gene of 
interest using a DAB detection system to produce a brown, permanent, precipitate. ACD 
Bio claims that the brown assay is capable of detecting low gene expression (as low as 
1-20 copies per cell), with each punctate dot indicative of a single RNA target. All probes 
are designed by ACD Bio and provided in a ready-to-use form (details of probes used 
are provided in table 2.3). In my hands, the RNAscope 2.5 HD brown assay was the most 
consistent of the assays I used, producing robust and reliable detection of a number of 
genes of interest.  

Table 2.3 Probes used for RNAscope 2.5 HD brown assay 
Gene Target on transcript No. of Pairs Catalogue No. 

Agrp 11 - 764 16 40071 
Dcc 644 - 1583 20 427491 
Fzd5 852 - 1687 20 404911 
Ngfr 310 - 1148 20 494261 
Ntn1 3537 - 4505 20 407621 
Robo1 993 - 1901 20 475951 
Slit1 563 - 2006 20 502491 
Wnt5a 200 - 1431 20 316791 
dapB* 414 - 862 10 310043 
Ppib* 98 - 856 15 313911 

* Negative and positive control probes 
All RNAscope experiments were performed using RNase-free glassware 

(baked overnight at 180 °C), and all solutions prepared with autoclaved MilliQ water. 
Each experimental run included a section hybridised with the negative control probe 
dapB alongside the probes of interest. Tissue sections were thawed at room temperature 
for 15 minutes, before fixation in chilled 4% paraformaldehyde in 1% PBS for 15 minutes 

at 4 °C. Slides were then dehydrated in successive ethanol washes (50%, 70%, 100%, 
100%), and a hydrophobic barrier formed around each tissue section (ImmEdge 
hydrophobic pen). Endogenous peroxidases were blocked with hydrogen peroxide 
(RNAscope, ACD Bio) for 10 minutes at RT, and the slides washed in 1x PBS.  

RNAscope ready-to-use probes were warmed at 40 °C for ≥10 minutes before 
use. Ten microlitres of probe was pipetted onto each tissue section and hybridised for 2 

hours at 40 °C. Following hybridisation, slides were washed twice in 1x RNAscope 
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Wash Buffer (ACD Bio), before proceeding with amplification steps. Ten microlitres of 
each of RNAscope AMP 1-6 were sequentially applied to each tissue section and 

incubated at 40 °C (AMP 1-4) or room temperature (AMP 5-6) for the stipulated time 
period (30 minutes, 15 minutes, 30 minutes, 15 minutes, 30 minutes and 15 minutes 
respectively). Each amplification step was separated by 2x washes in 1x RNAscope 
Wash Buffer. Following a final 2x washes in 1x RNAscope Wash Buffer, signal was 
detected using DAB substrate (1:1 DAB-A to DAB-B, ACD Bio) applied to each section 
for 10 minutes at room temperature. Slides were then counterstained with 50% Gill’s 
No. 1 hematoxylin for 2 minutes, blued in 0.02% Ammonia Water, and washed >6x in 
MilliQ water, before dehydrating (70% EtOH, 100% EtOH, 100% EtOH, Xylene) and 
cover-slipping with DPX. Slides were imaged using a Nikon Ti2E inverted microscope.  

2.3.3.1 Protease optimisation  

The initial RNAscope pre-treatment method provided by the manufacturer 
included a protease step, which is a common component of in situ hybridisation 
protocols to aid in probe penetration. As the developmentally young tissue (≤ P16) used 
in these experiments can be more susceptible to damage from protease treatment, a 
range of treatment times were trialled. Following hydrogen peroxide treatment, 
RNAscope Protease Plus (ACD Bio), was applied to P16 tissues sections for 30 minutes 
(manufacturer’s recommendation), 15 minutes, or 0 minutes (no protease treatment). 
The sections were then hybridised with the positive control probe Ppib, and processed 
following the protocol described above.  

 
Figure 2.5 Optimisation of protease treatment. P16 tissue sections treated with 
RNAscope Protease Plus for 30 minutes (A), 15 minutes (B) and 0 minutes (C), followed 
by hybridisation with Ppib. Scale bar: 1000 µm  
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As is clearly seen in figure 2.5 (A), treatment of P16 sections with protease for 
the recommended 30 minutes resulted in almost complete digestion of the tissue. 
Likewise, treatment for 15 minutes (figure 2.5 B) led to a significant destruction of tissue 
morphology. However, when the protease step was removed, both section morphology 
was preserved, and positive Ppib staining was evident (figure 2.5 C), indicating that 
probe penetration was sufficient without protease treatment. For all further 
experiments, protease treatment was not used.  

2.3.3.2 Agrp – proof of technique   

Much of the work in this thesis focuses on the ARC AgRP/NPY neurons. Agrp 
expression in the brain is solely confined to this population of neurons (Grove et al., 
2001), making the gene a valuable test of the specificity of RNAscope in situ 
hybridisation.  

 
Figure 2.6 Agrp and dapB proof of technique. RNAscope in situ hybridisation for dapB 
(A, C) or Agrp (B, D) on P16 coronal sections containing the ARC. A, B) Low 
magnification overview of entire sections. C, D) Higher magnification of the ARC 
region. Scale bars: 1000 µm (B), and 100 µm (D).  
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Consistent with previously reported expression patterns (Nilsson et al., 2005), 
RNAscope in situ for Agrp labelled cells almost entirely confined to the ARC, with a few 
displaced cells along the floor of the third ventricle also labelled (figure 2.6 B, D). 
Additionally, no background staining was apparent on sections hybridised with the 
negative control probe dapB (figure 2.6 A, C), giving further confidence in the technique. 

2.3.3.3 Adjusting staining intensity  

The RNAscope manufacturer’s protocol suggests that the incubation time of 
amplification step 5 may be adjusted to optimise the staining intensity of the gene of 
interest. To test this, RNAscope for Agrp was performed with an AMP5 incubation time 
of 30 minutes (standard protocol) or 17.5 minutes. No discernible difference in staining 
could be seen between the two incubation times (figure 2.7 A, B), so no further attempts 
were made to adjust AMP5 in order to optimise staining intensity.  

 
Figure 2.7 Adjustment of staining intensity. A, B) RNAscope in situ hybridisation for 
Agrp, comparing the staining intensity of brown staining following an AMP5 incubation 
length of 17.5 minutes (A) or 30 minutes (B). C, D) RNAscope in situ hybridisation for 
Slit1, comparing the staining intensity of brown staining following dilution of the probe 
1/2 (C) or 1/16 (D) in RNAscope probe diluent. Scale bar: 100 µm.  
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Instead, it was found that titrating the probe concentration was a more effective 
method for decreasing the intensity of staining. ACD Bio produces a probe diluent, 
which is marketed for use in the dual label assays in place of a Channel 1 probe. It was, 
therefore, reasoned that this could be used to dilute a Channel 1 probe. As a proof of 
principle, the  Slit1 probe was diluted to give Channel 1 probe concentrations of 1/2, 
1/4, 1/8, 1/16. This produced a gradient of staining intensity, with a marked difference 
between the 1/2 and 1/16 dilutions (figure 2.7 C, D).  

2.3.3.4 Survey of axon guidance genes during development 

Cryostat sections from the brains of P2, P8, P12 and P16 neonates were collected 
in series so that each slide in the series consisted of 2 – 4 sections (dependent on 
developmental age) along the rostral-caudal extent of either the ARC or PVH. Brains 
were not used from pups that were markedly smaller than their littermates, and any 
brains that garnered fewer sections containing the ARC and PVH than expected were 
discarded. For all six of the genes, the RNAscope assay was run on a series of sections 
from both a male and female brain at each of the developmental ages.  

2.3.4 RNAscope chromogen duplex  

The RNAscope 2.5HD Duplex Chromogenic assay detects the expression of two 
genes of interest, making use of both the horseradish peroxidase and alkaline 
phosphatase detection systems to produce green and red staining respectively. This 
assay was chosen in preference over the fluorescent assays, as we held concerns about 
photobleaching given the very small size of the individual puncta, as well as some 
doubts about the ability to distinguish the puncta over any background staining. The 
assay is designed so that Channel 1 probes (cross-compatible with the singleplex assay) 
must be detected with the green stain and Channel 2 probes with the red stain.  

Again, all RNAscope duplex experiments were performed using RNase-free 
glassware, and all solutions prepared with autoclaved MilliQ water. As a control, 
sections hybridised with the duplex negative control probe, with dapB in both channels, 
were run alongside the probes of interest. All of the duplex assays performed for this 
thesis involved co-labelling with Agrp. However, as Agrp is highly expressed, it proved 
difficult to confidently distinguish if the two labelled genes were expressed within the 

same cell. To minimise this problem, thinner sections (14 µm) were used in the later 
work performed (details are provided in table 2.4).  
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Tissue sections were fixed, dehydrated and blocked with hydrogen peroxide as 
described for the brown singleplex assay. Channel 1 and Channel 2 probes for the two 
genes of interest were mixed before use and hybridised simultaneously. ACD Bio 
recommends that Channel 1 probes are used at the provided concentration, and Channel 
2 probes are diluted 1:50 within the Channel 1 probe. However, similarly to the 
singleplex assay, it was found that staining intensity could be adjusted by altering probe 
concentration. Thus, optimal probe concentrations were determined experimentally and 
used at the concentrations specified in table 2.4.  

 
Table 2.4 Probe concentrations and tissue used for RNAscope Chromogen Duplex 

assay 
Channel  

1 
Probe  
Conc. 

Channel  
2 

Probe  
Conc. 

Developmental 
Age + Region 

Section 
Thickness 

Ngfr Und. Agrp 1:75 P8 ARC 20 µm 

Agrp 5:4 Fez1 1:50 P8 ARC 20 µm 

Blank –   Fez1 1:50 P8 ARC 20 µm 

Dcc Und.  Agrp 1:100 P12 ARC 14 µm 

Fzd5 Und. Agrp 1:100 P12 ARC 14 µm 

Ntn1 Und. Agrp 1:100 P12 ARC 14 µm 

Robo1 Und. Agrp 1:100 P12 ARC 14 µm 

Slit1 Und. Agrp 1:100 P12 ARC 14 µm 

Wnt5a Und. Agrp 1:100 P12 ARC 14 µm 

 
All probes and probe diluent were warmed at 40 ̊ C for ≥ 10 minutes before use. 

Each section was covered with 10	µL of probe and hybridised for two hours at 40 ˚C. 
Following hybridisation, the slides were washed twice in 1x RNAscope Wash Buffer 
(ACD Bio) and then stored overnight in 5x SSC (saline sodium citrate) at room 
temperature. The following day the slides were again washed twice in 1x RNAscope 
Wash Buffer before proceeding with the amplification steps as specified in the 
manufacturer’s protocol. Ten microlitres of AMP 1 – 6 were sequentially applied to each 
section as stipulated (AMP 1 – 30 minutes, 40 ˚C; AMP 2 – 15 minutes, 40 ˚C; AMP 3 – 
30 minutes, 40 ˚C; AMP 4 – 15 minutes, 40 ˚C; AMP 5 – 30 minutes, RT; AMP 6 – 15 
minutes, RT). Each amplification step was performed within a sealed, humidified box 
and followed by two washes in 1x RNAscope Wash Buffer. Following two washes in 1x 
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RNAscope Wash Buffer, the red signal (Channel 2) was detected using red substrate 
(1:60 Red-B to Red-A, ACD Bio), applied to each section for 10 minutes at room 
temperature. AMP steps 7 – 10, separated by two washes in 1x RNAscope Wash Buffer, 

were then performed sequentially by applying 10 µL of AMP to each section as directed 
(AMP 7 – 15 minutes, 40 ˚C; AMP 8 – 30 minutes, 40 ˚C; AMP 9 – 30 minutes, RT; AMP 
10 – 15 minutes, RT). Green signal was then detected using green substrate (1:50 Green-
B to Green- A, ACD Bio) applied to each section for 10 minutes at room temperature. 
Slides were then briefly washed in water (< 30 seconds), counterstained in 50% Gill’s 
No. 1 hematoxylin (30 seconds), washed again in water (< 30 seconds) and then dried at 
60 ̊ C for 25 minutes. As the green stain is water-soluble, slides were processed in batches 
of ≤ 4 slides from green detection through to drying, to minimise the time the slides 
spent in water, and therefore limit the fading of the green stain. Once cooled, all slides 
were coverslipped with VectaMount permanent mounting medium (Vector 
Laboratories). Slides were imaged using the Nikon Ti2E inverted microscope. 
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3 Downstream targets of STAT3 

leptin signalling 

3.1 Introduction  

Throughout much of the literature review, we have examined the evidence that 
leptin is critical for the normal elaboration of ARC projections during development. As 
a component of this, the STAT3 signalling cascade, alongside the MAPK/ERK pathway, 
is thought to largely mediate these developmental effects ((Bouret et al., 2012), see 
section 1.4.3). Furthermore, evidence that STAT3 signalling may be impaired in 
scenarios, such as maternal obesity, where ARC development is altered (Thomas Kim, 
unpublished data, section 1.5) has led us to question what genes does STAT3 regulate 
in order to direct normal development?  

STAT3, or single transducer and activator of transcription 3, as the name 
implies, is a transcription factor.  In the canonical JAK-STAT signalling pathway, such 
as that used by leptin, activation of Janus-kinases (JAK) results in the phosphorylation 
and dimerisation of STAT3. From there, pSTAT3 dimers can translocate to the nucleus 
where they act as transcriptional regulators (Kwon et al., 2016). One possible approach 
to identify genes regulated by pSTAT3 is to perform chromatin immunoprecipitation 
combined with sequencing (ChIP-seq). As seen in figure 3.1, ChIP-seq makes use of 
cross-links made between DNA and all of the proteins associated with the DNA, such 
as transcription factors, at the time of tissue sample collection. The DNA is sheared, and 
the fragments cross-linked to a particular protein (e.g. STAT3) are selectively isolated by 
immunoprecipitation before sequencing.  

 
Figure 3.1 Simplified overview of the ChIP-Seq workflow. DNA is cross-linked to 
associating proteins and then isolated for sequencing by immunoprecipitation.  
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 In an attempt to identify the molecular targets that lie downstream of 
pSTAT3 following its induction by leptin, the Jasoni lab group has done just this. ChIP-
Seq for pSTAT3 was performed on ARC tissue that was isolated from P8 wild-type 
neonatal mice 30 minutes post intraperitoneal injection with either recombinant leptin 
(10 mg/kg) or saline vehicle (Thomas Kim, unpublished data). From this, a list of 
putative leptin-induced pSTAT3 target genes was compiled by mapping the DNA 
fragments that had been isolated. However, it has not yet been confirmed whether the 
expression of any of these genes changes in the P8 ARC following leptin treatment. 
Given that without leptin the projections from the ARC neurons fail to elaborate 
normally, it is reasonable to suspect that leptin (and consequently pSTAT3) may regulate 
the expression of genes involved in axon elongation, branching, or synapse formation. 
Surprisingly, of the genes with pSTAT3 binding in the promoter region or 
transcriptional start site, none had known neurodevelopmental functions to clearly 
warrant further investigation. However, from the broader ChIP-Seq data set, five genes 
were selected as having a potential role in ARC development. These were Fez1 
(transcriptional termination site pSTAT3 binding), Ngfr (3’UTR binding), Ephb3, Plxnb1 
and Unc119 (all exon binding).  

3.1.1 Functions of putative leptin-responsive pSTAT3 targets 

Of the five putative leptin responsive genes, Ephb3 and Plxnb1, both encode 
components of classical neural development pathways. Plxnb1 encodes a 
transmembrane receptor for the semaphorin SEMA4D (Tamagnone et al., 1999). 
Generally, the semaphorin family of signalling molecules and their plexin receptors, are 
associated with axon repulsion and growth cone collapse in the developing brain 
(Negishi et al., 2005). While PLXNB1 has been shown to mediate acute SEMA4D-induced 
growth cone collapse in both primary hippocampal neuron and retinal ganglion cell 
cultures, over a longer period SEMA4D treatment of cultured hippocampal neurons 
increases the number of dendritic and axonal branches in a PlexinB1 dependent manner 
(Swiercz et al., 2002; Oinuma et al., 2004; Vodrazka et al., 2009). Furthermore, later in 
development, SEMA4D and PLXNB1 promote inhibitory GABAergic synapse 
formation, but not glutamatergic synaptogenesis, in hippocampal neurons (Kuzirian et 
al., 2013; Raissi et al., 2013; McDermott et al., 2018). Like the Plexins, the Eph family of 
receptors and the affiliated Ephrin ligands have traditionally been associated with axon 
growth cone repulsion (Orioli & Klein, 1997). Specific functions of the different EphB 
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receptors have been uncovered using a variety of knockout models. EPHB2 and EPHB3 
have been implicated in axonal defasciculation in the hippocamposeptal pathway (Chen 
et al., 2004). During normal development, hippocampal axons travel in fascicles to the 
lateral septum, where they defasciculate and spread topographically. In double EphB2/3 
mutants, the fasciculated axons reach the lateral septum but then remain bundled within 
the target. Triple knockout of EphB1-3 also perturbs dendritic spine formation in the 
hippocampus, decreasing the density of excitatory synapses (Henkemeyer et al., 2003; 
Kayser et al., 2006). While it has been suggested that much of this spine and synapse 
development is attributable to EPHB2, single knockout of EphB1-3 failed to alter synapse 
development, and double knockouts produced a reduced phenotype when compared to 
the triple knockout, indicating that the receptors may all play a redundant role in 
dendritic spine formation (Henkemeyer et al., 2003).  

Fasciculation and elongation protein zeta 1 (Fez1, mammalian homolog of unc-
76) and Unc119 both belong to a set of genes first identified in Caenorhabditis elegans 
uncoordinated mutants (Maduro & Pilgrim, 1995; Bloom & Horvitz, 1997). In rodents, 
Fez1 is expressed almost exclusively in the brain, with mRNA expression becoming 
detectable by GD11 during a period of extensive brain growth (Fujita et al., 2004). FEZ1 
acts as a hub protein, mediating interactions between a number of other proteins with a 
variety of functions. Of particular interest is its interaction with the kinesin heavy-chain, 
part of a motor protein responsible for anterograde axonal transport (Gindhart et al., 
2003). Consistent with this Gindhart et al. (2003) reported that Unc76 localised to axons 
during Drosophila development, and null mutants had an embryonic-lethal phenotype 
similar to that of kinesin mutants. In PC12 cells, siRNA silencing of Fez1 significantly 
impaired anterograde transport (Fujita et al., 2007). In tissue from rat brains, presynaptic 
proteins important for neurite outgrowth and synapse formation have been identified 
in FEZ1 cargoes (Butkevich et al., 2016). Despite this critical role in axonal transport,  Fez1 
null mice do not show any gross anatomical changes in brain structure (Sakae et al., 
2008). Behavioural alterations such as hyperactivity and an enhanced response to 
psychostimulants suggest deletion of Fez1 may have resulted in subtle changes in brain 
circuitry; however, in terms of overall brain development, the homolog Fez2 may in part 
compensate for the loss of Fez1 (Fujita et al., 2004; Sakae et al., 2008).  

Much less is known about the function of UNC119. C. elegans Unc119 mutants 
have a “dumpy” morphology, with excessively branched GABA neurons that form 
inappropriately localised synapses (Maduro & Pilgrim, 1995; Knobel et al., 2001). 
Growth cone migration in these GABA neurons is reported to be normal, suggesting 
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that Unc119 may suppress the sprouting of ectopic axon branches after the axon is 
established. Functionally conserved orthologs of Unc119 have been identified in 
Drosophila melanogaster, zebrafish, mice and humans indicating that the protein might 
have a highly conserved role in neural development. In zebrafish, morpholino 
knockdown of Unc119 produced a curly-tail down phenotype, accompanied by 
excessively branched axons, defasciculation and mistargeting of axons (Manning et al., 
2004). While Unc119 is critical for nervous system development in both C. elegans and 
zebrafish, little is known about it in mammals. To date, all studies of UNC119 within the 
mammalian nervous system have focused on the retina, where UNC119 is essential for 
protein trafficking within photoreceptors (Zhang et al., 2011). One study has identified 
Unc119 expression in regions of the brain outside the retina; however, it is unclear what 
functional role it plays (Swanson et al., 1998).  

Finally, nerve growth factor receptor (Ngfr) encodes a low affinity, pan-
neurotrophin receptor (Bothwell, 1995). Neurotrophins (such as BDNF) are widely 
recognised as critical regulators of neuronal development. In the hypothalamus alone, 
the formation of projections between the ARC and PVH is reduced in mice with 
impaired BDNF signalling (Liao et al., 2015). In contrast to the specific neurotrophin 
receptors, TRKA-C, NGFR binds all neurotrophins (BDNF, NGF, NT3 and NT4). The 
function of NGFR appears to be largely governed by its interaction with other proteins, 
which has led to its implication in a range of seemingly conflicting processes. One role 
is in the regulation of apoptosis. Application of neurotrophins or proneurotrophins can 
promote apoptosis of cultured Ngfr expressing cells in some contexts, however, Ngfr-/- 
cells appear insensitive to this effect (Friedman, 2000; Volosin et al., 2006). In contrast, 
NGFR can play a role in axon elongation. Application of NGF to chick ciliary neurons 
which express Ngfr, but not TrkA, has been shown to stimulate neurite outgrowth 
(Yamashita et al., 1999). This effect is mediated by NGFR modulation of the small GTPase 
RhoA, which affects the actin cytoskeleton. In mice, similar findings have been reported, 
with the activity of RhoA decreased in individual growth cones following the 
application of BDNF (Gehler et al., 2004). Conversely, NGFR may also mediate the 
inhibition of axon elongation by myelin. Several proteins associated with myelin (MAG 
and Nogo) are thought to strengthen the association between NGFR and a Rho-GDP 
dissociation inhibitor which inhibits axon growth (Yamashita & Tohyama, 2003).  

While nothing is yet known about the expression or function of any of these 
genes within the hypothalamus, it is not difficult to imagine how alterations in the 
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expression of any of them may result in aberrant development of the ARC neural 
circuitry.  

3.1.2  Hypotheses and Aims  

Given that leptin is critical for the postnatal elaboration of the ARC feeding circuitry, 
and this is in part mediated by the STAT3 signalling pathway, it was hypothesised that:  

1 The ARC expression of the putative pSTAT3 targets identified by the Chip-Seq, 
Ephb3, Fez1, Ngfr, Plxnb1, and Unc119, is regulated by leptin during the early 
postnatal period.  

2 These putative pSTAT3 targets are expressed by ARC AgRP neurons during 
postnatal development.  

 
To address these hypotheses, I aimed to:  

1 Use qPCR to measure the expression of Ephb3, Fez1, Ngfr, Plxnb1, and Unc119 in 
the ARC of P8 wild-type male and female neonates, that had received acute 
leptin treatment in the same manner as the samples used in the ChIP-Seq.  

2 Confirm the co-expression of the putative pSTAT3 targets with Agrp by dual 
label RNAscope in situ hybridisation.  
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3.2  Results  

3.2.1 Leptin regulation of putative pSTAT3 targets  

To test the hypothesis that the putative pSTAT3-target genes are 
developmentally regulated by leptin, quantitative PCR was used to measure the 
expression of these genes in the neonatal ARC following acute leptin treatment. Gene 
expression was measured in tissue collected from P8 wild-type pups 30 minutes post 
intraperitoneal injection with either recombinant leptin (10 mg/kg) or saline vehicle, in 
accordance with the postnatal age and treatment regime used to perform the ChIP-Seq. 
As there has been some suggestion within the literature that male and female neonates 
may be differently responsive to the neurotrophic effects of leptin ((Kamitakahara et al., 
2018) discussed in section 1.4), samples were separated by sex.  

 

Figure 3.2 Acute leptin treatment does not alter the expression of putative leptin-
responsive genes in the P8 ARC. Graphs depict the normalised mRNA expression of 
(a) Ephb3, (b) Fez1, (c) Ngfr, (d) Plxnb1, and (e) Unc119 in male and female acute leptin 
treated and vehicle-treated P8 ARC. Normalised data are expressed relative to vehicle-
treated males as mean fold change ± SEM. n=5 for each group, with individual 
normalised data points given. Grey bars – male saline vehicle-treated, open bars - male 
leptin treated, striped bars – female saline vehicle-treated, dotted bars – female leptin 
treated.  
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Within the P8 ARC, two-way ANOVA analysis found no statistically significant 
main effect of acute leptin treatment or sex on the expression of any of the putative 
leptin-responsive genes (figure 3.2 A-E). For all treatment groups (male saline vehicle 
treated, male leptin treated, female saline vehicle treated, female leptin treated) n = 5, 
giving a main effect of leptin or sex as: Ephb3 (leptin treatment F(1, 16) = 0.1108, p > 0.05; 
sex F(1, 16) = 0.2001, p > 0.05), Fez1 (leptin treatment F(1, 16) = 0.008357, p > 0.05; sex F(1, 16) = 
0.3284, p > 0.05), Ngfr (leptin treatment F(1, 16) = 0.005067, p > 0.05; sex F(1, 16) = 0.3128, p > 
0.05), Plxnb1 (leptin treatment F(1, 16) = 0.01687, p > 0.05; sex F(1, 16) = 0.4064, p > 0.05), and 
Unc119 (leptin treatment F(1, 16) = 1.193, p > 0.05; sex F(1, 16) = 0.05917, p > 0.05).  

3.2.2 Co-expression of Agrp with putative pSTAT3 targets  

Concurrent with testing whether the putative pSTAT3 target genes were leptin 
responsive, I sought to use RNAscope 2.5HD Duplex Chromogenic assay to determine 
their expression patterns in the P8 ARC. As this work also served as a proof-of-technique 
for dual label RNAscope in situ hybridisation, the investigation was initially limited to 
two of the putative target genes, Ngfr and Fez1, alongside Agrp. A justification for not 
further investigating the expression patterns of the remaining putative leptin-responsive 
genes is provided in the discussion.  

At P8 Ngfr expression was readily identifiable within the choroid plexus, layer 
six of the cortex and within lateral thalamic structures at the level of the ARC (see figure 
3.3A). However within the ARC, Ngfr only appeared to be expressed in a very few AgRP 
neurons (see arrows in figure 3.3 B-C), and overall there was little overlap between the 
red (Agrp) and green (Ngfr) staining (figure 3.3 B-C). Additionally, there were no 
apparent differences in the expression patterns between female (figure 3.3 B) and male 
(figure 3.3 C) ARC. Some Ngfr staining was detected within the cells lining the third 
ventricle, which is composed of ependymal cells and tanycytes (figure 3.3 B-C).  

In contrast to Ngfr, Fez1 appeared to be expressed throughout the brain at P8. 
In coronal sections containing the ARC, particularly strong expression is seen in the 
hippocampus and lateral amygdala (figure 3.4 A). The Fez1 probe was only available in 
Channel 2, thus restricting Fez1 to the red/pink stain and Agrp in Channel 1 to the 
green/blue stain. AGRP is a secreted protein, and as such Agrp is reasonably highly 
expressed. Unfortunately, the HRP-Green staining forms a dark precipitate, which 
makes it difficult to detect co-localisation with the red precipitate when the Channel 1 
gene is highly expressed (compare figure 3.3 B-C with Agrp in Channel 2, with figure 3.4 
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B-C with Agrp in Channel 1). To date, my attempts to titrate the Channel 1 probe, which 
is supplied at a ready-to-use concentration have not been particularly effective when 
using the chromogen duplex RNAScope method. As the red stain was developed before 
the green stain, it was initially evident that Fez1 was expressed throughout the ARC, 
including in the region where AgRP neurons reside. However, this is not readily 
discernible behind the green Agrp stain (figure 3.4 B-C). Similarly to Ngfr, there was no 
evidence that the expression pattern of Fez1 differed by sex (female – figure 3.4B 
compared to male – figure 3.4C).   
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Figure 3.3 Dual label of Agrp (red/pink) and Ngfr (green/blue) in the P8 brain. A)
Whole brain expression of Ngfr in a coronal section at the level of the ARC. Dual
label of AgRP and Ngfr in the female (B) and male (C). Arrowheads highlight co-
labelled cells. ARC. 3V – third ventricle. Scale bars: 500µm (A), 50µm (C)
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Figure 3.4 Dual label of Agrp (green/blue) and Fez1 (red/pink) in the P8 brain. A)
Whole brain expression of Fez1 in a coronal section at the level of the ARC. Dual
label of AgRP and Fez1 in the female (B) and male (C) ARC. 3V – third ventricle.
Scale bars: 500µm (A), 50µm (C)
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3.2.3 RNA extraction from further samples 

Following these results, the decision was made to conduct a wider 
characterisation of hypothalamic leptin responsiveness over the time period of the leptin 
surge. To this end, brains were collected from P8, P10, P12 and P16 neonates one-hour 
post-injection with either 10 mg/kg recombinant leptin or saline vehicle, and the ARC 
and PVH microdissected as previously described. In the initial experiments presented 
above, RNA extraction from single P8 ARC garnered very low yields of total RNA, 
which meant that I was working near the limit of qPCR gene expression detection. To 
circumvent this, this new experiment was designed so that each sample was made up of 
pooled tissue from three brains. In all, for an n = 3 across the four ages, this required a 
total of 72 brains. Frustratingly, when these pooled, microdissected, samples were 
processed through the Zymo Direct-zol MiniPrep kit as described in the methods, the 

extracted RNA was of an unusably low concentration (mean 2.8 ng/µL in a total of 24 

µL, range 1.03 ng/µL – 5.72 ng/µL), and in many cases could not be detected (indicative 

of <1 ng/µL). A series of troubleshooting trials found that this loss in RNA was likely 
due to RNase contamination within the extraction process from an unknown source. As 
a component of this, it was also found that traditional phenol-chloroform extraction 
methods using phasemaker tubes produced much higher yields of RNA from equivalent 
inputs than the Zymo Direct-zol MiniPrep kit, which had previously been found optimal 
by the Jasoni Lab.  
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3.3 Discussion  

The data presented in this chapter failed to support the hypothesis that leptin 
regulates the expression of the identified putative pSTAT3 target genes in the ARC 
during the early postnatal period. Neither the qPCR data, nor the RNAscope data 
provided any evidence that leptin could alter the expression of the genes at P8, or that 
they were expressed in an ARC specific manner.   

3.3.1 Leptin regulated gene expression – qPCR 

Although the qPCR data very likely reflect what is occurring in development, 
and leptin’s neurotrophic actions are indeed not mediated by these downstream genes, 
there are a couple of methodological factors which must also be considered.  

The first consideration is the timing between acute leptin treatment and sample 
collection. The neonates used in these experiments were injected with 10 mg/kg of 
recombinant leptin 30 minutes before decapitation and brain collection. Both the dose of 
leptin, and the time period, corresponded with the samples used in the ChIP-Seq, and 
the dose was consistent with those found in the literature (Bouret et al., 2012; 
Kamitakahara et al., 2018). While 30 minutes would have been sufficient time for leptin 
signalling induction and pSTAT3 DNA binding to be detected by ChIP-Seq, one must 
entertain the possibility that it may not have been sufficient to affect transcription. In 
hindsight, a known leptin-responsive pSTAT3 downstream gene, such as Socs3, should 
have been included within the qPCR screen as a positive control for leptin signalling 
induction within the experimental samples. Unfortunately, the small size of the P8 ARC, 
and thus the very small amount of RNA that could be extracted from a single P8 ARC, 
meant that there was insufficient cDNA available to investigate the expression of Socs3 
in this set of samples retrospectively.  

The second factor is the very low input of RNA into the cDNA reactions and 

consequently the qPCR (50 ng in a 30 µL reaction). This was due to both the very small 
size of the P8 ARC, and a hesitation to pool samples as it greatly increases the numbers 
of animals required. Although the reference genes produced satisfactorily consistent CT 
values, indicating that there was sufficient cDNA from them to be reliably detected, the 
reference genes tend to be quite highly expressed. This expression level was not true for 
some of the genes of interest. In the case of Ngfr, which presented the most problems 
with detection, the reason became apparent when the RNAscope was performed, as it 
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revealed that very little Ngfr was expressed in the ARC. In that instance, it was likely 
that the qPCR was detecting the small amount of expression in the wall of the third 
ventricle, which was also included in the microdissection. However, for the other genes, 
particularly Ephb3 and Unc119, there is a slight concern that some of the variability was 
due to the qPCR being right at the limit of detection with the ARC samples.  

The next step, to both address some of these considerations and to look at 
broader aspects of leptin signalling was to recollect samples in order to characterise 
leptin-induced pSTAT3 signalling in the ARC across the leptin surge period by 
measuring Socs3 expression. This tissue was collected one hour after leptin or saline 
injection at P8, P10, P12 and P16, and three brains were to be pooled per sample. The 
remainder of these samples, it was reasoned could then be used to reinvestigate the 
expression of either the putative pSTAT3 targets or to screen for other effectors which 
may mediate leptin’s developmental actions. Additionally, I also sought to collect RNA 
from the PVH, as it represented one of the main target sites in which ARC neurons 
elaborate, so maybe useful to screen for other effectors (see Chapter 4 for 
clarification/elaboration of this idea). Unfortunately, during the extraction process, 
RNase contamination from an unknown source ate these samples, so the flow-on work 
could not be conducted. As an upshot of the troubleshooting, it was found that should 
a similar experiment be replicated in future, phenol-chloroform extraction garners much 
higher RNA yields.   

3.3.2 Spatial patterns of gene expression – RNAScope  

RNAscope in situ revealed that Ngfr was only expressed in a very few AgRP 
neurons, thereby also not supporting our hypothesis that it may be involved in the 
postnatal development of these neurons. While Fez1 seemed to be expressed in most 
ARC neurons, it also appeared to be ubiquitously expressed throughout the brain. 
Therefore without evidence of regulation of Fez1 by leptin, we have no grounds to 
believe that it plays a specific role in AgRP development. The three remaining genes 
Ephb3, Plxnb1 and Unc119 all produced comparable CT values to Ngfr throughout the 
qPCR analysis. Although one cannot interpret relative CT values produced by different 
probes with different efficiencies as an absolute measure of the relative amount of 
transcript of each gene within a sample, it did give some indication that the three genes 
were all likely to be expressed at low levels within the ARC. Therefore I saw little 
advantage in investing in RNAscope probes for Ephb3, Plxnb1 or Unc119. 
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3.3.3 STAT3 and transcriptional regulation – What are we missing?  

The failure to find evidence that leptin regulates the expression of any of the 
putative pSTAT3 genes invites a broader contemplation of how transcription is 
controlled, and thus how leptin and pSTAT3, may regulate the development of ARC 
neurons. The traditional, albeit simplified, view of transcriptional regulation has long 
been that transcription factors bind to upstream promoter regions of the DNA to control 
RNA polymerase recruitment, and hence modulate the expression of the particular gene. 
However, returning to the initial ChIP-Seq data, pSTAT3 did not bind with the promoter 
region of any of the putative target genes. The question therefore arises, were we 
misguided in our initial assertion that pSTAT3 may regulate any of these genes?  

There is now a growing recognition that promoter binding is not the be-all and 
end-all of transcriptional regulation, and that factors such as chromatin conformation 
also play a large role. In all eukaryotes, DNA is packaged around histone proteins to 
form chromatin. Posttranslational modifications of these histones can directly alter the 
structures of the chromatin, which in turn influences the likelihood of the associated 
DNA being transcribed. Very generally, acetylation of lysine residues on histones 3 and 
4 and trimethylation of histone 3 lysine 4 is associated with transcriptionally active 
chromatin, while repressive markers include trimethylation of histone 3 lysine 9 and 
lysine 27 (Zhang et al., 2015). In a study of astrocyte specification, Cheng et al. (2011) 
have proposed a broader role for pSTAT3 in transcriptional regulation. A critical 
component of the commitment to an astrocyte lineage is the expression of the gene Gfap. 
ChIP analysis found that in the active state, STAT3 bound not only to the promoter of 
Gfap but also to exon one. Further co-precipitation revealed that the exon one bound 
STAT3 was responsible for recruiting the transcription co-activator CBP/p300, which in 
turn acetylated several histone tails (H3K9Ac and H3K14Ac) around the STAT3 binding 
site to ultimately enhance transcription (Cheng et al., 2011).  

While providing reassurance that pSTAT3 binding outside of the promoter had 
the potential to influence gene expression, chromatin conformation and topology also 
provides a potential explanation for why we did not see leptin regulation of any of the 
putative pSTAT3 target genes. In addition to promoters, transcriptional enhancers also 
play a key role in regulating gene expression. Enhancers are segments of DNA that bind 
transcription factors to activate gene expression in an orientation independent manner 
(Furlong & Levine, 2018). However, unlike promoters which always localise directly 
adjacent to the transcription start site of genes, enhancers can be located upstream, 
downstream or in introns of unrelated genes, often at great distances (in some cases 
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hundreds of kilobases) from the genes they control (Schoenfelder & Fraser, 2019). In 
order to regulate gene transcription, loops are formed in the chromatin to bring the 
enhancer in contact with the relevant promoter, extruding the intervening DNA (see 
figure 3.5). In some circumstances, it has recently been shown that forced chromatin 
looping is sufficient to induce gene transcription (Morgan et al., 2017; Kim et al., 2019).  

 
Figure 3.5 Enhancer regulation of gene expression. Contact between enhancers and 
promoters occurs by looping out of the intervening genomic regions, bringing 
transcription factors (TF) and RNA polymerase (Pol II) into the transcription initiation 
complexes. Figure from Pombo and Dillon (2015).  

 
Somewhat unsurprisingly, given its function as a transcription factor, STAT3 

has now been identified within a number of enhancer-promoter interactions (Cheung et 
al., 2017; Xie et al., 2017; Mochizuki et al., 2018). The gene Sox9 is considered a master 
regulator of cartilage development, which is regulated in a tissue-specific manner. 
Recently Mochizuki et al. (2018) used a CRISPR/Cas9 system to identify a rib-cage 
specific enhancer 1.7 Mb upstream from Sox9. Further analysis found that STAT3 bound 
this enhancer, and STAT3 knockdown resulted in a significant downregulation of Sox9.  

Given this wider view of gene regulation, it is readily apparent how STAT3 
may be regulating the expression of a yet to be identified mediator of development. 
While our initial assertion that leptin regulated the expression of the identified putative 
pSTAT3 target genes was not implausible, it appears just as likely that STAT3 binding 
could be regulating the expression of genes some kilobases away from the binding site. 
Indeed it is interesting to note that the known STAT3 responsive gene Socs3 did not 
appear at all on the list of genes identified by the ChIP-Seq. In hindsight, a better way to 
address the question of what does leptin regulate to mediate ARC development may 
have been to perform an RNA-seq following acute leptin treatment to identify a list of 
leptin responsive genes. This could then have been followed by a more directed STAT3 
ChIP-qPCR to see if any of the identified genes were directly regulated by the specific 
signalling pathway. 

In the end, faced with not having the material necessary to complete further 
experiments, or a lead on potential pSTAT3 targets to follow, I decided to shift my focus 
away from this line of reasoning. 
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4 Axon branching cues in the 

postnatal hypothalamus 

4.1 Introduction  

Following our shift away from the putative-pSTAT3 target gene line of enquiry, 
the next approach was to gain a more general overview of some of the developmental 
signals present within the postnatal ARC. Throughout this thesis, the working 
hypothesis has been that the ARC feeding circuitry elaborates by branching and forming 
synaptic connections within target nuclei during the early postnatal period, and that 
leptin is critical for this to occur correctly (section 1.3.1 outlines the basis for, and 
contentions surrounding, this model). Nevertheless, while much work has been done to 
identify the signalling cues involved in the prenatal specification of the ARC, there is, so 
far, little data on what signals may direct axonal branching and synaptogenesis 
postnatally. Therefore I sought to characterise the spatial and temporal expression 
patterns of a selection of ligand-receptor pairs identified from the literature as 
subserving these functions elsewhere in the developing brain, with a focus on cues that 
are potential regulators of branching.  

This approach is less directed than the ChIP-seq guided method presented in 
Chapter 3 and looks more broadly at regulators of branching. By taking this approach, 
it is acknowledged that the regulation of the branching regulators, and in particular the 
potential for leptin to be involved, remains untested. As has been previously mentioned, 
an alternative strategy to probe leptin’s specific involvement in postnatal ARC 
development would be to perform an RNAseq or a more directed microarray on ARC 
tissue following leptin treatment. However, given the constraints of an MSc thesis, such 
large-scale experiments were not feasible in this project.  

4.1.1 Mechanisms and regulation of axon branching  

The function of all vertebrate nervous systems is highly dependent upon 
elaborate, functionally interconnected, neural networks. As such, axon branching is a 
critical step in brain development, allowing individual neurons to connect with multiple 
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synaptic targets, via their single axon. There are a number of mechanisms by which 
axons may branch, which can be categorised into, 1) arborization in which axon 
terminals branch to form a tree-like arbour, typically within the target region, 2) 
bifurcation of the growth cone into a Y shaped branch, which normally occurs in 
specialised instances such as dorsal root ganglion cells, in order for these cells to project 
to two distinct target regions, or 3) the formation of de novo collateral branches from the 
axon shaft behind the advancing growth cone (Schmidt et al., 2007; Zhao et al., 2009; 
Gibson & Ma, 2011). Whether one, or a combination of these mechanisms are employed 
during axonal development is specific to each neuron type. To date, little data exists to 
directly indicate what occurs during the development of the ARC feeding-related 
circuitry. Nevertheless, our understanding of the structure of the mature ARC circuitry 
can inform suppositions of what may be occurring developmentally to produce the 
adult structure. Betley et al. (2013) (previously discussed in full in section 1.2.3) showed 
that in the mature ARC, AgRP neurons at least, are arranged in parallel, with 
subpopulations of neurons each projecting to a different brain area, rather than a single 
axon targeting multiple regions. Given this, it seems likely that arborization, and 
possibly collateral branching, are the major mechanisms driving the elaboration that 
occurs postnatally within the ARC circuitry.  

 
Figure 4.1 Cytoskeletal rearrangement in axon branch formation. Actin filaments are 
depicted in red, and microtubules in green. Adapted from  Gallo (2011).  

 
Regardless of whether a branch forms along the axon shaft (collateral 

branching) or at the axon terminal (arborization), there is a series of key events which 
underpin the formation of a nascent branch (depicted in figure 4.1) (Gallo, 2011; Lewis 
et al., 2013; Armijo-Weingart & Gallo, 2017). The initial step in establishing a branch 
involves the formation of an actin filament protrusion (figure 4.1B). Actin has been 
shown to accumulate at points along the axon by a variety of mechanisms, including 
transient accumulation, at sites of growth cone pausing, or in actin filament-based waves 
(reviewed by Gallo (2011), key papers include Szebenyi et al. (1998), Flynn et al. (2009), 
Ketschek and Gallo (2010)). Following protrusion, microtubule invasion is necessary to 
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consolidate the otherwise transient structure. At the site of branch formation, 
microtubules undergo localised reorganisation and fragmentation, before moving into 
the actin protrusion (figure 4.1C) (Yu et al., 1994; Dent et al., 1999). In addition to 
stabilising the branch, this reorganisation may also disrupt axonal transport, trapping 
organelles and other cargo at the branch point (Lewis et al., 2013). Once formed, a 
nascent branch then elongates and extends to make connections.  

A major question that arises when we consider axon branching in development 
is how does an axon “know” when and where to branch? This question is especially 
pertinent when considering ARC development, as the overall feeding-regulatory 
circuitry is highly dependent upon the connection ARC neurons make with higher-order 
neurons in a number of target nuclei. One of the central mechanisms identified that can 
control branching is target-derived signals acting on axon terminals. Under this model, 
the target region produces diffusible or substrate-bound molecular cues, which when 
detected by an axon terminal upon it reaching the target, signal the axon to arborize 
(Gibson & Ma, 2011). Some of the cues that have been implicated (albeit not an 
exhaustive list) include ephrins, class III semaphorins, netrins, slits, neurotrophins and 
wnts (Gibson & Ma, 2011; Bilimoria & Bonni, 2013; Kalil & Dent, 2014).  While it is likely 
that this mechanism is at play in the postnatal ARC, it is unclear which, if any, of these 
cues and their receptors are expressed by the target regions and ARC neurons 
respectively.  

RNAscope in situ hybridisation lends itself as a method to investigate the 
spatial expression patterns of a selection of developmental molecules within the 
developing hypothalamus. Here we focus on three ligand-receptor pairs; Netrin-1 and 
Dcc, Wnt-5a and Frizzled-5, and Slit-1 and Robo-1. These external signalling cues were 
chosen based on two criteria: 1) there was some evidence that they may positively 
regulate axon branching, and 2) that they may be expressed in the postnatal 
hypothalamus (predominantly screened using Allen’s Developing Brain Atlas ISH data 
at P14, http://developingmouse.brain-map.org). Specific details of the rationale behind 
selecting each pair are provided below. Although many Ephrin and Semaphorin cues 
are implicated in axon branching, neither family have been included in this initial screen 
as they have often been identified as negative regulators (so inhibit branching) 
(Bilimoria & Bonni, 2013; Kalil & Dent, 2014). While the removal or absence of an 
inhibitory cue to permit branching is a plausible mechanism by which branching may 
be regulated, it is difficult to detect using in situ hybridisation techniques, making them 
less suited to this line of enquiry.   
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4.1.1.1 Netrin1 and Dcc  

Netrin-1 was initially identified in Caenorhabditis elegans mutants as an axon 
guidance signal (Hedgecock et al., 1990). First found in vertebrates to play a role in axon 
guidance in the developing spinal cord (Kennedy et al., 1994; Serafini et al., 1994), Netrin-
1 was also shown to be critical for the formation of axon tracts and projections within 
the developing brain including the corpus callosum, anterior commissure and 
projections from the thalamus and hippocampus (Serafini et al., 1996; Barallobre et al., 
2000; Braisted et al., 2000). Two classes of receptors for Netrin-1 have been identified; the 
Dcc family (Dcc and Neogenin) and the Unc5 family (Unc5A – D) (Round & Stein, 2007).  

In addition to axon guidance, it is now recognised that Netrin-1 directs several 
other aspects of neural development, including axon branching. To date there has been 
little use of inducible knockout models to tease apart Netrin-1’s role in branching from 
its role in axon guidance, meaning there is limited in vivo evidence of this function (after 
all, it is difficult to discern if an axon fails to branch if the axon never made it to its target 
in the first place). Nevertheless, a number of in vitro experiments support the idea that 
Netrin-1 can promote collateral branch formation. One of the first papers to investigate 
this, from Dent et al. (2004), showed that bath application of Netrin-1 to primary cortical 
cultures from golden Syrian hamsters significantly increased the number of de novo axon 
branches after 72 hours (average of 2.3 primary branches in untreated controls, 
compared to 3.67 primary branches in Netrin-1 treated cultures). This effect could be 
localised to a specific part of the axon, as localised pulse application of Netrin-1 through 
a glass pipette rapidly induced branching in the adjacent axon, but had no impact on 
regions of the axon farther away from the pipette tip (Dent et al., 2004; Tang & Kalil, 
2005). Analysis of cultured mouse mesencephalic dopamine neurons implicated the 
receptor Dcc in mediating Netrin-1’s branch promoting effects (Xu et al., 2010). 
Incubation of the cultures with a function-blocking monoclonal antibody against Dcc 
abolished any increase in branching induced by Netrin-1.  

As with all multifunctional developmental cues, the question arises; how does 
a neuron “know” what it’s being instructed to do? More recently, Matsumoto and 
Nagashima (2017) have reported that the function of Netrin-1 may be determined by 
developmental age. Bath treatment of cultured cortical neurons, derived from GD16 
mice, with Netrin-1 increased both the number and density of branches along the 
primary axon. However, if the neurons were derived earlier, from GD14 mice, Netrin-1 
treatment increased the length of the primary axon but did not alter the number of 
branches. This followed the general pattern that axon outgrowth precedes branching 
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and suggested that there was something intrinsically different about how these neurons 
could respond. Again, similarly to Xu et al. (2010), these effects were found to be 
dependent upon the Dcc receptor.  

While it is unclear if Netrin-1 and Dcc contribute to the development of the 
postnatal ARC, several lines of evidence have led us to believe that they are promising 
candidates. In addition to the developmental roles documented outside of the 
hypothalamus, previous work by the Jasoni Lab found that both Netrin-1 and Dcc, as 
well as the receptor Unc5D, were expressed within the prenatal ARC (GD 17.5) (Sanders 
et al., 2014). Furthermore, it appeared that the expression of Dcc could be altered by the 
cytokine IL-6. Given the similarities between the IL-6 receptor and the leptin receptor 
(Zhang et al., 1997; Sadagurski et al., 2010), I became interested in whether Netrin-1 and 
Dcc may also contribute to the postnatal development of the hypothalamic feeding 
circuitry.   

4.1.1.2 Wnt5a and Fzd5  

A handful of members of the Wnt family of secreted morphogens have been 
identified as regulators of axon branching. Across a variety of contexts, there is evidence 
that Wnt3, Wnt5a and Wnt7a all contribute to branching (Lucas & Salinas, 1997; Hall et 
al., 2000; Krylova et al., 2002; Bodmer et al., 2009). During development, Wnt5a 
expression is seen in a number of brain regions, including in the cerebellum (Subashini 
et al., 2017), ventral midbrain (Blakely et al., 2011), and olfactory bulbs (Pino et al., 2011). 
In cultures of superior cervical ganglion cells, Wnt5a has been shown to promote axon 
branching, with the average number of branches per axon increasing almost threefold 
compared to controls after 8 hours of Wnt5a treatment (Bodmer et al., 2009). When 
neurons were grown in compartmentalised cultures, treatment of the axons with Wnt5a 
was sufficient to enhance arborization, providing support for the idea that Wnt5a may 
be able to act as a target-derived cue to direct branching. Interestingly, Bodmer et al. 
(2009) also reported that Wnt5a expression appeared to be under the control of nerve 
growth factor (NGF, another trophic cue which can also promote branching). Inhibition 
of the NGF receptor TrkA decreased the protein levels of Wnt5a in culture and 
attenuated branching, suggesting that in this context at least, there is an interaction 
between the two developmental pathways.  

Within the literature, very little is reported about the involvement of receptors 
in Wnt-dependent branching. However, one can assume that for a ligand to have an 
effect, there must be an associated receptor. A paper from Draper et al. (2010) reported 
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the results of a microarray study profiling gene expression in cell sorted NPY neurons 
from P16 mice. The study aimed to characterise the DMH population of NPY neurons; 
however, as a component of this, a list of genes enriched in ARC-NPY neurons was 
provided as supplementary data. Functional annotation clustering analysis of this list 
using the DAVID bioinformatics database (https://david.ncifcrf.gov) pulled out a 
handful of genes which clustered as encoding “developmental proteins”. Included was 
Fzd5, a member of the frizzled family of receptors – the canonical receptors for Wnt 
signalling pathways. Given that Wnt5a and Fzd5 have been shown to interact, at least 
within a binding assay (Dijksterhuis et al., 2015), and Fzd5 appears to be expressed in 
NPY/AgRP neurons during ARC development, I chose to include this ligand-receptor 
pair in the investigation.  

4.1.1.3 Robo1 and Slit1  

Of the three receptor-ligand pairs selected, the evidence that Slit1 and Robo1 
may direct branching in the hypothalamus is perhaps the most tenuous. The Slit family 
of secreted glycoproteins and their associated roundabout (Robo) receptors are 
traditionally associated with axon repulsion in the developing brain. Expressed along 
the midline, Slits inhibit axons from crossing ectopically, as well as channelling axons 
into structures such as the corpus callosum (Bagri et al., 2002). Additionally, loss of Slits 
results in defects in structures such as the optic tracts, where retinal axons cross 
aberrantly, and the olfactory tracts, where the lateral olfactory tract becomes 
defasciculated and disorganised (Nguyen-Ba-Charvet et al., 2002; Plump et al., 2002).  

One study from Ma and Tessier-Lavigne (2007) demonstrated that, in 
peripheral sensory axons at least, Slits and Robos are required for proper development 
of the axon arbour. Triple knockout of Slit1-3 or double knockout of Robo1-2 in mice 
resulted in severe defects in the ophthalmic projection from the trigeminal sensory 
ganglion, including a marked decrease in arbour size and branch point number. Within 
the spinal cord, an example of an alternate way in which guidance cues may contribute 
to axon branch development was seen. Dorsal root ganglion cells, which normally 
bifurcate with one branch projecting rostrally and the other caudally, often failed to do 
so in Slit1-2 and Robo1-2 mutants. While the axons bifurcated in the mutants, it appeared 
that Slit–Robo signalling is necessary to then guide the branches to the correct location.  

In the brain, little is reported about Slit–Robo signalling and axon branching. 
An early study found that treatment of mouse medial ganglion eminence and cortical 
cultures with Xenopus Slit increased neurite branching in GABA-positive interneurons 
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(Sang et al., 2002). Despite this scant evidence, data from Allen’s Developing Brain Atlas 
at P14 suggests that both Slit1 and Robo1 are expressed in the developing hypothalamus, 
leading me to be curious about their specific expression patterns.  

4.1.2 Hypotheses and Aims 

Following the line of reasoning that target-derived signals likely contribute to the 
postnatal elaboration of the ARC-based feeding circuitry, it was hypothesised that:  

1 The receptors Dcc, Fzd5, and Robo1, are expressed in the ARC, and the associated 
ligands Ntn1, Wnt5a, and Slit1 are expressed in the ARC and/or target nuclei 
where ARC neurons project, over the time period in which the postnatal 
elaboration of the ARC feeding circuitry occurs.  

2 The receptors, Dcc, Fzd5, and Robo1, are expressed by AgRP neurons in the 
postnatal ARC.  

 
To address these hypotheses, I aimed to  

1 Characterize the spatial expression of Dcc, Fzd5, Ntn1, Robo1, Slit1, and Wnt5a 
mRNA in the ARC of male and female wild-type neonates over the window in 
which projections develop, at P2, P8, P12 and P16, using the RNAscope single-
label in situ hybridisation assay.  

2 Use the RNAscope single-label in situ hybridisation assay to characterise the 
spatial mRNA expression of the ligands Ntn1, Slit1, and Wnt5a, in the PVH of 
male and female wild-type neonates at P2, P8 P12 and P16 as a representative of 
target nuclei which receive projections from the ARC-based feeding circuitry.  

3 Determine if the receptors, Dcc, Fzd5, and Robo1, are co-expressed with Agrp in 
neurons in the ARC of male and female P12 neonates using dual label RNAscope 
in situ hybridisation.  
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4.2 Results  

4.2.1 Characterisation of developmental gene expression in the postnatal 
hypothalamus 

Please note, owing to the large size of the data set only figures which exemplify the claims made 
in the text are presented within this results section. The complete data set, arranged alphabetically 
by gene, can be found in Appendix C.  
 

In order to characterise the spatial and temporal expression of Dcc, Fzd5, Ntn1, 
Robo1, Slit1, and Wnt5a in the developing mouse hypothalamus, RNAscope 2.5 HD 
Brown in situ hybridisation was performed. Throughout this survey of developmental 
gene expression, the RNAscope 2.5HD Brown in situ hybridisation assay produced 
robust and reliable detection of the mRNA targets. The sections hybridised with the 
negative control probe dapB consistently showed very little brown staining, with no 
obvious puncta (Appendix D). Some variation in the overall brown background was 
seen between sections processed on different days. While this largely correlated with 
the temperature of the laboratory, with a warmer room temperature producing a higher 
background, it did not pose any problems with identifying positive staining, as the 
puncta remained darker, and therefore distinguishable, from the background.  

All of the selected genes were found to be expressed at varying levels in the 
postnatal mouse hypothalamus. Overall Dcc, Robo1 and Slit1 were widely expressed 
throughout the brain at the level of the ARC and PVH at all ages investigated, with 
particularly strong expression seen outside of the hypothalamus in the hippocampus 
(figure 4.2A, E, F respectively, additional images in Appendix C). The remaining three 
genes were expressed in more localised patterns outside of the hypothalamus, with 
notable expression of Ntn1 in the caudoputamen (figure 4.2 B), Fzd5 in the parafascicular 
thalamic nucleus (figure 4.2C), and Wnt5a in the reticular nucleus of the thalamus (figure 
4.2D).  
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Figure 4.2 Global expression of developmental genes in the P12 brain. Expression of receptors (left
column, A – Dcc, C – Fzd5, E – Robo1), and their associated ligands (right column, B – Ntn1, D –Wnt5a, F
– Slit1) at the level of the ARC at P12. Scale bar: 1000!m.
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4.2.1.1 Receptor mRNA expression in the ARC 

mRNA encoding all three of the receptors (Dcc, Fzd5 and Robo1) was found to 
be expressed within the ARC across the early postnatal window. No obvious differences 
in receptor expression could be identified between male and female brains for any of the 
genes, suggesting that they were not dimorphically expressed (see Appendix C).  

Dcc was strongly expressed in the ARC at all four ages (figure 4.3 A – B, 
supplementary figure C1 I – P). At P2 brown staining was seen in the ARC, although it 
was not specific to the nucleus, as similar levels of staining were also seen in the adjacent 
areas (figure 4.3 A). While there were no apparent differences in Dcc expression along 
the rostral-caudal extent of the nucleus at P2, in general the proportion of cells showing 
reaction product was higher in the lateral ARC, with a notable group of medially placed 
cells showing little Dcc reaction product  (see arrows figure 4.3 A). At P16, the pattern 
of expression was very similar to P2 (figure 4.3 B). However when the staining was 
compared across the four ages, it appeared that the overall signal may be decreased in 
the older ages (P12 and P16). Despite this trend, without quantifying the expression, it 
is difficult to tell if this apparent decrease in staining is due to a decrease in gene 
expression by the cells, or simply the result of the cells becoming less densely packed 
with age. The change in cell density was apparent from the hematoxylin counterstain 
(compare the density of the blue nuclear stain in P2 and P16 sections, figure 4.3 A – B).  

Fzd5 expression was seen as small brown puncta throughout the ARC (figure 
4.3 C – D, supplementary figure C2 I – P). At P2, Fzd5 expression did show some degree 
of specificity to the ARC, as the staining appeared to be more intense in the ARC in 
comparison to the immediately surrounding hypothalamic areas (figure 4.3 C ), with the 
exception of the intense staining seen in the third ventricle wall (see section 4.2.1.4), as 
well as further afield in the DMH (supplementary figure C2 A). Overall the staining was 
evenly distributed across both the medial-lateral and rostral-caudal dimensions of the 
ARC. Across all four ages there were no obvious changes in staining pattern or intensity 
(figure 4.3 C – D, supplementary figure C2 I – P).  

Robo1 was strongly detected throughout the ARC at P2 (figure 4.3 E). This was 
not specific to the ARC, and in fact there appeared to be a higher density of brown 
staining in the region immediately dorsal. By P16, ARC Robo1 staining was still 
detectable, although from a purely qualitative standpoint, there appeared to be less 
reaction product compared to P2. This decrease in staining seemed to be a consistent 
trend with the intervening ages (P8 and P12, supplementary figure C4 I – P), however 
the same challenges around the changing cell density detailed for Dcc again apply.   
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Figure 4.3 Receptor expression in the P2 and P16 ARC. Expression of Dcc (A – B), Fzd5 (C – D), and Robo1
(E – F) at P2 (A, C, E) and P16 (B, D, F). White dotted lines denote the ARC. A) Arrow heads highlight
differences in staining in the medial (black arrowhead) and lateral (red arrowhead) ARC in A. Scale bar:
100!m.
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4.2.1.2 Ligand mRNA expression in the ARC 

The underpinning theory of this study was that target regions produce cues 
that instruct neurons originating from the ARC to branch. However, I could not discount 
the possibility that the cells were responding to more local cues, both because ARC-
feeding associated neurons make connections within the ARC and because in some 
situations cells set up autocrine loops where they themselves produce the instruction to 
grow or branch. I therefore thought it was wise to also survey ligand expression within 
the ARC. Again, no obvious differences in expression could be identified between male 
and female brains for any of the genes.  

Ntn1 was found to be expressed at P2 by a subset of cells distributed uniformly 
throughout the ARC (figure 4.4 A). The staining was seen as small puncta, which were 
arranged in clusters around nuclei both in the ARC and in the surrounding  
hypothalamic regions (see arrows figure 4.4 A). Unlike the associated receptor Dcc, there 
was no medial-lateral bias in the expression. This staining pattern and intensity of 
staining appeared to persist into all of the older ages characterised (figure 4.4 A – B, 
supplementary figure C3 I – P).  

Wnt5a was detectable in the ARC, albeit at low levels. At P2, a small number of 
brown puncta could be seen evenly distributed across the medial-lateral and dorsal-
ventral dimensions of the ARC (figure 4.4 C). However, it is worth noting that I 
consistently detected more Wnt5a reaction product in the region of the hypothalamus 
immediately dorsal to the ARC (the VMH, figure 4.4 C, see arrows).  These expression 
patterns remained constant across the time period characterised (figure 4.4 C – D, 
supplementary figure C6 I – P).  

Slit1 was highly expressed in the hypothalamus. At P2, conglomerates of brown 
puncta filled the ARC (figure 4.4 E). This expression was not confined to the ARC, and 
similar levels of staining were seen in the surrounding regions. Although the overall 
pattern of expression remained consistent across the four ages, it appeared that the 
intensity of Slit1  expression in the ARC may decrease over the early postnatal period 
(figure 4.4 E – F, supplementary figure C5 I – P). However, as was the case with Dcc and 
Robo1, without quantifying the expression, it is difficult to confidently attribute the 
decrease in staining intensity to a decrease in gene expression by individual cells. 
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Figure 4.4 Ligand expression in the P2 and P16 ARC. Expression of Ntn1 (A – B),Wnt5a (C – D), and Slit1
(E – F) at P2 (A, C, E) and P16 (B, D, F). White dotted lines denote the ARC. White arrowheads highlight
examples of clusters in A. Red arrowheads highlight the area of staining dorsal to the ARC in C. Scale bar:
100 !m.
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4.2.1.1 Ligand mRNA expression in the PVH  

Expression of the mRNA encoding the ligands was surveyed in the PVH as a 
representative target nucleus in which projections from the ARC elaborate during the 
early postnatal period. While it is acknowledged that POMC and AgRP neurons project 
to numerous targets (see section 1.2), I limited my investigation to the PVH as it has been 
the main focus of much of the literature around postnatal ARC circuitry development 
(Bouret et al., 2004a; Bouret et al., 2012; Bouyer & Simerly, 2013). Across the four ages 
surveyed, the PVH was readily identifiable by its characteristic triangle shape from P8 
onwards. At P2, the PVH was less well defined, but could be distinguished using 
surrounding landmarks. Consistent with the patterns observed in the ARC,  there were 
no obvious differences in expression between the male and female brain.  

Ntn1 was expressed at low levels in the PVH. At P2, the expression appeared 
to be evenly distributed across the medial-lateral extent of the PVH, although, similar to 
the ARC, it was clear that Ntn1 was only expressed by a subset of cells, with the puncta 
associated with any given cell grouped in small clusters (figure 4.5 A). This expression 
was not specific to the PVH, with similar staining detected in the surrounding areas. The 
pattern and intensity of staining remained fairly consistent across the four ages 
characterised (figure 4.5 A – B, supplementary figure C3 Q – X). 

Wnt5a was detected in the PVH at a low level. At P2 the brown puncta were 
grouped in small clusters throughout the PVH, suggesting that Wnt5a may not be 
expressed by every cell (figure 4.5 C). The reaction product appeared to be evenly 
distributed over the medial-lateral and dorsal-ventral dimensions of the PVH. Overall 
the staining pattern and intensity of staining persisted across the time period included 
in this survey (figure 4.5 C – D, supplementary figure C6 Q – X). 

Slit1 was expressed at a high level in the P2 PVH (figure 4.5 E). Dense brown 
staining filled the entire medial-lateral and dorsal-ventral dimensions of the PVH. 
However the pattern and density of reaction product appeared identical to the 
surrounding areas. Although the distribution of Slit  staining did not differ with age, 
similarly to the staining pattern observed in the ARC, it appeared that the intensity of 
Slit1 staining in the PVH might decrease in the older ages (figure 4.5 E, supplementary 
figure C5 Q – X), although this again would require quantification to substantiate.  
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Figure 4.5 Ligand expression in the P2 and P16 PVH. Expression of Ntn1 (A – B),Wnt5a (C – D), and Slit1
(E – F) at P2 (A, C, E) and P16 (B, D, F). White dotted lines denote the PVH. Scale bar: 100 !m.
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4.2.1.2 Gene expression in the third ventricle lining  

Throughout this survey of developmental gene expression, a number of 
additional expression patterns of the developmental genes within the neonatal 
hypothalamus were observed. While these fell outside the initial scope and aims, it was 
felt that some of the patterns warranted reporting. Here I will limit these additional 
observations to the lining of the third ventricle, which is comprised mainly of tanycytes 
and ependymal cells. 

Of the six developmentally-associated genes, the expression of Fzd5 in the third 
ventricle lining was the most marked. At P2, Fzd5 was highly expressed at the level of 
the ARC (figure 4.6 B). This dense brown staining filled the ventral half of the 
hypothalamic third ventricle lining (figure 4.6 B). At this early age the staining extended 
rostrally to at least the level of the PVH, at which point it was detected in all but the very 
dorsal most tip of the lining (figure 4.6 C). However the extent of the staining regressed 
over the early postnatal window. By P16, Fzd5 was no longer detected rostrally at the 
level of the PVH (figure 4.6 E), but was confined to the caudal regions around the ARC 
(4.6 D). At the level of the ARC, Fzd5 expression also became more limited to the ventral 
aspects of the lining (the arrowheads in figure 4.6 B, D mark the equivalent position 
relative to the surrounding hypothalamic nuclei to assist with comparison).  

Wnt5a, was also found in the third ventricle lining at the level of the ARC 
(figure 4.6 F, H). At P2, this staining extended rostrally to at least the level of the PVH 
(figure 4.6 G), and in all sections characterised it was detectable across the dorsal-ventral 
length (figure 4.6 F – G). By P16, Wnt5a  staining could be detected in caudal region of 
the third ventricle adjacent to the ARC (figure 4.6 H), and a low level of staining was 
seen in in the rostral regions around the PVH (figure 4.6 I).  

Dcc was expressed in the caudal third ventricle in the lining adjacent to the ARC 
and at the dorsal tip of the hypothalamic third ventricle at P2 (red arrows figure 4.6 J). 
Rostrally, at the level of the PVH there was very little Dcc staining at this age (figure 4.6 
K). By P16 a small amount of staining was still detected in the caudal lining around the 
ARC (red arrows figure 4.6 L), but Dcc appeared to be otherwise absent from the rest of 
the third ventricle lining (figure 4.6 M).  

Ntn1 was expressed in the third ventricle lining. At P2, this staining was most 
pronounced in the caudal lining at the level of the ARC (figure 4.6 N), with less reaction 
product seen in the rostral lining at the level of the PVH (figure 4.6 O). Around the ARC, 
the staining was restricted to the walls of the third ventricle (figure 4.6 N, white 
arrowhead), and was completely absent from the third ventricle floor (figure 4.6 N, grey  
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Figure 4.6 Gene expression in the third ventricle lining. Continued… 
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Figure 4.6 Continued… Gene expression in the third ventricle lining…
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Figure 4.6 Continued… Gene expression in the third ventricle lining. A) sagittal 
schematic of the mouse brain detailing the position of the ARC and PVH to help with 
orientation. Red dotted line indicates the approximate angle of sectioning.  B – E) 
Expression of Fzd5 at the coronal level of the ARC (B, D) and PVH (C, E) at P2 (B – C) 
and P16 (D – E). Black arrowheads (B, D) provide a reference point to compare staining 
between P2 and P16. F – I) Expression of Wnt5a at the coronal level of the ARC (F, H) 
and PVH (G, I) at P2 (F – G) and P16 (H – L). J – M) Expression of Dcc at the coronal level 
of the ARC (J, L) and PVH (K, M) at P2 (J – K) and P16 (L – M). Red arrows (J, L) highlight 
areas of staining. N – Q) Expression of Ntn1 at the coronal level of the ARC (N, P) and 
PVH (O, Q) at P2 (N – O) and P16 (P – Q). Arrowheads (N) highlight staining in the wall 
(white arrowhead) compared to the floor (grey arrowhead). R – U) Expression of Robo1 
at the coronal level of the ARC (R, T) and PVH (S, U) at P2 (R – S) and P8 (T – U). White 
arrowheads (T) highlight staining in the dorsal tip of the third ventricle lining. V – W) 
Expression of Slit1 at the coronal level of the ARC (V) and PVH (W) at P2. Scale bars: 
100µm.  

 
 arrowhead). Although the pattern of expression remained the same at the older ages, 
the intensity appeared to decrease across the postnatal window (figure 4.6 P – Q).  

Robo1 reaction product was scattered throughout the P2 third ventricle lining 
(figure 4.6 R – S). While the staining was present in the caudal third ventricle at the level 
of the ARC (figure 4.6 R), the most intense staining was observed rostrally at the level of 
the PVH (figure 4.6 S). There, Robo1 staining was highly concentrated in the dorsal most 
tip of the lining (see white arrow, figure 4.6 S). This intense staining did not persist into 
the older ages. By P8, only a light scattering of staining was seen across the length of the 
third ventricle that had been included in this survey (figure 4.6 T, U).  

In contrast to the other genes, the third ventricle lining appeared to be largely 
devoid of Slit1 expression throughout the postnatal developmental period (figure 4.6 V 
– W).   
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4.2.2 Co-expression of developmental genes with AgRP  

Having established that the selected developmental genes were expressed in 
the developing mouse ARC, the next step in determining if they may play a role in the 
postnatal elaboration of the ARC feeding circuitry, was to confirm whether or not the 
selected genes were expressed by AgRP neurons. Initially, the aim had been to 
determine if the receptors were co-expressed with Agrp, however upon finding that the 
ligands were also expressed in the ARC, this aim was broadened to include all six genes.  

As before, brains from P12 neonates were sectioned in series, although thinner 

sections (14 bm)	were used, both to reduce the intensity of Agrp staining, and in order 
to be able to distinguish if the detected signals were from a single cell.  Co-labelling was 
performed using the RNAscope 2.5 HD Duplex Chromogenic assay (used previously in 
section 3.2.2). Using this assay, the selected developmental genes were labelled in 
turquoise (Channel 1), and Agrp was labelled by a magenta precipitate (Channel 2). For 
the most part the labelling of the developmental genes mirrored that of the singleplex 
assay. However, the duplex chromogenic assay was slightly less consistent than the 
RNAscope 2.5HD brown method (an example is seen in figure 4.8 C, where the red stain 
failed to develop on one slide to the intensity expected, despite all accompanying slides 
in the run producing a consistent result). The slides hybridised with the negative control 
probe for dapB, also had slightly higher background staining than was seen with the 
singleplex method (Appendix D), which must be taken into account when interpreting 
the results. For all six of the genes the RNAscope assay was run on a series of sections 
from both a male and female brain. Consistent with the singleplex survey, no obvious 
differences in the expression patterns were observed for any of the genes between the 
male (figure 4.7) and female (figure 4.8) brain.  

In the P12 ARC, Dcc  co-localised with Agrp in a small subset of cells (figure 4.7 
A, 4.8 A). In general, the co-localised cells were found in the lateral ARC (black 
arrowheads figure 4.7 A, 4.8 A), while little co-expression was seen in the majority of 
Agrp positive cells, which are located in the medial ARC (open arrowheads figure 4.7 A, 
4.8 A). A number of non-Agrp cells in the lateral ARC also expressed Dcc. This was 
consistent with the  single label assay, which had previously revealed that Dcc is largely 
expressed in the lateral ARC. 

Ntn1, was co-expressed in an estimated half of the Agrp neurons (figure 4.7 B, 
4.8 B). However, these were randomly scattered, and there was no clear spatial pattern 
to delineate Agrp-expressing cells that co- expressed Ntn1 (black arrowheads figure 4.7B,   
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Figure 4.7 Co-label of the developmental genes with Agrp in the P12 male ARC. Expression of Dcc
(A), Ntn1 (B), Fzd5 (C), Wnt5a (D), Robo1 (E), and Slit1 (F) in turquoise, co-labeled with Agrp in
magenta. Black arrowheads highlight cells with clear co-expression, open arrowheads identify Agrp
expressing cells that do not co-express the respective developmental gene. Scale bar: 100 !m.
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Figure 4.8 Co-label of the developmental genes with Agrp in the P12 female ARC. Expression of Dcc
(A), Ntn1 (B), Fzd5 (C), Wnt5a (D), Robo1 (E), and Slit1 (F) in turquoise, co-labeled with Agrp in
magenta. Black arrowheads highlight cells with clear co-expression, open arrowheads identify Agrp
expressing cells that do not co-express the respective developmental gene. Scale bar: 100 !m.
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4.8B) from those that did not (open arrowheads figure 4.7 B, 4.8 B). ARC Ntn1 expression 
was also seen in a number of neurons that did not express Agrp. 

Fzd5 was co-expressed in all Agrp positive cells in this survey, with turquoise 
puncta co-localising with all of the areas of magenta staining (examples highlighted by 
black arrowheads in figures 4.7 C and 4.8 C). It is worth noting however, that Fzd5 
expression was not specific to AgRP neurons in the ARC, as many non-Agrp cells, 
especially in the lateral ARC, also expressed Fez1.  

Wnt5a turquoise puncta could be detected in many of the Agrp expressing cells, 
however there was typically only a few puncta in each cell (black arrowheads figure 4.7 
D, 4.8 D), Agrp expressing cells that did not co-express Wnt5a were also identifiable 
(open arrowheads figure 4.7 D, 4.8 D). Wnt5a was also expressed in several other ARC 
cells that did not express Agrp.  

Robo1 was also expressed by a majority of Agrp positive cells in the P12 ARC 
(black arrowheads figure 4.7 E, 4.8 E), although again a few Agrp cells were readily 
identifiable that did not appear to contain turquoise puncta indicative of Robo1 
expression (open arrowheads figure 4.7 E, 4.8 E). However Robo1 expression was not 
limited to Agrp cells, as the majority of non-Agrp cells in the ARC also contained 
turquoise puncta.  

Slit1 was highly expressed in the ARC, including in all Agrp stained cells 
surveyed (examples highlighted by black arrowheads figure 4.7 F, 4.8 F). In every case 
multiple turquoise puncta were seen in each cell. Again, expression was also observed 
in almost all other neurons in the ARC in addition to the Agrp expressing cells.   
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4.3 Discussion  

During the first few postnatal weeks, neurons involved in the regulation of 
feeding behaviours that originate from the ARC undergo extensive elaboration within 
distal target regions, to form a complex, functional, circuitry (Bouret et al., 2004a). While 
this elaboration has been shown to be at least partially dependent on the hormone leptin 
(Bouret et al., 2004b; Kamitakahara et al., 2018), little is known about the molecular 
mechanisms that underpin it. The data presented within this chapter have clearly 
demonstrated the presence of transcripts encoding a selection of ligand-receptor pairs 
in the postnatal mouse hypothalamus, that are involved in neural circuitry development 
in other regions of the brain. By surveying the expression patterns of these genes across 
the early postnatal window, from P2, where the ARC circuitry is largely regarded as 
developmentally primitive, to P16, where leptin levels have surged and a mature circuit 
begins to emerge (see sections 1.3 and 1.4), we can begin to paint a picture of how this 
development may be regulated. Broadly, this survey revealed that while Slit1 and Robo1 
were present in the ARC and PVH, including in ARC AgRP neurons, there was no 
regionally specific expression of this pair, with widespread expression throughout the 
brain. Similarly, Dcc was widely expressed, although in the ARC it was only found in a 
small subset of mainly lateral AgRP neurons. The corresponding ligand Ntn1 was found 
at low levels in both the ARC and PVH. Of the three receptors, Fzd5 was mostly confined 
to specific regions, including the ARC, with expression detected in all AgRP neurons 
surveyed at P12. Wnt5a was also present in both the PVH and ARC, with significant 
expression also detected in the region immediately dorsal to the ARC. Additionally, 
through the course of this survey, notable expression patterns of many of the genes were 
also revealed in the lining of the third ventricle, a region comprised mainly of tanycytes 
and ependymal cells.  

4.3.1 Possible functions of the selected developmental genes in postnatal ARC 
elaboration  

The finding that the selected genes are expressed in the early postnatal 
hypothalamus raises some interesting questions about their involvement in the 
underlying biology.  When this study was initially designed, it was envisaged that the 
protein products of the selected mRNA targets, if expressed in the ARC and PVH, would 
be transported to parts of the neuron, such as the axon or dendrites, where they would 



83 

impart their effects on the developing neural circuitry. While further data is obviously 
needed, our general understanding of the functions of these ligand-receptor pairs 
(detailed in 4.1.1.1 – 4.1.1.3) can inform a number of hypotheses of how they may 
contribute to hypothalamic development.  

4.3.1.1 Slit1 and Robo1 

Slit1 and Robo1 were found to be widely expressed in the postnatal brain, 
including but not limited to, the hypothalamic ARC and PVH (most clearly seen in 
figure 4.2). Relative to the other ligand-receptor pairs, it appears that both Slit1 and 
Robo1 are expressed at comparatively high levels, as seen by the intense brown staining 
that was produced when detecting either gene. While in retrospect the widespread 
expression is consistent with the Allen’s developing brain atlas expression data from 
P14, it does not necessarily align with our hypothesis that target nuclei specifically 
express ligands, in this case Slit1, to promote terminal axon arborisation of afferent 
neurons projecting from the ARC within specific brain regions. This has led to a 
broadening of ideas about the possible functions of Slit1 and Robo1.  

Taken alone, the expression pattern of Slit1 is largely consistent with an 
extension of the model proposed by Ringstedt et al. (2000). There they reported that Slits 
were expressed in the hypothalamus and epithalamus, but not the dorsal thalamus 
(similar to what we have seen postnatally, figure 4.2 F) in the embryonic rat brain. 
Ringstedt et al. (2000) argued that this widespread expression formed part of a 
developmental programme to guide the axons of Robo expressing retinal ganglion cells 
towards their targets in the dorsal thalamus, and keep them out of the hypothalamus. 
Taking a perfunctory stance, one could argue that we are seeing a continuation of this 
developmental programme postnatally, and Slit1 remains highly expressed in the 
hypothalamus to keep out axons that have presumably reached their target and are now 
undergoing a process of elaboration. However, our finding that the receptor Robo1 is 
also highly expressed in the postnatal hypothalamus puts paid to this hypothesis, as it 
means that hypothalamic cells are also likely responsive in some way to the expression 
of Slit1.  

Somewhat contrary to our original postulate that Slit1 and Robo1 may promote 
the elaboration of the ARC feeding circuitry, an alternative hypothesis is that Slit1 – 
Robo1 signalling imposes a general inhibitory tone across the postnatal hypothalamus to 
limit aberrant outgrowth. Several studies have reported that when neuron explants are 
cultured with Slit, neurite growth is inhibited (Ringstedt et al., 2000; Lin et al., 2005; 
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Dugan et al., 2011). Building on this idea, Sang and Tan (2003) found that Slit only 
exerted branch promoting effects across a very restricted window of GABAergic cortical 
neuron development, but for the most part, was inhibitory. When neurons derived from 
GD17.5 mice were cultured for 24 hours in the presence of Slit, branching and neurite 
outgrowth was increased compared to controls. However, if the neurons were derived 
from either younger embryos, at GD13.5 or GD15.5, or postnatally at P1.5, the opposite 
effect was seen, and branching and extension were suppressed. Given this wide variety 
of responses elsewhere in the brain, it is impossible to conclude without further 
experimental evidence what role Slit1 and Robo1 play in the postnatal elaboration of 
ARC circuitry. In the first instance, this could be tested by establishing an in vitro 
primary culture of postnatally derived ARC neurons, ideally from a mouse line that 
expresses a fluorescent marker under the control of the Agrp promoter to aid in 
identifying the neurons of interest. This model could then be treated with exogenous 
Slit1, to establish whether, at least in vitro, Slit1 has branch promoting or suppressing 
effects. Nevertheless, despite this need for further data, from a purely theoretical 
standpoint, it seems more logical that a widespread, general, signal would work as a 
brake on axon outgrowth, rather than encouraging, likely aberrant, global branching.  

Another observation that was made when characterising the expression 
patterns of Robo1 and Slit1, which warrants discussion, is the apparent decrease in 
staining density between the early postnatal (P2) and older (P16) brains. This raises a 
number of questions, including whether we are seeing a carry-over of gene expression 
that was important prenatally, and is now gradually tapering off. Throughout the 
results, I eluded to the idea that from a purely qualitative characterisation, it is difficult 
to tell if this apparent decrease in staining is due to individual cells expressing less Robo1 
or Slit1, or simply a by-product of the cells becoming more sparsely arranged with age. 
ACD Bio claims that RNAscope can be used as a semi-quantitative technique, with each 
punctum representing a single mRNA transcript (Wang et al., 2012). Therefore one 
should theoretically be able to count the number of puncta in a region of interest, to get 
a representative value for the amount of gene expression in that region. However, it 
became apparent that this is not necessarily so straightforward when a gene is highly 
expressed, as is the case with Slit1 and Robo1, as the individual punctum merge into 
larger conglomerates. An alternative approach to quantifying the amount of staining 
could be to calculate the density of brown staining within a region of interest using 
software such as ImageJ. While one could reason that the overall number of neurons in 
the ARC does not change between P2 and P16 (given neurogenesis occurs prenatally), 
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the ARC increases in rostral-caudal length as well as in width and height, meaning it 
would be questionable to assume that the number of cells per section remains constant 
over the postnatal period if one then wanted to relate the staining density to the number 
of cells. One of the issues with using a chromogen-based in situ hybridisation technique, 
rather than fluorescence is that one cannot separate the brown staining from the paler 
nuclear counterstain. In instances, such as Slit1 at P2, this makes it impossible to count 
the nuclei as they are largely obscured by the brown staining. If in future one was to 
quantify the staining in relation to cell number, it would possibly be wise to either trial 
counterstaining with a fluorescent nuclear stain such as DAPI or Hoechst that could be 
imaged independently of the brightfield, or to use a fluorescent-based in situ 
hybridisation approach.  If quantification was to reveal that Robo1 and Slit1 expression 
per cell is decreasing with age, it might be interesting to then look at expression at a few 
older ages to see if this trend continues.  

Throughout this discussion, I have focused on the possible functions of Slit1 
and Robo1; however, it is important to acknowledge that they do not often exist in 
isolation. In mammals, all three of the Slit ligands (Slit1-3) interact interchangeably with 
Robo1 – 2 (Robo3 does not contain a Slit binding domain, and Robo4 is not expressed in 
the brain) (Huminiecki et al., 2002; Zelina et al., 2014). In other areas of the brain, these 
signals have been shown to cooperate including in the development of the corpus 
callosum (Unni et al., 2012), the optic chiasm (Plump et al., 2002), as well as the peripheral 
ophthalmic projection (Ma & Tessier-Lavigne, 2007). Going forward, it may be helpful 
to also characterise the expression patterns of the remaining Slits and Robo in the 
postnatal hypothalamus.   

4.3.1.2 Ntn1 and Dcc  

The expression patterns of Ntn1 and Dcc that were observed in the postnatal 
hypothalamus again did not entirely fit with the original hypothesis that distinct nuclei 
would produce signals to induce axon branching in specific regions. At a global level, 
the receptor Dcc was widely expressed at a high level in sections that contained the ARC 
and PVH. However, co-labelling in the ARC revealed that only a small number of lateral 
Agrp neurons expressed the receptor. Ntn1 was widely expressed in the postnatal 
hypothalamus, albeit at a lower level than Dcc. In both the ARC and PVH, Ntn1 staining 
was more sparse than Dcc and comprised clusters of small puncta, rather than the larger 
conglomerates that were seen with the highly expressed genes. The clustered pattern of 
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gene expression was highly suggestive of Ntn1 being expressed in a subset of cells, 
although unlike Dcc, there was no medial-lateral bias in the expression pattern.  

Previous work from the Jasoni lab looking at Netrin-1 signalling in the prenatal 
ARC feeding circuitry found that earlier in development, Ntn1 appeared to be somewhat 
localised to specific nuclei (Sanders et al., 2014). At GD17.5 patches of Ntn1 expression 
were observed in the ARC, VMH and PVH. There are a number of methodological 
differences in the in situ hybridisation technique used between this study and the work 
presented in this thesis, including the use of a full-length probe compared to the double-
Z pairs, and likely differences in sensitivity. Despite this, the RNAscope data suggest 
that the specific developmental programme described by Sanders et al. (2014) does not 
continue into the postnatal period. Instead, there are a number of other processes that 
occur in the hypothalamus, which Ntn1 and Dcc may contribute to during the first few 
postnatal weeks.  

One of the initial steps in considering any signalling process in the developing 
brain is to first identify which cells are actually able to respond to the signal (i.e. express 
the receptor). In the ARC, Dcc tended to be expressed in the lateral aspects of the nucleus, 
and accordingly, Dcc was only found in the lateral-most AgRP neurons. While mapping 
work has shown that AgRP neurons in the rostral ARC tend to project to rostral brain 
regions, and caudal neurons to caudal brain regions (Betley et al., 2013), to date there is 
no literature which delineates the structure or function of medial and lateral neurons 
that would explain why only this lateral subset of neurons express Dcc. In future, tract-
tracing using a lipophilic dye inserted into either the medial or lateral ARC in 
organotypic slices may be helpful to further characterise if these neurons differ in their 
projections. Alongside AgRP neurons, the ARC contains numerous other cell types, 
including POMC neurons. A number of studies looking at different aspects of the ARC 
feeding circuitry have shown that POMC neurons tend to lie laterally to AgRP neurons 
(Bouret et al., 2001; Atasoy et al., 2012; Padilla et al., 2012). In this chapter, I have focused 
on AgRP neurons largely because that was our initial focus in Chapter 3, where the 
majority of pSTAT3 responsive cells were AgRP positive. Nevertheless, POMC neurons 
also contribute to body weight regulation and undergo development and elaboration 
over a similar time course to AgRP neurons. Although further co-labelling experiments 
would be required, given the overlap between the known position of POMC neurons 
and the expression of Dcc, it may be that Dcc-Netrin-1 signalling contributes more to the 
postnatal development of POMC neurons than that of AgRP neurons.  
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The follow-up question, therefore, is what is the purpose of Netrin-1 signalling 
in the postnatal development of lateral AgRP (and presumably POMC) neurons? The 
general spread of Ntn1 expression across the hypothalamus does not necessarily fit with 
a model where it induces location-specific elaboration of AgRP and POMC neurons. In 
a similar vein to Slit1 signalling, one possibility is that Netrin-1 is acting as a very general 
branch promoting cue. However, there are also a number of other reported functions of 
Netrin-1 signalling, including as a mediator of synaptic plasticity, cell survival with Dcc 
acting as a dependence receptor, synaptogenesis, and angiogenesis, which may all be at 
play (Mehlen & Mazelin, 2003; Bradford et al., 2009; Glasgow et al., 2020). Of these, 
synaptogenesis is one such function, which would fit with what is hypothesised to be 
occurring in the postnatal hypothalamus. Work on cortical neurons has shown that in 
the early postnatal brain, Netrin-1 and Dcc are enriched at synapses (Goldman et al., 
2013). Furthermore, Goldman et al. (2013) found that when Netrin-1 coated 
microspheres were placed next to the neurites of cultured cortical neurons, both 
presynaptic (synaptophysin) and postsynaptic (PSD-95) proteins were recruited into 
clusters in the immediately adjacent neurite. In the hypothalamus, I observed that Ntn1 
staining was arranged in clusters suggestive of it being expressed by a subset of cells. In 
regions, such as the ARC and PVH, where AgRP and POMC neurons form contacts, it 
would be interesting to further characterise these Ntn1 expressing cells to identify 
whether they are synaptic partners of AgRP and/or POMC neurons. To further probe 
the function of Netrin-1 signalling in AgRP and POMC neuron development, one 
approach could be to look at the ultrastructure of AgRP and POMC projections to 
identify the subcellular location of Dcc and Netrin-1 in regions such as the PVH. If 
Netrin-1 signalling were to contribute to synaptogenesis, one might expect to find Dcc, 
and possibly vesicles containing Netrin-1, in primitive synapses, and likely co-localising 
with synaptic elements such as synaptophysin.  

While the presence of Ntn1 and Dcc in the postnatal hypothalamus is a 
significant indicator that they contribute to the overall sculpting of the circuitry, the 
multitude of roles that Netrin-1 signalling likely plays at different points throughout 
ARC development will mean that many of the traditional techniques used to understand 
gene function, such as knockout models, are rather blunt tools to tease apart what this 
ligand-receptor pair is doing specifically during the postnatal period. It is worth noting 
that the possible functions discussed are not necessarily mutually exclusive. In truth, it 
is likely that a definitive understanding of the function of the signalling in the postnatal 
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hypothalamus will require a broader increase in knowledge of the factors that allow a 
neuron to “know” in what way to respond to a particular signal at a particular time.  

4.3.1.3 Wnt5a and Fzd5  

In contrast to the other two ligand-receptor pairs, the expression patterns of 
both Fzd5 and Wnt5a were much more localised and largely confined to distinct regions. 
In the hypothalamus, the receptor Fzd5 was robustly expressed in the ARC across the 
postnatal period, at a markedly higher level than that of the immediately adjacent 
regions. This included co-expression with all Agrp-expressing neurons that were 
examined at P12. Interestingly, the other hypothalamic region where pronounced Fzd5 
expression was observed was in the DMH, the region that Draper et al. (2010) had 
characterised in the initial paper that had led us to investigate Fzd5. Wnt5a expression 
was found at low levels in both the ARC and PVH from P2 – P16. However, the most 
significant expression was observed in the VMH, which lies dorsal to the ARC. Overall 
this pattern of expression was most consistent with what was initially hypothesised, 
albeit with some revisions.  

Wnt5a is one of a small number of Wnt ligands that have been implicated in 
branching in the wider nervous system. The low level of Wnt5a found in both the ARC 
and PVH provides some signal that receptor-expressing cells in these regions, or at least 
projections from these cells, can respond to. Nevertheless, it is perhaps the cursory 
observation that Wnt5a is strongly expressed in the VMH that invites the more 
interesting discussion. Although the VMH has had a long (and somewhat convoluted) 
association with satiety and feeding regulation (reviewed by King (2006)), evidence that 
it receives projections from AgRP neurons is somewhat scant. In their extensive 
mapping of whole-brain projections, Wang et al. (2015) did identify the VMH as 
receiving both POMC and AgRP innervation. However, the region has otherwise been 
largely ignored in any studies looking at the function of AgRP projections (for example, 
Betley et al. (2013), Atasoy et al. (2012)). Despite this, the strong presence of Wnt5a in the 
VMH coupled with the comparative lack of Fzd5 in this region, suggests that Wnt5a is 
providing some sort of cue to Fzd5-expressing cells originating from either the ARC or 
DMH (although we of course cannot discount the other possibility that a different Fzd 
receptor is instead expressed in the VMH). During the postnatal period, it seems 
unlikely that any signal in the VMH would be acting as a guidance cue to attract axons 
out of the adjoining ARC, as we believe this process has largely occurred prenatally. 
Instead, we are left with our initial hypothesis that Wnt5a promotes elaboration, and 
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likely branching, in the postnatal hypothalamus, with the modification that this is 
occurring in the VMH rather than the PVH where we have directed most of our 
attention. Further experiments would be needed to show if 1) this is the case and Wnt5a 
promotes axon branching, and 2) whether this cue is responded to by neurons that 
originate from the ARC and/or the DMH. In the first instance, this could be tested in a 
similar manner to that proposed for Slit1/Robo1 signalling, by simply characterising the 
response of AgRP neurons in culture to treatment with Wnt5a.   

The observations in the VMH highlighted a further limitation of this survey, in 
that by restricting the characterisation to the ARC and PVH, significant patterns of 
expression in other relevant regions may be missed. While this limited scope was 
necessary, as it would not have been practicable to survey gene expression in all 52 
regions identified by Wang et al. (2015) within this project, it does provide a future 
direction in which we could expand our understanding of how these genes contribute 
to hypothalamic development.  

A further question that arises when we begin to explore the role of Wnt in 
postnatal hypothalamic elaboration is whether there is also involvement of other Wnt 
ligands. In addition to Wnt5a, there is some evidence to suggest that Wnt3 and Wnt7a 
also act as positive regulators of axon branching (Hall et al., 2000; Krylova et al., 2002). 
In situ hybridisation data from Allen’s developing mouse brain atlas 
(http://developingmouse.brain-map.org) at P14 gives reason to believe that both of 
these Wnts may be expressed in at least some regions of the postnatal hypothalamus. 
Therefore it would be interesting to also characterise the expression of these two genes. 
In particular, if expression was found in relevant hypothalamic regions, one could then 
overlay the different Wnts to further investigate if each gene demarcates a discrete 
region, or if the signals overlap and cooperate to shape the overall elaboration.   

The finding that Fzd5 was expressed in the postnatal ARC raises some exciting 
possibilities about its putative function in ARC development. In addition to being 
expressed in all AgRP cells examined, Fzd5 was also observed in the lateral ARC, 
leaving open the possibility that it is expressed by POMC neurons, and that the two cell 
populations share the common developmental instruction. However, it is difficult to 
link any of this expression to existing knowledge about Wnt-mediated axon branching 
or elaboration, because receptors, in general, appear to be somewhat absent from this 
literature. In fact, the understanding of Fzd5 in the postnatal brain is remarkably limited. 
Of two papers that show some developmental effect of Fzd5, one focuses on earlier 
embryonic hippocampal development and provides some evidence that Fzd5 is 
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involved in the establishment of neuronal polarity, is expressed within neurite growth 
cones, and may influence branching in culture (Slater et al., 2013). The further paper has 
implicated Fzd5 in postnatal activity-mediated synaptogenesis in the hippocampus; 
however, the initial in vivo immunohistochemistry is rather unconvincing (Sahores et al., 
2010).  

Given the general paucity of information about Fzd5, one of the first steps that 
would be required if Wnt5a does affect axon elaboration in vitro would be to establish if 
this is indeed mediated by Fzd5. Because Wnt-Fzd signalling is also implicated in 
tumorigenesis, some effort has been put into identifying inhibitors of the receptors, 
which provides possible tools to probe their functions (Gurney et al., 2012; Steinhart et 
al., 2017). Steinhart et al. (2017) described the development of antibodies that inhibited 
both Fzd5 and Fzd8, which share 70% identity (Fredriksson et al., 2003). Depending on 
the conservation of Fzd5 between mice and humans, and whether these antibodies are 
cross-reactive with mouse Fzd5, one could theoretically use the antibodies to investigate 
if inhibiting Fzd5 (and Fzd8) in vitro is sufficient to inhibit Wnt5a-induced axon 
branching. An alternative approach would be to use siRNA to knockdown the 
expression of Fzd5. In embryonic mesonephric mesenchyme cells at least, this has been 
shown to be an effective method of reducing downstream signalling by more than 50% 
(Dickinson et al., 2019).  

4.3.2 Additional considerations, limitations and likely pathway interactions  

Throughout this discussion, I have addressed the potential roles that a handful 
of signalling pathways may play in the postnatal elaboration of the ARC feeding 
circuitry. However, with this must come some acknowledgement of the limitations of 
this survey, and the associated hypotheses.  

The first matter is that this characterisation has focused on a selection of 
developmental cues, which it was hypothesised may be expressed in the postnatal 
hypothalamus. While some thought was put into selecting a range of receptor-ligand 
pairs that represent a number of different signalling pathways, the findings of this 
chapter do not exclude the involvement of other guidance cues, nor was it ever intended 
that this survey would provide an exhaustive characterisation. In truth, it still remains 
possible that a completely different, as yet unidentified, cue is the main driver of ARC 
circuitry elaboration. Likely the only way to confidently ascertain all of the 
developmental cues present in the postnatal ARC and associated hypothalamus would 
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be to identify all genes expressed by undertaking an unbiased approach such as an 
RNAseq. Dovetailing into this idea is also the consideration that the identified cues will 
not be exclusively responded to by AgRP neurons. The ARC consists of a number of 
different cell types, including kisspeptin neurons, tuberoinfundibular dopamine 
neurons, and growth hormone-releasing hormone neurons to name a few, which must 
also presumably be undergoing development over a similar time course. The co-
labelling data clearly demonstrated that none of the selected genes were solely 
expressed by AgRP neurons, and as such, we must keep in mind that other neuron types 
are also responding to these cues. Additionally, as was exemplified by Ringstedt et al. 
(2000) work with Slit, neurons originating from far outside the hypothalamus and whose 
axons merely transit through the hypothalamus, such as the retinal ganglion cells, may 
also be responding to the hypothalamic cues that we are considering.  

Our discussion of the different signalling cues has so far considered each 
pathway independently. Although this was necessary to collate and examine how each 
signalling mechanism could influence ARC feeding–circuitry development in a 
comprehendible way, one must acknowledge that this is a gross oversimplification of 
what likely occurs. When one considers how many axons must be guided and instructed 
to form a brain, it becomes evident that there are simply not enough cues for there to be 
a discrete signal that acts on each population of neurons. Instead, to get around this 
problem, neurons respond to multiple cues, and it is the combination of signals 
interacting that sculpt the ultimate circuitry. Even amongst the small handful of cues 
that I have explored within this thesis, there is evidence of pathway interactions in other 
areas of the brain. In thalamocortical cells, Castillo-Paterna et al. (2015) have reported 
that Dcc and Robo1 antagonise each other to accelerate or brake axon outgrowth 
respectively. In commissural axons, an even more intricate system has been described 
whereby Netrin expression initially attracts the Dcc-expressing axons to the midline 
where they cross, before Slit silences the directional effect of Netrin, and repels the axons 
away from the midline to prevent recrossing (Stein & Tessier-Lavigne, 2001). While 
neither one of these examples relates to branching explicitly, similar interactions are 
likely occurring. From an experimental standpoint, it will be difficult to tease apart 
whether and which signals are cooperating to shape the circuitry, however it is worth 
keeping in mind that it is likely the combination of signals that imparts the overall 
developmental programme.  

The final consideration which warrants discussion here, is the sample size used 
to characterise the patterns of gene expression. Ideally, more than two brains per age 
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would have been used but this was not practicable within the constraints of this project. 
The main concern with the small sample size in terms of the overall aims of the project 
is that individual animals show some variability in their developmental stage despite 
being of the same age. Nevertheless, given the care taken to use developmentally typical 
brains at each age (both by not using brains from pups that were markedly smaller than 
their littermates, nor brains that garnered fewer sections containing the ARC or PVH 
than expected), and the overall consistency in the expression observed of each gene 
between the two brains at each age, it is felt that the data presented represents a fair 
characterisation of the gene expression patterns across postnatal hypothalamic 
development. Furthermore, through the course of this survey, the samples were 
separated by sex. This design was in accord with the work performed in Chapter 3, and 
was again largely driven by the report from Kamitakahara et al. (2018), that suggested 
there may be sexually dimorphic differences in the way the circuitry develops, or at the 
very least its susceptibility to leptin. While it was not expected with an n = 1 each of 
male and female brains that one would be able to conclusively demonstrate that there 
were any sexually dimorphic patterns of gene expression, the aim of separating by sex 
was to see if there were any interesting trends that could be followed up with larger 
sample sizes. This did not end up being the case, as no clear differences in staining were 
observed in the ARC or PVH that would give us grounds to suspect that any of the genes 
were being dimorphically expressed.  

4.3.3 Gene expression in the third ventricle lining  

As an aside from the initial aims of this chapter, it was noted that a number of 
the selected genes were also expressed within the lining of the hypothalamic third 
ventricle, a region comprised mainly of tanycytes and ependymal cells. Far from simply 
forming a passive barrier between the adjacent hypothalamus and the cerebrospinal 
fluid (CSF), cells in this lining, particularly the tanycytes, are starting to be implicated in 
a whole raft of functions in hypothalamic regions including the ARC. These functions, 
in addition to the striking nature of some of the patterns of gene expression, led us to 
expand the characterisation to include this region.  

In a similar arrangement to the other ventricles, much of the lining of the third 
ventricle consists of a layer of ciliated ependymal cells which work to ensure the flow of 
CSF through the ventricular system. Accompanying these, is a specialised population of 
cells – the tanycytes – which lack beating cilia or other apical specialisations, and instead 
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have a long process that projects into the brain parenchyma (Rodriguez et al., 2005). One 
of the earliest established functions of the tanycytes was in the regulation of the blood-
brain barrier between the median eminence and the rest of the brain (Peruzzo et al., 
2000). Tanycytes originating from the ventral aspect of the third ventricle form tight 
junctions, which stop the free diffusion of metabolites out of the median eminence 
venous system into the CSF or neighbouring hypothalamic structures (Mullier et al., 
2010). There is now a growing body of evidence of other tanycytic functions including 
in the regulation of hypothalamic thyroid hormone bioavailability (Bolborea & Dale, 
2013), as glucose sensors (Frayling et al., 2011) and in the passage of leptin into the 
mediobasal hypothalamus (Balland et al., 2014). A number of research groups have also 
promoted the idea that tanycytes are specialised radial glia cells, and as such can also 
act as hypothalamic neural stem cells (see Yoo and Blackshaw (2018)).  

While much is known about the mature structure and function of the third 
ventricle lining, comparatively little is known about its development. In the adult brain, 
ependymal cells are restricted to the dorsal hypothalamic third ventricle lining 
(Rodriguez et al., 2005). As the ventricle wall progresses ventrally there is a transition 
zone where ependymal cells interdigitate with the tanycytes that ultimately comprise 
the ventral portion of the third ventricle lining. Within the tanycytic region there is 

further division into b2 tanycytes, which occupy the most ventral floor of the third 

ventricle, b1 tanycytes which lie in the ventral wall of the third ventricle adjacent to the 

ARC, followed by a2 and a1 tanycytes which reside more dorsally (figure 4.9). In general 
there appears to be agreement that tanycytes are found in the caudal aspects of the 
hypothalamic third ventricle, although exactly how far this zone extends rostrally is not 
well defined. Some of the very early papers detailing the structure and development of 
the rat hypothalamus have suggested that the ependymal cells in the dorsal third 
ventricle are generated around gestational day 16 – 18. This precedes the formation of 
the tanycytes that are not generated until around GD19 (which Goodman and 
Hajihosseini (2015) claim is roughly equivalent to GD17 in the mouse), with some cells 
not born until the early postnatal period (Altman & Bayer, 1978b; Rutzel & Schiebler, 
1980). The timing of the development of the ependymal cells at least is roughly 
equivalent to that reported in other ventricles of the mouse brain. Spassky et al. (2005) 
found that the majority of cells in the lateral ventricles are born between GD14 – GD16, 
although maturation does not occur until the first few postnatal weeks. However, aside 
from reports from other areas of the brain with which we can draw parallels, there has 
been little further information about the development of hypothalamic third ventricle 
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lining since the initial early studies. A number of questions therefore remain including 
whether tanycytes are restricted to their mature location in the developmental phase, 

and how or when a and b tanycyte diversification occurs. Despite this, it seems fair to 
assume that developmental and maturation processes are still occurring in the third 
ventricle lining during the early postnatal period.  

 
Figure 4.9 Spatial arrangement of the tanycyte subtypes in the adult brain. a-tanycytes 
are located dorsal to the ventral b-tanycytes. Tanycyte soma line the wall of the third 
ventricle and send processes into the surrounding brain parenchyma. Figure from 
Ebling and Lewis (2018) 

 
Given how little is known about the postnatal development of the 

hypothalamic third ventricle lining it is somewhat difficult to envisage what roles the 
selected developmental genes may be playing. However in several cases the patterns of 
gene expression that were observed appear to align with the mature location of specific 
subsets of cells in the third ventricle lining. If this is indeed the case, some of these genes 
may prove to be valuable tools to further understand third ventricle development and 
tanycyte function.  

Ntn1 was specifically expressed in the walls of the third ventricle, but was 
noticeably absent from the ventricle floor. When one compares this expression to the 
location of tanycytes in the figure above, Ntn1 is expressed in the areas that will contain 

a1, a2, and b1 tanycytes, while the region of the ventricle where b2 tanycytes reside is 
devoid of Ntn1. This raises the idea that either Netrin1 has a role in specifying the more 
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ventral tanycyte fate, and/or the absence of Netrin1 signalling results in tanycytes 

adopting a b2 fate. The accompanying receptor that was characterised, Dcc, was most 

concentrated in the b1 associated tanycyte region, leaving open the possibility that other 

Netrin-1 receptors may be involved, especially with a tanycytes. Remarkably, of the 
ages included in the survey, the expression of Ntn1 was strongest at P2; and while still 
detectable at P16, qualitatively it had substantially decreased. This would suggest, 
should Netrin1 play a role in specifying tanycyte subtypes, that diversification begins 
very soon after the cells are generated. Before one could begin to use Ntn1 as a marker 
of specific tanycytes during development, a raft of experimental evidence would be 
required. This likely includes lineage tracing, to conclusively determine what cells the 
Ntn1 expressing region contributes to in the mature brain, as well as needing definitive 

proof that Ntn1 is absent from b2 tanycytes.  
Of all the selected genes, the third ventricle lining expression of Fzd5 was the 

most striking, with dense brown staining filling the ventral portion of the lining. By P16 

the expression of Fzd5 was largely contained in the region one would expect to find b 
tanycytes in the mature brain. This pattern was mirrored by the ligand Wnt5a, albeit at 
a lower level of expression. However, earlier in development (P2) both Fzd5 and Wnt5a 
were found across a much wider extent within the third ventricle lining, extending 
rostrally to at least the level of the PVH, as well as further into dorsal regions. One line 
of thinking may be to consider a link between Wnt-Fzd signalling and the 
developmental potency of cells in the third ventricle lining. Several studies have 
implicated Fzd5 and Wnt5a in the commitment of stem cells to a neural fate (Van Raay 
et al., 2005; Jang et al., 2015; Bengoa-Vergniory et al., 2017). Indeed blocking xfz5 (Fzd5 
ortholog) in developing Xenopus retina inhibits proneural gene expression and drives 
the progenitors towards a nonneural fate (Van Raay et al., 2005). Recently, the 
combination of data from a selection of lineage tracing studies looking at the potential 

of tanycytes to act as stem cells has led to the suggestion that b tanycytes are more 

neurogenic, while a tanycytes mostly contribute to glial cells (Lee et al., 2012; Haan et al., 
2013; Robins et al., 2013; Goodman & Hajihosseini, 2015). Although it is unclear when 

the a and b tanycytes adopt this restricted fate, it would be interesting to explore if it 
relates at all to the expression of Fzd5 and Wnt5a.  

The final pair, Robo1 and Slit1 present an even more confusing picture. 
Although Robo1 is strongly expressed in parts of the third ventricle lining at P2, Slit1 is 
entirely absent. This gives two possibilities; either one of the other Slit ligands is 
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expressed in the lining, or Robo1 expressing cells are responding to cues outside of the 
lining. Without the expression patters of Slit 2 and Slit3 it is impossible to make an 
informed hypothesis about Robo1’s function.  

4.3.4 A wider context - relevance to leptin  

Although the work in this chapter did not investigate any link between the 
selected genes and leptin, aspects of the experimental design were still intertwined with 
the postnatal leptin surge. The timepoints, P2, P8, P12 and P16, represent windows 
before the surge (P2) and then various points as leptin levels increase, before they peak 
at P16 (see Thomas Kim, unpublished data, Chapter 1.4.1). While it was never expected 
that any of these multifaceted genes would be solely regulated by leptin (i.e. absent in 
the ARC/PVH at P2 then gradually increasing in expression from P8 through to P16), 
choosing these timepoints gave us an idea of how the genes may fit into the postnatal 
elaboration of the ARC feeding circuitry. In truth, it appeared that the expression of 
three of the genes, Slit1, Robo1 and Dcc, may actually decrease over the window 
characterised, indicating that if leptin was at all involved in their regulation it would be 
as a negative regulator. However, without any data from leptin treated samples this is 
purely speculation.  

This characterisation focused on ligand receptor pairs that had been identified 
as target-derived cues, as the possibility of discrete spatial patterns fitted best with 
taking an in situ hybridisation approach. Nevertheless it must be recognised that these 
signals only represent one layer at the start of a cascade that ultimately results in an axon 
branching. In order for a branch to form a myriad of intracellular components are also 
needed, including cytoskeletal elements and their associated proteins, motor proteins 
responsible for axonal transport, as well as the involvement of organelles such as 
mitochondria (Kalil & Dent, 2014; Armijo-Weingart & Gallo, 2017).  Although it is 
tantalising to hypothesise that leptin regulates the expression of overall target-derived 
signals, altering the expression of some of the downstream components may also be a 
means to promote axon elaboration.  
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5 Discussion  

5.1 Summary of research  

The neural circuitry that arises from the hypothalamic ARC is central to the 
regulation of body weight. Over the past two decades, there has been increasing interest 
in how this circuitry develops, and how developmental insults may impact on circuitry 
formation and later life function (Whitaker, 2004; Bouret et al., 2008; Sun et al., 2012). As 
a component of this, it is recognised that the adipocyte hormone leptin plays a critical 
role in modulating the development of the afferent projections from AgRP and POMC 
neurons that connect the ARC with other brain regions associated with body weight 
regulation (Bouret et al., 2004b). In rodent models, much of this circuitry elaboration 
occurs during the first few postnatal weeks, at a time when leptin levels surge but do 
not impart any satiating effects (Ahima et al., 1998; Mistry et al., 1999; Bouret et al., 2004a).  

This thesis has focused on two lines of enquiry exploring hypothalamic 
development across this early postnatal period, with the aim of better understanding 
some of the signals that instruct the elaboration of AgRP neurons into their mature form.  
The first centred on the transcription factor STAT3, which forms part of the leptin 
signalling cascade. From a previously conducted leptin-induced pSTAT3 ChIP-Seq, five 
genes were identified, Ephb3, Fez1, Ngfr, Plxnb1, and Unc119, that have been associated 
with axon development. However, qPCR on microdissected leptin-treated ARC samples 
found no evidence that any of these genes were regulated by leptin. Furthermore, 
RNAscope in situ hybridisation revealed that while Fez1 was expressed throughout the 
brain, Ngfr was expressed in very few cells in the ARC. In the second part of this thesis 
a more general approach was taken, whereby I aimed to characterise the postnatal 
hypothalamic expression of three ligand-receptor pairs that are involved in neural 
circuitry development in other regions of the brain. All three of the selected receptors, 
Dcc, Fzd5, and Robo1, were shown to be expressed in the ARC, and the accompanying 
ligands, Ntn1, Wnt5a, and Slit1, were identified in the ARC and PVH in varying patterns.    

Many of the specific details of how each finding fits with the existing literature, 
as well as possible interpretations, have already been discussed within the two 
experimental chapters. The general discussion that follows instead focuses on common 
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methodological considerations between both chapters, before going on to discuss 
broader hypotheses and how the findings fit into our understanding of human health.  

5.2 Methodological critique  

A large portion of the laboratory work that was undertaken as part of this 
project centred around the establishment and optimisation of a new technique 
(RNAscope) within the research group, in addition to various other troubleshooting and 
refinements of other protocols that took place. As such, it is felt that a reflection on and 
discussion of some of the methodological considerations is warranted.  

Before beginning a critique of methods, it is important to acknowledge that the 
techniques used in this thesis have led to the focus being entirely on RNA. Although 
valid, it must come with the proviso that what has been shown here is gene expression, 
not protein expression. While one assumes that this mRNA expression follows the central 
dogma of biology, and results in protein expression, that is not an absolute, with post-
transcriptional and post-translational modifications also influencing whether a protein 
is produced and active. There are advantages and limitations to investigating either 
protein or mRNA expression, nevertheless, in this instance we felt that, initially at least, 
qPCR and in situ hybridisation were the more suited techniques. qPCR has the 
advantage of being more readily quantifiable than semi-quantitative techniques such as 
western blot. The sensitivity of qPCR also made working with the small P8 ARC feasible, 
which would not necessarily have been the case if I had tried to work with the limited 
amounts of protein obtainable from such small tissue samples. By using in situ 
hybridisation I was less limited by the availability of antibodies, and it was possible to 
detect colocalization with relative ease, something that would have been much more 
challenging to demonstrate with proteins that are likely transported to distal, often 
disparate parts of the cell. That being said, protein work is still needed to substantiate 
many of the interpretations and hypotheses that have been discussed.  

5.2.1 Microdissection, RNA extraction and qPCR  

Much of the qPCR work that was undertaken as a part of this thesis project was 
hampered by the loss of RNA and/or very low yields. As a component of this, 
troubleshooting trials identified that RNA extraction using the traditional phenol-
chloroform method produced a much greater yield of RNA than that from equivalent 
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samples using the previously optimised Zymo Direct-zol Miniprep kit. This appears to 
be consistent with others that report that phenol-chloroform protocols produce higher 
yields of RNA when extracting from small quantities of cells or tissue than silica column-
based methods (Toni et al., 2018). However, the phenol-chloroform protocols do come 
with the cost that contaminants, including phenol, guanidine, chloroform or salt, can be 
carried over from the extraction process, which can then impede downstream uses of 
the RNA. Given the small size and difficulties faced when working with the developing 
ARC, the benefit of a larger RNA yield will likely outweigh the risk of contaminants in 
any future experiments. In work undertaken for this thesis, the RNA purity measures 
determined by a Nanodrop (A260/280 and A260/230 ratios) were largely ignored, as 
the very low concentrations of RNA meant that the Nanodrop struggled to produce 
meaningful results. However, if there was a shift to use a phenol-chloroform based 
extraction method, more attention may need to be paid to ensure that the A260/230 
values are close to 2 (lower values tend to indicate the presence of contaminants), which 
would hopefully be feasible if the yield, and hence concentration, of RNA was higher.  

One of the more conceptual points of discussion is whether the whole ARC 
microdissection is a specific enough tool to study AgRP neuron development. The ARC 
is a heterogeneous nucleus made up of many different cell types, which would have 
been included within the microdissected region. Nevertheless, the experimental design 
provides some reassurances about the method, as any changes in gene expression were 
at least directly attributable to the acute leptin injection. Additionally, at P8, previous 
work in the Jasoni lab has indicated that the majority of leptin-induced pSTAT3 
responsive cells are AgRP expressing (Thomas Kim, unpublished data), although this of 
course does not preclude other LepR expressing cells responding to leptin through the 
other (ERK or PI3K) pathways. Other potentially leptin-responsive cells within the 
microdissected region include POMC neurons and tanycytes (although a recent paper 
from Yoo et al. (2019) refutes the previously-held idea that tanycytes express LepRs).  

The question then presents itself, what alternate techniques would permit cell-
type specificity? Aside from fluorescence activated cell sorting or single-cell 
transcriptomics, both of which require a significant amount of mechanical manipulation 
of the tissue as well as sophisticated equipment, there have been recent developments 
in in vivo metabolic RNA labelling methods (Miller et al., 2009; Gay et al., 2013; 
Matsushima et al., 2018). Recently, Matsushima et al. (2018) described SLAM-ITseq, an 
elegant technique that makes use of the Toxoplasma gondii enzyme uracil 
phosphoribosyltransferase (UPRT). UPRT converts the uracil analogue 4-thiouracil to 4-
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thiouradine monophosphate (4-thio-UMP), which can be incorporated during synthesis 
RNA to generate thiol-containing RNA. In the described system, UPRT was expressed 
in a cre-dependent manner, so was restricted to the cell type of the particular cre line. 
When cre+ mice were injected with 4-thiouracil, the RNA synthesised in URPT 
expressing cells was labelled. Once the RNA was extracted from the whole tissue, it was 
treated with iodoacetamide to alkylate the thiol in the thiol-RNA. When the RNA was 
then converted to cDNA through reverse transcription, guanine (G) instead of adenine 
(A) paired with the alkylate-thiouracil, causing a base conversion. Matsushima et al. 
(2018) went on to sequence the RNA library using a T>C mismatch aware alignment. It 
is unclear if there is any potential for this technique to be adapted for more routine 
laboratory procedures such as qPCR. This may depend on factors including what 
percentage of the uracils are replaced with 4-thio-UMP during RNA synthesis, and 
hence the reliability of the base conversion, and then whether primers for genes of 
interest could be developed that selectively recognise the base-converted sequences. 
That being said, this method offers several advantages even over the sequencing of a 
whole region such as the ARC. Firstly, it is cell-type specific, secondly, it can be used 
with existing cre lines and thirdly, it only labels RNA synthesised after 4-thiouracil 
injection, so in studies such as the work that may follow on from this thesis, the injection 
could be given concurrently with leptin to label leptin-induced RNA expression. To 
date, the only citing publications that use the described technique have involved 
elaboration on the method rather than experimental application (Matsushima et al., 2019; 
Neumann et al., 2019). It will be interesting to see if and how this method is adopted 
over the next few years.  

5.2.2 RNAscope  

RNAscope is touted as a highly specific and sensitive new method to perform 
in situ hybridisation. These claims largely centre on the novel “double-Z” probe design, 
which require contiguous pairs of probes to bind the target sequence before pre-
amplifiers and amplifiers can bind to produce a signal. As well as imparting increased 
specificity, these probes moved away from the traditional RNA-based probe design, 
circumventing many of the problems with probe degradation that have hampered 
traditional approaches. Once I had worked through the associated jargon and 
proprietary nature of the technique, RNAscope proved to be a user-friendly, reliable and 
rapid method. The single label assay was completed in one day, while the duplex assay 
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was spread across two; a far cry from the weeks and months involved in radioactive in 
situ hybridisation labelling.  

Overall the RNAscope brown singleplex assay was remarkably specific. This 
was especially evident with the Agrp probe, as Agrp is only expressed in a very limited 
region in a coronal brain section. In these sections, no brown staining was seen outside 
of the ARC and median eminence (see methods). The only noticeable variability that 
was encountered with the brown assay, was that a brown background occurred when 
the staining was developed while room temperature was warmer than normal. This 
never posed much concern as the background was always distinguishable from the 
punctate staining, and would not occur in a temperature-controlled environment. The 
RNAscope chromogen duplex kit produced a higher overall background. In particular, 
the sections were always slightly pink all over following red stain development. While 
this assay was a very straight-forward method for double-label in situ hybridisation, the 
duplex assay was not as reliable as the brown singleplex. Every now and then it would 
throw unexpected results that were not easily attributable to user error. For example, 
the red (Agrp in this instance) stain failed on one of the duplex slides from Chapter 4.2.2, 
despite the same probe mix working as expected on another slide, and all of the slides 
being processed together.  

ACD Bio makes several claims in the methods that I determined to be 
unnecessary. The first was that RNAscope required the HybEZ™ hybridisation oven. I 
found that a standard hybridisation oven with a sealed slide box lined with damp tissue 
paper produced perfectly adequate results. Although the HybEZ™ system may have 
made the slide handling slightly easier, it would not have been compatible with multiple 
sections per slide or pipetting the AMP solutions (see below), as the sections would have 
dried out during the processing time. Throughout the method, ACD bio instructs the 
user to apply four drops of each solution per ~2cm square hydrophobic barrier. This 
equates to each kit containing enough reagents to stain ~20 sections, making RNAscope 

a not particularly cost-effective method. However, I found that as little as 10 µL of each 
solution (~1/4 of a drop) was sufficient to cover each postnatal brain section, meaning 
that a kit could be used to stain >300 sections, and was much more viable for larger-scale 
use. It was also found that the probe diluent, marketed as a replacement for the Channel 
1 probe in multiplex assays, could be used to dilute Channel 1 probes for the singleplex 
brown assay, and was by far the most effective method to adjust staining intensity.  

A potential caveat of the RNAscope chromogen duplex method surrounds how 
confidently one can claim that individual cells are co-expressing the genes of interest. 
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Because the technique is viewed using a brightfield microscope, it is difficult to isolate 
the puncta to a single focal plane, as can be done with fluorescent detection systems and 
confocal microscopy. This leaves open the possibility that the observed “co-labelling” is 
due to gene expression in adjacent (potentially non-AgRP) structures, rather than both 
mRNA being present in the same cell. Given the proprietary nature of RNAscope, 
alternative microscopy approaches to establish co-labelling, such as electron microscopy 
ultrastructure analysis, would be challenging, as one would need to adapt the 
horseradish peroxidase and alkaline phosphatase detection systems to instead work 
with electron dense labelling methods. Although the work presented in this thesis, 
strongly suggests that many of the genes of interest are expressed by early postnatal 
AgRP neurons, further work, which would most practicably be done by using cell-type 
specific transcriptomics as discussed above, would be needed to confirm this co-
expression,  

One of the features of RNAscope that was not utilised in this compilation of 
work was the purported ability to quantify the staining. Nevertheless, some of the 
challenges that would be faced when trying to quantify high expressing genes across 
development were readily apparent during the characterisation of ligand-receptor pair 
expression (see Chapter 4 discussion). From a technical standpoint, it would be 
interesting to explore how any quantification using RNAscope aligns with 
quantification using well-accepted methods such as qPCR. An initial test could be to 
compare the fold change in expression of a gene between a high expressing region (e.g. 
Fzd5 in the parafascicular thalamic nucleus) and a low expressing region (e.g. Fzd5 in 
the cortex or hippocampus) as determined by RNAscope and qPCR. The harder 
comparison to make with any certainty is the difference in expression between different 
genes, as this is also dependent on how efficiently the probes bind the target sequences. 
This, however, is not an issue that is unique to RNAscope but is a wider problem faced 
with any quantitative RNA work.  

5.3 Future directions  

Although further experimental work was discussed as it arose within both 
experimental chapters, there remain a few overarching ideas left to be explored. 

In the Chapter 4 discussion, it was highlighted that Fzd5 and Wnt5a showed the 
most specificity to the ARC feeding circuitry out of the ligand-receptor pairs 
characterised. If one was to continue to follow the train of thought that leptin is a major 
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influencer of postnatal ARC elaboration, the next obvious question is, does leptin 
regulate the expression of either Fzd5 and/or Wnt5a? There are a couple of different 
ways that this could be tested. The first would be to compare gene expression after acute 
exogenous leptin treatment, in a similar manner to the work carried out in Chapter 3. 
Alternatively, a leptin-signalling deficient model (either leptin or leptin receptor null) 
could be used to compare hypothalamic gene expression back to a wildtype counterpart. 
One advantage of using a leptin knockout model (ob/ob), is that should the expression 
of either gene differ from the wildtype, the experiment could be taken a step further by 
seeing if exogenous leptin treatment could restore gene expression. If neither gene 
proved to be leptin regulated, one would be forced to reconsider whether performing 
an RNAseq on postnatal ARC samples derived from either exogenous leptin treated or 
leptin knockout animals, is the next logical step forward.  

Independent of whether Fzd5 or Wnt5a are leptin regulated, their presence in 
discrete patterns in the postnatal hypothalamus invites questions about their functions 
in its development. In addition to the initial experiments outlined in Chapter 4 that 
would explore Fzd5 and Wnt5a’s functions in vitro, there are also questions about their 
in vivo role in AgRP neuron development. Unfortunately, both Fzd5 and Wnt5a global 
knockouts are lethal, with Fzd5-/- embryos dying at around 10.75 days post coitum due 
to defects in yolk sac angiogenesis, and Wnt5a-/- mice dying shortly after birth due to 
asphyxiation (Yamaguchi et al., 1999; Ishikawa et al., 2001). Instead in vivo studies would 
require the use of floxed Fzd5 or Wnt5a mice, which have been reported by Liu et al. 
(2008) and Ryu et al. (2013), that could be crossed to an Agrp-cre line to generate 
conditional knockouts. These mice could then be used to characterise the structural 
consequences of removing Fzd5 or Wnt5a on AgRP circuitry formation. Agrp would be 
well suited for use as a mediator of conditional knock out as it is solely expressed by the 
ARC NPY/AgRP neuron population within the brain (Grove et al., 2001), and it is not 
expressed until relatively late in development (see discussion below) so is less likely to 
drive gene changes that impinge on initial axis formation or brain-wide development. 
However, Agrp expression has been reported in peripheral tissues in chickens, including 
the adrenal gland, heart, liver, and spleen (Takeuchi et al., 2000). If these tissues also 
express Fzd5 and/or Wnt5a, in vivo work may be hampered by off-target effects.  

One of the underpinning assumptions of this thesis was that AgRP projections 
form embryonically and then undergo extensive elaboration, likely by branching and 
making synaptic connections, during the early postnatal period. While this view is 
supported by Sanders et al. (2014) previous work in the Jasoni lab, as well as what is 
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known from similar areas such as the VMH (Cheung et al., 2013), it is at odds with much 
of the literature in the field (Bouret et al., 2004a; Nilsson et al., 2005). Moving forward, it 
would be helpful to perform projection mapping to definitively establish the timeline of 
development. One of the concerns around the early mapping studies is that either the 
DiI or immunolabelling failed to label the entire projections. To overcome this problem, 
a transgenic approach could be taken by using Agrp-cre mice crossed with a fluorescent 
reporter line. As an aside to the work presented in this thesis, RNAscope for Agrp was 
performed on sections from a GD17.5 brain (data not shown). This technique clearly 
labelled Agrp within the ARC, dispelling the idea that Agrp is only expressed 
postnatally, (to date the earliest report has been of weak expression at P0 (Nilsson et al., 
2005)), and opening up the possibility that fluorescent markers could be used to trace 
AgRP neurons as early as GD17.5. Over the past few years, tissue clearing techniques 
have become increasingly common as a method of visualising projections without 
having to section the tissue. Some of the earlier permutations included CLARITY 
(Chung et al., 2013) and iDISCO (Renier et al., 2014), although there is now a plethora of 
similar protocols available. Combined with transgenic labelling, tissue clearing at 
multiple time points across the late embryonic and early postnatal period, has the 
potential to conclusively demonstrate the timeframe over which AgRP projections form 
in vivo, as well as provide 3D data on how the projections elaborate postnatally.  

5.4 Other ways of considering AgRP development  

This thesis has taken quite a traditional developmental biology approach to 
think about what may be occurring in the neonatal ARC; considering the development 
in terms of guidance cues, branch promoters, ligand-receptor pairs and neurotrophic 
factors. It is important to recognise, however, that this is not the only way in which this 
problem could have been considered. One of the logical alternate stances would have 
been to consider the role of leptin in ARC development through the lens of 
electrophysiological activity.  

There is an age-old adage in neuroscience that cells that fire together wire 
together. Beginning in the late 1950s, a series of landmark works on the developing cat 
visual system by Hubel and Wiesel firmly cemented this idea in developmental 
neuroscience (Hubel & Wiesel, 1959; Wiesel & Hubel, 1963, 1965a, b). They found that 
deprivation of sensory stimulus during a critical period resulted in the atrophy of the 
lateral geniculate nucleus, which processes visual input. More than 50 years later, the 
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basic principles still apply across the developing brain; activity is critical for circuits to 
be maintained. At the most simplistic level, leptin depolarises AgRP neurons during the 
first two of postnatal weeks, before gradually becoming inhibitory, so that at P21 it 
depolarises some AgRP neurons while hyperpolarising others, and at P30 it only causes 
hyperpolarisation (Baquero et al., 2014). Given this, one could argue that leptin is simply 
reinforcing synapses between AgRP and downstream neurons, and without this signal 
to maintain synapses, there would be less elaboration of the neurons in the target nuclei 
producing results consistent with Bouret et al. (2004b).  

However, a recent study of leptin in the hippocampus paints a more 
complicated picture. Using a combination of leptin-deficient and leptin receptor-
deficient mice, Dumon et al. (2018) reported that leptin sets the timing of the 
developmental GABA switch in hippocampal pyramidal neurons. GABA is initially 
excitatory in many neurons in the developing brain, before a decrease in intracellular 
chloride ions reverses it to being inhibitory (Ben-Ari, 2002). Dumon et al. (2018) found 
that leptin altered the ratio of NKCC1, an inwardly directed Cl- cotransporter, and 
KCC2, a Cl- extruder, decreasing the relative amount of KCC2 and therefore working to 
delay the GABA switch. If a similar process occurs within ARC AgRP neurons over the 
early postnatal period, it would make sense that loss of leptin would alter the 
developmental electrophysiology of these neurons, which would have flow-on effects 
to synaptogenesis. Given that Dumon et al. (2018) identified that Slc12a5 (the gene that 
encodes KCC2) mRNA levels are decreased in db/db hippocampi, should an RNAseq 
on leptin-treated ARC samples be carried out, it is likely that this change in expression 
would be detected if this is a critical mechanism by which leptin is directing ARC 
development. In many respects this way of thinking may prove to be an alternative way 
to the same end; nevertheless, it is important to recognise that the traditional 
developmental biology approach is not the only way to address this problem.  

5.5 Relevance to human health  

A question that always arises when brain development is considered in a 
rodent model is what is the relevance of this to human brain development? In general, 
brain development that occurs during the first few postnatal weeks in mice is thought 
to parallel the development that occurs during the third trimester in humans (Clancy et 
al., 2001). Given that the human period equivalent to the rodent postnatal leptin surge 
and associated development occurs in utero, comparable data from humans is somewhat 
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limited. One study that analysed fetal cord blood gained by cordocentesis during 
gestation and at birth found that serum leptin was detectable as early as 18 weeks 
gestation (Jaquet et al., 1998). However, it was not until 34 weeks through to birth that 
serum leptin concentrations showed a dramatic increase. This timing of leptin 
production correlates with a period of marked hypothalamic growth in humans 
(Koutcherov et al., 2003).  

There are two obvious scenarios where understanding more about leptin and 
the development of the ARC feeding circuitry could have direct application to human 
health. The first is in the case of maternal obesity. We already know that maternal 
obesity during pregnancy increases the risk of the offspring themselves developing 
obesity later in life (Whitaker, 2004), and in animal models at least, developmental leptin 
resistance is one of the mechanisms that may underpin this (see Chapter 1.5). In humans, 
several studies have shown that maternal BMI correlates with the concentration of leptin 
in cord blood, with elevated levels seen in cases of maternal obesity (Brynhildsen et al., 
2013; Karakosta et al., 2013; Walsh et al., 2014). These data provide support to the idea 
that altered leptin signalling may also contribute to altered development of the 
hypothalamic feeding-regulatory circuitry in humans. The other scenario where altered 
leptin may impact on development is in the case of extreme prematurity. In human 
neonates born before 33 weeks, leptin levels have been shown to drop significantly over 
the first 24 hours, and remain below age-matched cord blood levels until at least 36 
weeks (Steinbrekera et al., 2019). Given that this encompasses a time of marked 
hypothalamic growth (Koutcherov et al., 2003), it seems important that we understand 
what leptin is doing during this period in order to be able to improve the long-term 
outcomes for these neonates.  

5.6 Concluding remarks  

Body weight regulation and the control of food intake are topics that have 
received an increasing amount of attention over the past few decades as much of the 
western world continues to grapple with alarming rates of obesity and the associated 
poorer health outcomes. One component of this is the neural circuitry arising from the 
hypothalamic ARC, which underpins homeostatic energy regulation. Slowly, work is 
being done to piece together how this circuitry develops and how perturbations during 
development may affect its function later in life.  
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The work presented in this thesis aimed to better understand some of the 
signals involved in the normal postnatal elaboration of the ARC feeding circuitry. 
Initially, I aimed to characterise the leptin responsiveness of several putative pSTAT3 
target genes in early postnatal AgRP neurons. However, no evidence was found to 
support the hypothesis that the expression of these genes was modulated by leptin, or 
in at least one case, that the gene was co-expressed in many AgRP neurons at all. In the 
second half of this thesis, the novel in situ hybridisation technique RNAscope was used 
to survey the expression of three ligand-receptor pairs, Ntn1 and Dcc, Wnt5a and Fzd5, 
and Slti1 and Robo1, that I reasoned may be involved in AgRP neuron elaboration. All 
three pairs were found to be expressed in the early postnatal hypothalamus and were 
described in various patterns.  

There is now a growing body of research that shows that not only does obesity 
have deleterious effects on an individual’s health, but that maternal obesity during 
pregnancy can also predispose a woman’s offspring to develop obesity. By better 
understanding the normal development of the neural circuitry responsible for 
maintaining energy homeostasis, we can better understand how environmental factors 
may alter its development, and hopefully, how best to prevent it.  
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Appendices 

A Buffers and solutions 

Lysis buffer for DNA extraction   
100mM Tris, pH 8.5 
5mM EDTA 
0.2% SDS 
200mM NaCl 
 
10X TAE Electrophoresis Buffer – Dilute to 1X for use  
48.4 g of Tris base [tris(hydroxymethyl)aminomethane]  
11.4 mL of glacial acetic acid (17.4 M)  
3.7 g of EDTA, disodium salt  
deionized water – make up to 1L  
 
3x PBS – Dilute to 1X for use 

 MW 1L 

0.225M Na2HPO4 (dibasic)  142.0 gmol-1 31.95g 
0.075M NaH2PO4 (monobasic)  120.0 gmol-1 9.0g 
0.9% NaCl  58.4 gmol-1 26.25g 
MilliQ H2O Make up to 1L 
Adjust pH to 7.4   

 
20x SSC – Dilute to 5X for use 
175.3g Sodium Chloride  
88.2g Sodium Citrate  
MilliQ water – make up to 1L 
Adjust pH to 7.0 
 
0.02% Ammonia Water (for bluing)  
1.43 mL of 1N Ammonium Hydroxide in 250 mL distilled water 
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B qPCR primer validation  

 
Supplementary Figure B1: PCR screen of qPCR primers for Ephb3 and Plxnb1 on P8 
cortex and P0 cortex cDNA, alongside a Pgk1 positive control. Each primer set includes 
a no template control (NTC). All bands are of expected size; Ephb3 – 134bp, Plxnb1 – 
76bp, Pgk1 – 117bp. Molecular sizes are indicated by the ladder, with labels demarcating 
600 bp and 100 bp bands.  
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Supplementary Figure B2: Melt curves and standard curves for qPCR primer 
efficiencies for Ephb3 and Plxnb1 qPCR primers  
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C RNAscope survey of developmental gene 
expression 

Appendix C is comprised of the full singleplex survey of developmental gene expression 
in the postnatal developing mouse ARC and PVH from P2 – P16. It is arranged 
alphabetically by gene as follows:  
Dcc Supplementary figure C1 ................................................... 129 – 132 
Fzd5 Supplementary figure C2 ................................................... 133 – 136 
Ntn1 Supplementary figure C3 ................................................... 137 – 140 
Robo1 Supplementary figure C4 ................................................... 141 – 144 
Slit1 Supplementary figure C5 ................................................... 145 – 148 
Wnt5a Supplementary figure C6 ................................................... 149 – 152 
 

  



A Dcc P2 P2B Dcc

C Dcc D Dcc

E Dcc F Dcc

G Dcc H Dcc

P8 P8

P12 P12

P16 P16



I Dcc P2 Male J Dcc P2 Female

K Dcc L Dcc

M Dcc N Dcc

O Dcc P Dcc

P8 Male

P12 Male

P16 Male

P8 Female

P12 Female

P16 Female



Q Dcc P2 Male R Dcc P2 Female

S Dcc T Dcc

U Dcc V Dcc

W Dcc X Dcc

P8 Male

P12 Male

P16 Male

P8 Female

P12 Female

P16 Female
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Supplementary Figure C1: RNAscope singleplex survey of developmental Dcc expression. Dcc
expression is shown in brown, with nuclei counterstained with hematoxylin (blue).
A – H Low magnification overview of Dcc expression at the level of the ARC (A, C, E, G) and PVH
(B, D, F, H) at P2 (A, B), P8 (C, D), P12 (E, F), and P16 (G, H).
I – P Dcc expression in the male (I, K, M, O) and female ( J, L, N, P) ARC at P2 (I, J), P8 (K, L) P12
(M, N) and P16 (O, P).
Q – X Dcc expression in the male (Q, S, U, V) and female (R, T, V, X) PVH at P2 (Q, R), P8 (S, T),
P12 (U, V) and P16 (W, X).
Scale bars: 1000 µm (A – H), 100 µm (I – X)



A Fzd5 P2 P2B Fzd5

C Fzd5 D Fzd5

E Fzd5 F Fzd5

G Fzd5 H Fzd5

P8 P8

P12 P12

P16 P16



I Fzd5 P2 Male J Fzd5 P2 Female

K Fzd5 L Fzd5

M Fzd5 N Fzd5

O Fzd5 P Fzd5

P8 Male

P12 Male

P16 Male

P8 Female

P12 Female

P16 Female



Q Fzd5 P2 Male R Fzd5 P2 Female

S Fzd5 T Fzd5

U Fzd5 V Fzd5

W Fzd5 X Fzd5

P8 Male

P12 Male

P16 Male

P8 Female

P12 Female

P16 Female
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Supplementary Figure C2: RNAscope singleplex survey of developmental Fzd5 expression. Fzd5
expression is shown in brown, with nuclei counterstained with hematoxylin (blue).
A – H Low magnification overview of Fzd5 expression at the level of the ARC (A, C, E, G) and
PVH (B, D, F, H) at P2 (A, B), P8 (C, D), P12 (E, F), and P16 (G, H).
I – P Fzd5 expression in the male (I, K, M, O) and female ( J, L, N, P) ARC at P2 (I, J), P8 (K, L) P12
(M, N) and P16 (O, P).
Q – X Fzd5 expression in the male (Q, S, U, V) and female (R, T, V, X) PVH at P2 (Q, R), P8 (S, T),
P12 (U, V) and P16 (W, X).
Scale bars: 1000 µm (A – H), 100 µm (I – X)



A Ntn1 P2 P2B Ntn1

C Ntn1 D Ntn1

E Ntn1 F Ntn1

G Ntn1 H Ntn1

P8 P8

P12 P12

P16 P16



I Ntn1 P2 Male J Ntn1 P2 Female

K Ntn1 L Ntn1

M Ntn1 N Ntn1

O Ntn1 P Ntn1

P8 Male

P12 Male

P16 Male

P8 Female

P12 Female

P16 Female



Q Ntn1 P2 Male R Ntn1 P2 Female

S Ntn1 T Ntn1

U Ntn1 V Ntn1

W Ntn1 X Ntn1

P8 Male

P12 Male

P16 Male

P8 Female

P12 Female

P16 Female
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Supplementary Figure C3: RNAscope singleplex survey of developmental Ntn1 expression.
Ntn1 expression is shown in brown, with nuclei counterstained with hematoxylin (blue).
A – H Low magnification overview of Ntn1 expression at the level of the ARC (A, C, E, G) and
PVH (B, D, F, H) at P2 (A, B), P8 (C, D), P12 (E, F), and P16 (G, H).
I – P Ntn1 expression in the male (I, K, M, O) and female ( J, L, N, P) ARC at P2 (I, J), P8 (K, L) P12
(M, N) and P16 (O, P).
Q – X Ntn1 expression in the male (Q, S, U, V) and female (R, T, V, X) PVH at P2 (Q, R), P8 (S, T),
P12 (U, V) and P16 (W, X).
Scale bars: 1000 µm (A – H), 100 µm (I – X)



A Robo1 P2 P2B Robo1

C Robo1 D Robo1

E Robo1 F Robo1

G Robo1 H Robo1

P8 P8

P12 P12

P16 P16



I Robo1 P2 Male J Robo1 P2 Female

K Robo1 L Robo1

M Robo1 N Robo1

O Robo1 P Robo1

P8 Male

P12 Male

P16 Male

P8 Female

P12 Female

P16 Female



Q Robo1 P2 Male R Robo1 P2 Female

S Robo1 T Robo1

U Robo1 V Robo1

W Robo1 X Robo1

P8 Male

P12 Male

P16 Male

P8 Female

P12 Female

P16 Female
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Supplementary Figure C4: RNAscope singleplex survey of developmental Robo1 expression.
Robo1 expression is shown in brown, with nuclei counterstained with hematoxylin (blue).
A – H Low magnification overview of Robo1 expression at the level of the ARC (A, C, E, G) and
PVH (B, D, F, H) at P2 (A, B), P8 (C, D), P12 (E, F), and P16 (G, H).
I – P Robo1 expression in the male (I, K, M, O) and female ( J, L, N, P) ARC at P2 (I, J), P8 (K, L) P12
(M, N) and P16 (O, P).
Q – X Robo1 expression in the male (Q, S, U, V) and female (R, T, V, X) PVH at P2 (Q, R), P8 (S, T),
P12 (U, V) and P16 (W, X).
Scale bars: 1000 µm (A – H), 100 µm (I – X)



A Slit1 P2 P2B Slit1

C Slit1 D Slit1

E Slit1 F Slit1

G Slit1 H Slit1

P8 P8

P12 P12

P16 P16



I Slit1 P2 Male J Slit1 P2 Female

K Slit1 L Slit1

M Slit1 N Slit1

O Slit1 P Slit1

P8 Male

P12 Male

P16 Male

P8 Female

P12 Female

P16 Female



Q Slit1 P2 Male R Slit1 P2 Female

S Slit1 T Slit1

U Slit1 V Slit1

W Slit1 X Slit1

P8 Male

P12 Male

P16 Male

P8 Female

P12 Female

P16 Female
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Supplementary Figure C5: RNAscope singleplex survey of developmental Slit1 expression. Slit1
expression is shown in brown, with nuclei counterstained with hematoxylin (blue).
A – H Low magnification overview of Slit1 expression at the level of the ARC (A, C, E, G) and
PVH (B, D, F, H) at P2 (A, B), P8 (C, D), P12 (E, F), and P16 (G, H).
I – P Slit1 expression in the male (I, K, M, O) and female ( J, L, N, P) ARC at P2 (I, J), P8 (K, L) P12
(M, N) and P16 (O, P).
Q – X Slit1 expression in the male (Q, S, U, V) and female (R, T, V, X) PVH at P2 (Q, R), P8 (S, T),
P12 (U, V) and P16 (W, X).
Scale bars: 1000 µm (A – H), 100 µm (I – X)



A Wnt5a P2 P2BWnt5a

CWnt5a D Wnt5a

E Wnt5a FWnt5a

G Wnt5a H Wnt5a

P8 P8

P12 P12

P16 P16



IWnt5a P2 Male JWnt5a P2 Female

K Wnt5a L Wnt5a

MWnt5a N Wnt5a

O Wnt5a P Wnt5a

P8 Male

P12 Male

P16 Male

P8 Female

P12 Female

P16 Female



Q Wnt5a P2 Male RWnt5a P2 Female

S Wnt5a TWnt5a

U Wnt5a V Wnt5a

WWnt5a X Wnt5a

P8 Male

P12 Male

P16 Male

P8 Female

P12 Female

P16 Female
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Supplementary Figure C6: RNAscope singleplex survey of developmental Wnt5a expression.
Wnt5a expression is shown in brown, with nuclei counterstained with hematoxylin (blue).
A – H Low magnification overview of Wnt5a expression at the level of the ARC (A, C, E, G) and
PVH (B, D, F, H) at P2 (A, B), P8 (C, D), P12 (E, F), and P16 (G, H).
I – PWnt5a expression in the male (I, K, M, O) and female ( J, L, N, P) ARC at P2 (I, J), P8 (K, L) P12
(M, N) and P16 (O, P).
Q – XWnt5a expression in the male (Q, S, U, V) and female (R, T, V, X) PVH at P2 (Q, R), P8 (S, T),
P12 (U, V) and P16 (W, X).
Scale bars: 1000 µm (A – H), 100 µm (I – X)
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D RNAscope negative control slides  

Appendix D contains examples of sections hybridised with the negative control probe 
dapB. Supplementary figure D1 provides a set of negative control sections that 
accompany the RNAscope 2.5 HD Brown characterisation of developmental gene 
expression at P2, P8, P12 and P16 (Chapter 4). Supplementary figure D2 gives examples 
of negative control sections that accompany the RNAscope 2.5 HD Duplex chromogenic 
assay as used in Chapter 3 (P8) and Chapter 4 (P12).  



A DapB P2 B DapB P2

C DapB D DapB

E DapB F DapB

G DapB H DapB

P8

P12

P16

P8

P12

P16
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Supplementary Figure D1: RNAscope singleplex negative control slides hybridized with the
DapB probe. DapB hybridized in brown, with nuclei counterstained with hematoxylin (blue).
A, C, E, G Low magnification overview of DapB at P2 (A), P8 (C), P12 (E), and P16 (G).
I, K, M, O DapB hybridized sections at the base of the third ventricle at P2 (I), P8 (K) P12 (M) and
P16 (O).
Scale bars: 1000 µm (A, C, E, G ), 100 µm (I, K, M, O)



Supplementary Figure D2: RNAscope duplex negative control slides hybridized
with the DapB probe in channel 1 and channel 2. DapB hybridized in magenta and
turquoise, with nuclei counterstained with hematoxylin (purple).
A, Low magnification overview of DapB at P8 (chapter 3).
B, C DapB hybridized sections at the base of the third ventricle at P8 (B – chapter 3)
and P12 (C – chapter 4).
Scale bars: 500 µm (A), 100 µm (B, C)

A DapB P8

B DapB P8 P12C DapB
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