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ABSTRACT 

Neural progenitor cells (NPCs) in the embryonic nervous system generate a 

large number and variety of neurons in a process known as neurogenesis. NPCs reside 

in a regulatory ‘niche’ that provides an extensive array of diverse signals, and loss of 

any one of these signals can deplete the pool of NPCs and therefore impair neural 

development. These niche signals are most commonly studied in the forebrain, where 

a complex array of cell divisions yields a set of diverse NPCs. In contrast, little is 

known on the role of niche signals in regulating the behaviour of NPCs in the 

hindbrain, the evolutionary oldest part of the brain that is essential for many vital 

bodily functions. In the adult brain, blood vessels and the vascular growth factor 

VEGF-A regulate the behaviour of neural stem cells (NSC). However, it is not known 

whether either also regulates hindbrain neurogenesis. For my PhD research, I have 

used the mouse embryo hindbrain as a model to examine the role of blood vessels and 

VEGF-A receptors in developmental neurogenesis.  

My studies have revealed that NPCs divide most actively during a period of 

extensive blood vessel growth in the hindbrain, that hindbrain NPCs reside within a 

well-vascularised germinal zone (GZ) and that they make physical contact with the 

GZ vasculature. To establish whether VEGF-A receptors or hindbrain blood vessels 

regulate the behaviour of hindbrain NPCs, I have analysed mouse embryos lacking 

the neurovascular cell surface receptor NRP1 in either the neural or endothelial 

lineages. I found that NRP1 regulates the proliferative behaviour of hindbrain NPCs 

through its role in promoting GZ vascularisation, but not as a receptor for VEGF-A in 

NPCs. I have further shown that GZ vasculature sustains the size of the NPC pool 

through the period of hindbrain neurogenesis and may do so by limiting the 

expression of pro-differentiation signals to set the pace of neurogenesis. Even though 

blood vessels are best know for their role in tissue oxygenation, my results also show 

that NRP1-dependent GZ vasculature does not regulate hindbrain NPC behaviour 

through its role in oxygenating the neuroepithelium. 

In conclusion, my results identify an essential role for blood vessels in 

regulating NPC behaviour in the embryonic hindbrain and have increased our 

understanding of the regulatory niche that orchestrates developmental neurogenesis.  
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Chapter 1 INTRODUCTION 

1.1 The formation of the central nervous system 

The formation of the vertebrate central nervous system (CNS) begins early in 

embryogenesis when germ layer specification takes place (Spemann and Mangold, 

1924). Of these germ layers, the early ectoderm separates into the presumptive 

epidermis and the presumptive neural ectoderm, and it is from the neural ectoderm 

that the CNS derives. The neural ectoderm develops into the neuroepithelium, which 

will ultimately generate the neurons and glia of the CNS, as well as the peripheral 

nervous system (PNS) and neural crest. The neuroepithelium begins as a thin 

epithelial sheet known as the neural plate, but progressively folds to establish the 

neural tube along the anterior-posterior axis of the embryo. The neural tube remodels 

significantly during the process of ‘neurulation’ to form the forebrain, midbrain and 

hindbrain from the anterior segment and the spinal cord from the posterior segment. 

Neuroepithelial cells are the first embryonic neural progenitor cells and 

populate the neural tube (Rakic, 1995). They divide and differentiate to produce a 

diverse range of functionally specialised cells in both neural and glial lineages. 

Furthermore, neuroepithelial cells and their derivatives often migrate away from their 

initial birthplace and can acquire specific identities based on their location along the 

rostrocaudal and dorsoventral axes. The process by which neurons are generated from 

different neural progenitor cell subtypes is termed ‘neurogenesis’. 

Neurogenesis is a highly orchestrated process that is regulated both by 

intrinsic transcriptional machinery and extrinsic signalling mechanisms (Paridaen and 

Huttner, 2014). The formation of glia, specifically astrocytes and oligodendrocytes, is 

termed ‘gliogenesis’ and occurs in parallel with neurogenesis. In addition to neurons 

and glia, various other populations of cells colonise the developing CNS, such as 

tissue-resident immune cells called microglia, as well as the endothelial cells and 

pericytes that form blood vessels. 

Both embryonic neurogenesis and blood vessel growth in the CNS have been 

studied in vivo to elucidate cellular and tissue dynamics, as well as in vitro to explore 
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the underlying molecular mechanisms. Whilst in vitro models have helped to define 

molecular interactions through cell biological and biochemical methods, usually in a 

homogenous, single type of primary cells, such analyses do not accurately recapitulate 

the complex cell-cell interactions and extracellular environment within the growing 

nervous system. Analysis carried out in vivo in a number of vertebrate and 

invertebrate model species, often through genetic loss-of-function studies, have 

therefore been used to confirm the physiological functions of a multitude of molecular 

mechanisms initially identified in vitro. Together, both means of analysis have 

therefore been invaluable in documenting the myriad of cellular and molecular 

interactions that underlie neural development. 

Although neurogenesis and CNS vascularisation have typically been studied 

independently of each other, recent research has identified neurovascular crosstalk 

during CNS development and in the adult. For example, neural progenitors and 

endothelial cells are regulated by overlapping sets of extrinsic signals, which are 

discussed extensively later in this thesis. There is also a growing body of evidence to 

suggest that neural progenitor cells, post-mitotic neurons and glia direct 

vascularisation in the CNS. However, there have been relatively few demonstrations 

of reciprocal regulation, whereby developmental CNS vascularisation may regulate 

neurogenesis in mechanisms beyond the obvious role of vessels in maintaining tissue 

homeostasis. This is a particularly important question given several recent 

demonstrations of vascular regulation of neurogenesis in the postnatal mammalian 

brain. 

Below, I will outline the current core cell and molecular biology knowledge of 

vertebrate neural progenitor cells, with particular emphasis on their ‘stem cell niche’, 

including the membrane-bound and diffusible factors that regulate their behaviour. I 

will also describe current knowledge of the cellular and molecular mechanisms that 

ensure CNS vascularisation. Finally, I will discuss current understanding of the niche 

that controls adult neural stem cells and how blood vessels contribute to this 

regulatory environment. 
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1.1.1 Mammalian neural progenitor cells 

Neural progenitor cells (referred to as NPCs hereafter) in the mammalian 

nervous system are subdivided into a variety of classes according to each subtype’s 

capacity for self-renewal and clonal capacity. The current strategy for NPC subtype 

identification in the developing mammalian CNS is based predominantly on 

morphological and behaviour criteria. Even though a few molecular markers are 

available to distinguish specific NPC sub-populations, some progenitor subtypes 

share expression of these markers. Therefore, it has been recently suggested that 

current classification of mammalian NPCs should be performed using subcellular and 

morphological, rather than molecular, attributes to distinguish the different subtypes 

involved in generating the CNS across many different vertebrate model species 

(Taverna et al., 2014). The three proposed key criteria consist of the (a) location of 

mitosis relative to the surface of the brain ventricles, (b) the degree of polarity across 

the cell and the (c) capacity for proliferation. Subtle combinations of these varying 

criteria help to roughly mark out at least six different NPC classes in the developing 

rodent CNS (Figure 1.1) and have aided research aimed at interrogating and 

manipulating just one or two of these subtypes. 

Interestingly, these criteria have come under scrutiny in recent years with 

increased focus on the specific adaptations of NPCs in the brain of species with 

increased CNS growth and cognitive function, such as primates (Florio et al., 2015). 

In some cases, some additional NPC subtypes are present the developing CNS of 

species with perceived higher cognitive function and thus, the very presence of some 

NPCs may be directly linked to brain evolution (e.g. LaMonica et al., 2012). 
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Figure 1.1 Schematic representation of the different NPC subtypes in the developing CNS. 

Radial glia shown in red, subapical progenitors in yellow and intermediate progenitors in green and blue. Abbreviations: APs, apical progenitors; 

BPs, basal progenitors; aRG, apical radial glia; aIP, apical intermediate progenitor; SAP, subapical progenitor; bRG, basal radial glia; bIP, basal 

intermediate progenitor; VZ, ventricular zone; SVZ, subventricular zone. 
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1.1.1.1 Classification of NPCs by their location during mitosis 

The neural tube displays an intrinsic polarity across the epithelium, with one 

side forming the ventricular surface and the other forming the pial surface with a 

basal lamina. This polarity is present throughout gestation and thus permits easy 

definition of ‘apical’ and ‘basal’ NPC types. Apical progenitors (APs) divide either at, 

or very close to, the ventricle in the aptly termed ‘ventricular zone’ (VZ). These 

progenitors are linked by a belt of adherens junctions that extends across the length of 

the neuroepithelium and possess a small but important area of plasma membrane that 

is in direct contact with the cerebrospinal fluid (CSF) in the ventricle. This is termed 

the ‘apical plasma membrane’ and its asymmetric inheritance during NPC mitosis 

significantly influences the types of progeny that are generated (Kosodo et al., 2004). 

In contrast, basal progenitors (BPs) divide further away from the VZ and are not 

linked via a belt formed by adherens junctions. Mitosis of BPs occurs most commonly 

in the ‘subventricular zone’ (SVZ), and, accordingly, BPs also lack an apical plasma 

membrane that is in contact with the CSF (Betizeau et al., 2013). Upon establishment 

of a large pool of BPs, the SVZ of the developing forebrain becomes highly mitotic 

and thus complements the VZ as another region of NPC division. The evolution of the 

neocortex from lower to higher vertebrates, and its expansion in terms of surface area, 

is attributed to the presence of BPs with a greater proliferative capacity (Lui et al., 

2011, LaMonica et al., 2012, Ostrem et al., 2014). 

Although NPC subtypes of the embryonic CNS are defined as either APs or 

BPs based on their location at the time of mitosis, ‘subapical progenitors’ (SAPs) 

possess some properties that are characteristic of either APs or BPs (Pilz et al., 2013). 

Whilst SAPs undergo mitosis in a non-ventricular region, they make contact with the 

apically positioned adherens junction belt. However, it is not known whether they 

possess an apical plasma membrane (Pilz et al., 2013). 
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1.1.1.2 Classification by cell polarity and cell polarity markers 

Different subtypes of NPCs have been defined within the general 

classifications of APs versus BPs based on the presence of polarity-specific 

determinants (Taverna et al., 2014). For example, CD133, also known as prominin-1, 

is localised to the primary cilium in APs (described later in 1.1.2.3) and is therefore 

apically restricted, making it one of the few molecular markers available for 

identifying and purifying APs (Roper et al., 2000). Basolateral proteins, like N-

Cadherin, demark the opposing region of the plasma membrane in NPCs and best 

define apical-basal cell polarity at the time of mitosis (Betizeau et al., 2013, 

Kadowaki et al., 2007). Mitosis is used as the specific time window for determining 

apicobasal polarity as this represents the temporal checkpoint for the differential 

inheritance of cellular constituents, such as apical plasma membrane, by prospective 

daughter cells. It is this process which ultimately governs cell fate following cell 

division.  

Other cytoarchitectural criteria, which were initially used to characterise 

polarised and non-polarised NPCs, dynamically change during interphase. These 

consist of apically- and basally-targeted processes that form contacts at or near either 

surface of the neural tube (Noctor et al., 2002, Rakic, 1972). These processes are thin 

and elongated extensions of the cell body that act to physically tether NPCs within the 

neuroepithelium via endfeet, as well as to receive extrinsic signals (discussed in 

greater detail in 1.2.3). Owing to the dynamic nature of process extension, the 

presence of apical and basal processes is defined specifically during mitosis in order 

to establish NPC polarity (Taverna et al., 2014). 

Based on the above criteria, the group of APs consists of the initial 

neuroepithelial cells (NE) as well as apical radial glia (aRG) and apical intermediate 

progenitors (aIPs), whilst BPs are basal radial glia (bRG), basal intermediate 

progenitors (bIPs) and transit amplifying progenitors (TAPs) (Gal et al., 2006, Fietz et 

al., 2010, Taverna et al., 2014). In addition, the aforementioned characteristics of 

NPC polarity also help define two distinct forms of SAPs, present in both bipolar and 

unipolar forms (Pilz et al., 2013). 
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All three AP sub-classes (NE, aRG and aIPs) extend a process each towards 

both sides of the neuroepithelium and are considered bipolar as a result. NE and aRG 

project processes to the nearby ventricular surface and the more distant pial basement 

membrane, whilst aIPs only project a basal process as far as the VZ boundary.  

In contrast to APs, all BPs lack contact with the apical surface and are 

therefore considered to lack an intrinsic apical-basal polarity across the cell (Fietz et 

al., 2010, Miyata et al., 2004, Hansen et al., 2010, Betizeau et al., 2013). Unusually, 

bRG variably possess a monopolar or bipolar morphology at the time of mitosis, 

depending on whether they extend either one or both the apical and basal process, 

respectively. However, the apical process of bRG does not enter the VZ, as is 

observed in APs. TAPs are multipolar and can extend several short processes in any 

direction during interphase, before becoming nonpolar during cell division (Fietz et 

al., 2010, Miyata et al., 2004, Hansen et al., 2010). 

The polarised nature of SAPs is less well understood. Whilst SAPs possess 

adherens junctions found in the apical belt of the VZ, it has not been identified 

whether they also possess an apical plasma membrane. Furthermore, SAPs can project 

both apical and basal processes, or just the apical process, during cell division (Pilz et 

al., 2013). 

These findings demonstrate the considerable heterogeneity of process 

organisation and polarization in the overall NPC classes of APs and BPs, as well as 

within more specific sub-classes, such as SAPs, and at specific times in the cell cycle, 

such as in TAPs. 

1.1.1.3 Classification by proliferative capacity 

Specific NPC subtypes undergo a finite number of successive rounds of cell 

division and therefore have a limited capacity for self-renewal (Taverna et al., 2014, 

Noctor et al., 2004). In addition, some NPCs are only able to divide once, and this 

represents a third criterion for further classification of mammalian NPCs. 

Specifically, aIPs and bIPs undergo one single mitosis to generate two post-mitotic 
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neurons (Noctor et al., 2004). All other subtypes of APs and BPs divide twice or more 

before undergoing a self-consuming division that yields neurons or glia. 

1.1.1.4 Division modes for NPCs 

Embryonic NPCs divide either symmetrically or asymmetrically. Symmetric 

divisions produce identical daughter cells: either another ‘copy’ of the dividing cell 

(symmetric proliferative) or two more committed progeny (symmetric consumptive; 

(Taverna et al., 2014). The earliest APs, NE and aRG, undergo symmetric 

proliferative divisions to expand the pool of stem and progenitor cells before the onset 

of neuron generation (Noctor et al., 2004). TAPs also undergo symmetric proliferative 

divisions, expanding the pool of TAPs in a process that is hypothesised to underlie the 

expansion of the SVZ and cortex in the brain (Hansen et al., 2010). Following a 

symmetric consumptive division, neither daughter cell shares the identity of their 

mother cell, and this mode of division eventually exhausts the NPC sub-class of the 

mother cell. For example, one aRG can divide into two bIPs, and then one bIP into 

two neurons (Haubensak et al., 2004, Miyata et al., 2004, Noctor et al., 2004). 

Asymmetric divisions can either be self-renewing or self-consuming (Taverna 

et al., 2014). Self-renewing divisions produce one daughter cell identical to its 

mother, and one more differentiated daughter cell, whilst self-consuming divisions 

produce two non-identical daughter cells that are more differentiated than the mother 

cell. Self-renewing divisions in the rodent CNS are characteristic of both aRG and 

bRG and are also either neurogenic, when the non-identical daughter becomes a 

neuron, or differentiative, when the non-identical daughter is a more differentiated 

NPC subtype. aRG can divide asymmetrically in a self-renewing differentiative 

division to produce one identical copy of themselves, as well as a more differentiatied 

BP (Noctor et al., 2004, Kosodo et al., 2008). Alternatively, aRG and bRG can 

undergo a self-renewing neurogenic division to produce another copy of the mother 

cell, as well as a neuron (Noctor et al., 2004, Kosodo et al., 2008). Asymmetric 

consumptive divisions, as with symmetric consumptive divisions, also exhaust the 

mother cell’s NPC class, as neither daughter cell shares an identity with the mother 

(Taverna et al., 2014, Hansen et al., 2010). 
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The variety of division modes available to NPCs establishes an extensive 

number of lineages from which different types of neurons are generated. Live-

imaging in organotypic slice culture assays have helped trace these lineages in situ 

and improve the understanding of species differences in neural lineage progression 

(Loulier et al., 2014, Taverna et al., 2012, Chen and LoTurco, 2012). 

1.1.2 Structure of mammalian neural progenitor cells 

1.1.2.1 The apical endfoot 

The symmetry of NPC cell division determines the inheritance of specific 

cellular structures and subcellular components that ultimately dictates daughter cell 

fate (see Figure 1.2). Thus, a symmetric division is defined as a division that leads to 

the equal inheritance of such fate-determining components, whilst asymmetric 

divisions are those that cause an unequal allocation of such determinants to the 

daughter cells (Knoblich, 2001). 

Several apical-basal cues can be differentially inherited during cell division 

and control the respective fate determination of each newly formed cell. One such 

example is the apical endfoot of APs, which is composed of apical plasma membrane 

and the adherens junctional belt. Despite only representing a very small (1-2%) 

fraction of the whole plasma membrane, the apical plasma membrane contains the 

primary cilium, which protrudes into the ventricle, and is highly influential in 

defining daughter cell fate following mitosis (Kosodo et al., 2004). The apical endfoot 

of APs also represents a signalling hub for ventricular signals that modulate NPC 

behaviour (Johansson et al., 2013, Lehtinen and Walsh, 2011). Thus, unequal 

inheritance of these structures amongst daughter cells provides the molecular basis for 

division symmetry and fate determination (e.g. Alexandre et al., 2010). 

Altogether, the apical surface, which faces the ventricle, is made up 

cumulatively of the apical plasma membrane of all NE and aRG in the 

neuroepithelium. The ventricle itself is filled with CSF, which is rich in nutrients and 

soluble cues that maintain NPC homeostasis and regulate their behaviour through 

membrane-bound receptors (Lehtinen and Walsh, 2011; discussed in 1.2.3). 
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1.1.2.2 Apical junctional complexes 

The apical junctional belt ensures separation of apical and basolateral 

membrane and promotes structural adhesion between APs. Furthermore, the apical 

junctional belt, as well as the endfeet at the end of basal process in aRG, contains gap 

junctions that allow intercellular signalling. Apical junctional complexes maintain cell 

polarity by acting in both structural and signalling capacities. Typical components of 

cell junctions like cadherins and catenins are vital to maintain polarisation and cell 

identity in aRG and NE by ensuring cohesion between APs (Aaku-Saraste et al., 

1996, Kim et al., 2010, Chenn and Walsh, 2002, Zhang et al., 2010a, Marthiens et al., 

2010). Cadherin homo-oligomers also help coordinate cytoskeletal dynamics through 

both α- and β-catenin (Suzuki and Takeichi, 2008). Furthermore, WNT signal-

mediated inhibition of β-catenin degradation allows β-catenin to translocate to the 

nucleus and modulate the transcription of genes important for both proliferation and 

differentiation (see 1.2.3.3; Wodarz and Nusse, 1998). 

NE and aRG are also linked at both apical and basal endfeet via gap junctions 

to facilitate neuronal migration following detachment from the apical surface and 

intercellular communication (Elias and Kriegstein, 2008). Small molecule exchange 

through these connexin-rich channels coordinates neurogenesis in the developing 

forebrain, such as through the coupling of intracellular calcium concentrations across 

APs, which synchronises interkinetic nuclear migration (INM; discussed in 1.1.3.1) 

across the neuroepithelium (Owens and Kriegstein, 1998, Liu et al., 2008).  

1.1.2.3 The primary cilium 

One of the most important components found in the apical plasma membrane 

is the primary cilium, which protrudes out into the lumen of the ventricle as an 

‘antenna’ to detect CSF-based signals (Lehtinen and Walsh, 2011). The primary 

cilium is linked to the centrosome via the older of its two centrioles, the mother 

centriole, that forms the basal body. During S-phase, the two centrioles are 

duplicated, and each centrosome subsequently forms one pole of the mitotic spindle. 

Each centrosome is distinct from the other, given the asymmetric inheritance of the 

mother centriole, and this is significant in the context of mammalian NPCs. In 
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dividing aRG, the centrosome containing the mother centriole is inherited by the 

daughter cell that remains an aRG after an asymmetric self-renewing division 

(Paridaen et al., 2013, Wang et al., 2009). Conversely, the centrosome containing the 

daughter centriole is inherited by the more differentiated daughter cell. Therefore, 

asymmetric inheritance of the centrosome (and thus the original centriole pair) is 

tightly linked to daughter cell fate during asymmetric cell division (Paridaen et al., 

2013, Wang et al., 2009). The ciliary membrane is also inherited preferentially by the 

daughter cell retaining the mother cell identity during asymmetric cell division and 

promotes regeneration of the primary cilium over the sibling cell (Paridaen et al., 

2013). 

Interestingly, the cilium is found on the basolateral plasma membrane in the 

more differentiated daughter cell (e.g. BPs or post-mitotic neurons) during the onset 

of delamination, before migration across the neuroepithelium takes place (Wilsch-

Brauninger et al., 2012). Therefore, this alteration in localisation may expose the 

cilium to basolateral signals. 

1.1.2.4 The basal process 

The vast majority of the plasma membrane of NE and aRG is basolateral in 

identity and surrounds the nucleus, cell body and much of both processes. The 

basolateral plasma membrane area increases during neural development in line with 

the thickening of the cortical wall. It is separated into two subcompartments: the 

basolateral plasma membrane and the distal segment of the basal process (Taverna 

and Huttner, 2010). The basolateral plasma membrane is made up of the proximal 

segment of the basal process and also holds the nucleus during INM, whilst the distal 

segment is extremely thin and extends across the entire neuroepithelium to the pial 

basement membrane (Noctor et al., 2001, Miyata et al., 2001). 

This distal segment is a stereotypical feature of aRG, and never contains the 

nucleus during INM, as well as in bRG and some SAPs also (Taverna et al., 2014). In 

APs, the formation of the basal process (from the total basolateral plasma membrane) 

occurs with the switch from NE to aRG, and its function extends beyond its key role 

as a substrate for neuronal migration (Rakic, 1972). The basal process permits 
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sensitivity of signals originating from the basal portion of the neuroepithelium, such 

as laminin from the extracellular matrix (ECM) in the basement membrane and 

retinoic acid from the pia (Loulier et al., 2009, Siegenthaler et al., 2009). It therefore 

acts as a signalling hub, much like the apical plasma membrane, to help orchestrate 

fate specification and neurogenesis. The basal process also displays asymmetric 

inheritance during mitosis and is generally passed on to the daughter cell retaining the 

capacity to proliferate (Miyata et al., 2001, Konno et al., 2008, LaMonica et al., 2013, 

Alexandre et al., 2010). 

Projected at the end of the basal process, the basal endfoot contacts the pial 

surface directly and is the region of the NPC most exposed to signals originating from 

the lamina. In addition to anchoring NPCs to the pial surface via integrins, the basal 

endfoot transduces signals from the ECM to the nucleus that regulate cell 

proliferation (Haubst et al., 2006, Fietz et al., 2010). The basal endfoot can sustain 

pro-proliferative signals by functioning readily as a site for protein synthesis, and 

therefore acting as a pool for cues that promote NPC expansion (Tsunekawa et al., 

2012). 

1.1.2.5 The mitotic spindle 

The mitotic spindle is a crucial component of NPCs and is primarily 

responsible for regulating the mode of division (Shitamukai and Matsuzaki, 2012). 

Mutations in genes coding for the spindle machinery, such as microtubules or the 

centrosomes, have a profound influence on overall brain growth; thus, they 

compromise the growth of the cerebrum in a group of human diseases known as 

‘microcephalies’ (Bond and Woods, 2006, Woods et al., 2005). Such mutations often 

deplete the NPC population and consequently reduce overall neuron number (Morin 

et al., 2007, Konno et al., 2008).  

In early NPCs that are the most capable of self-renewal amongst all NPC 

subtypes, namely NE and aRG, the spindle is typically orientated perpendicular to the 

apical-basal axis of the cell to ensure equal partitioning of apical-basal polarity-based 

cues like the apical plasma membrane (Fish et al., 2006, Konno et al., 2008). 

However, spindle orientation, in relation to the apical-basal axis, varies considerably 
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across the developing CNS, with oblique or even horizontal (i.e. parallel to the apical-

basal axis) cleavage planes (Wilcock et al., 2007, Pilz et al., 2013). The latter two 

spindle orientations often occur concomitantly with divisions generating bRG and 

reflect a shift from bipolar APs to monopolar BPs (Pilz et al., 2013, Gertz et al., 2014, 

Shitamukai et al., 2011, LaMonica et al., 2012). Conversely, bRG undergo 

asymmetric cell divisions, but the spindle is rarely orientated completely 

perpendicular to the apical-basal axis. Instead, it is more commonly orientated 

horizontally, allowing asymmetric inheritance of basal polarity cues following cell 

division (LaMonica et al., 2013). The characterisation of mitotic spindle orientation in 

BPs, such as IPs and TAPs, however, is poor. 
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Figure 1.2 Schematic representation of the structure of aRG. 

Organisation of subcellular structures in aRG undergoing interkinetic nuclear 

migration (see below). Arrows denote direction of nuclear migration during specific 

phases of the cell cycle. 

  



 30 

1.1.3 Complex processes in neural progenitor cells 

1.1.3.1 Interkinetic nuclear migration 

Interkinetic nuclear migration (INM) is a hallmark of both NE and aRG, 

whereby the nucleus moves along the apicobasal axis of the cell in synchrony with the 

cell cycle (Sauer, 1935; Figure 1.3). In both NPC subtypes, mitosis occurs at the 

ventricular surface, S-phase occurs more basally, and the G1 and G2 phases occur 

during the apical-to-basal and basal-to-apical migration, respectively (Sauer, 1935, 

Taverna and Huttner, 2010). The asynchrony of NE and aRG undergoing INM 

therefore produces a pseudostratified appearance of the VZ. 

Both the microtubule and actin cytoskeleton comprise the machinery that is 

required for INM (Schenk et al., 2009, Cappello et al., 2011, Norden et al., 2009). 

Accordingly, mutations in genes encoding microtubule-based motor proteins impair 

neural development and can lead to lissencephaly in human patients, a condition 

characterised by a complete lack of cerebral gyrification (Faulkner et al., 2000). INM 

during G1 is driven by both actomyosin- and microtubule-based motors, but may also 

occur passively due to nuclear displacement induced by apically migrating nuclei 

during G2 (Schenk et al., 2009, Kosodo et al., 2011). 

Blocking cell cycle progression abrogates the stereotypical migration of NPC 

nuclei (Murciano et al., 2002). This synchrony results from various cell cycle-

dependent proteins that regulate INM, such as the microtubule-associated protein 

TPX2, which accumulates in the apical endfoot during G2 and promotes microtubule-

dependent, apically directed nuclear migration (Kosodo et al., 2011). Whilst 

abrogating cell cycle progression impairs INM, perturbing INM through 

pharmacological blockade of the actomyosin machinery does not reciprocally 

compromise cell cycle progression or cytokinesis (Schenk et al., 2009). 

The specific function of INM in governing NPC behaviour is not fully 

understood. It has been proposed that pseudostratification maximises the number of 

NPCs that can undergo mitosis at the apical surface (Smart, 1972). Alternatively, the 

‘nuclear resident hypothesis’ suggests that INM allows NPC nuclei to sample 
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different extracellular environments in the apical and basal regions of the developing 

neuroepithelium (Taverna and Huttner, 2010; described extensively in 1.2.3). In 

agreement with this idea, the zebrafish Notch ligands Delta B and Delta C are 

expressed in a gradient to drive self-renewal of apically positioned progenitors in the 

developing zebrafish neuroepithelium (Del Bene et al., 2008). Genetic perturbation of 

INM in a manner that prolongs the positioning of NPC nuclei in more basal regions 

results in premature cell cycle exit and a switch to neurogenic divisions (Del Bene et 

al., 2008). Furthermore, the distance migrated basally during INM correlates directly 

with the likelihood of progenitors undergoing a neurogenic division (Baye and Link, 

2007). Therefore, INM is likely to influence NPC fate by regulating exposure of 

progenitor nuclei to proliferative versus neurogenic signals. 
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Figure 1.3 INM in the developing CNS. 

Drawing of INM in the mammalian neural tube. Cell cycle phase shown next to NPC 

nuclei shown in red, arrows denote direction of nuclear migration. P, pial surface; V, 

ventricular surface. Adapted from “Mitosis in the neural tube” (Sauer, 1935). 
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1.1.3.2 Nucleokinesis in the basal compartment 

INM is undertaken exclusively by NE and aRG, but not by SAPs and BPs. 

However, BPs also show specific patterns of nuclear migration, such as in newly 

formed BPs migrating from the VZ to form the SVZ (Schenk et al., 2009). In 

addition, bRG and SAPs undergo a fast nuclear movement, normally in the basal 

direction, immediately prior to mitosis known as mitotic somal translocation (MST) 

but the molecular mechanism or developmental function of MST is not known 

(Betizeau et al., 2013, Hansen et al., 2010, LaMonica et al., 2013, Pilz et al., 2013). 

1.1.3.3 Cell cycle length 

Cell cycle length regulates neurogenesis in the developing mammalian CNS. 

Analysis of neurogenic and proliferative progenitors indicates that the normal 

lengthening of G1 phase and subsequently, the entire cell cycle in the embryonic 

forebrain precedes the onset of neurogenesis, whilst forced G1 phase reduction 

increases NPC self-renewal (Lukaszewicz et al., 2005, Calegari and Huttner, 2003, 

Calegari et al., 2005, Pilaz et al., 2009, Lukaszewicz et al., 2002, Lange et al., 2009). 

Patterns of G1 phase duration vary with the capacity for self-renewal/differentiation 

in different NPC subtypes such as aRG and bIPs (Arai et al., 2011, Calegari et al., 

2005). Moreover, S-phase is longer during proliferative, self-renewing divisions in 

these subtypes (Arai et al., 2011). It has been hypothesised that a longer S-phase 

facilitates greater fidelity of DNA replication, which is important when NPCs 

undergo many successive divisions to generate radial units (Arai et al., 2011). 

The shift in the relative duration of specific cell cycle phases and the cell cycle 

overall prior to differentiation observed in the forebrain is not necessarily observed in 

other parts of the brain. In the chick spinal cord, motoneuron-specified NPCs have a 

longer cell cycle whilst undergoing self-renewing divisions but then cycle more 

quickly during the switch to neurogenic divisions (Saade et al., 2013). In contrast to 

the forebrain, G1 phase typically remains the same length in relation to the other cell 

cycle phases between both division modes, whilst the relative duration of S-phase 

decreases upon the switch to neurogenesis (Saade et al., 2013). Thus, cell cycle length 
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and phase duration vary considerably between NPCs in different regions of the 

developing CNS. 

1.2 Regulation of neural progenitor cells 

1.2.1 Transcriptional control of neural progenitor cells 

1.2.1.1 Control by transcription factors 

NPC identity and fate determination, as well as the timing of neurogenesis, are 

controlled by specific transcription factors (TFs). Some of the TFs that maintain the 

earliest, self-renewing NPC populations (i.e. APs) are members of the Sex 

determining region Y-box (Sox) gene family. SOX2 is the most widely studied of the 

three main SOXB TFs (the others being SOX1 and SOX3), is commonly used as a 

molecular marker of NE and plays a vital role in the early establishment of APs. 

SOX2 initially functions in the early embryo to maintain pluripotency in embryonic 

stem cells, before specifying neuroectoderm from ectoderm following gastrulation 

(Wood and Episkopou, 1999, Avilion et al., 2003, Zhao et al., 2004, Masui et al., 

2007).   

In the chick spinal cord, SOX2 is expressed in proliferative NPCs, and its 

expression is downregulated during the final cell cycle before a terminal cell division, 

as highlighted by mutually exclusive expression of SOX2 and neuronal markers 

(Graham et al., 2003). Forced SOX2 expression results in a robust inhibition of 

neuronal differentiation whilst inhibition of SOX2-induced gene expression leads to 

delamination of NPCs from the VZ and premature cell cycle exit. (Graham et al., 

2003) Interestingly, this latter defect could be rescued by forced expression of SOX1, 

suggesting a functional redundancy in maintaining NPC identity amongst SOXB TFs 

(Graham et al., 2003). In rodents, SOX2+ NPCs readily form ‘neurospheres’ - floating 

in vitro aggregates of neural stem and progenitor cells with a great capacity for self-

renewal (Ellis et al., 2004). Neurospheres derived from SOX2+ NPCs can generate 

both neurons and glia in agreement with the role of SOX2 in maintaining the earliest 

and most pluripotent NPCs (Ellis et al., 2004). 
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Like SOX2, SOX1 also promotes neural determination from ectoderm and 

marks dividing NPCs of the neural tube (Pevny et al., 1998). Forced SOX1 expression 

can even compensate for loss of niche-derived retinoic acid signals to drive neural 

specification of cultured ectodermal cells. However, its expression is also 

concomitant with differentiation in NPCs, and thus SOX1 does not unequivocally 

promote stemness in NPCs in the same manner as SOX2 (Pevny et al., 1998). In avian 

NPC cultures derived from the telencephalon, SOX1 drives both stemness initially 

and then neuronal commitment after prolonged expression (Kan et al., 2007). In 

support of this, SOX1 is also expressed in adult mouse hippocampal neural stem cells 

(NSCs) during activation from quiescence, therefore contributing to neurogenesis 

both embryonically and postnatally (Venere et al., 2012). 

SOX3 is more restricted to later stages in neural development in mice. For 

example, NPCs require SOX3 for proper formation of the hypothalamus-pituitary axis 

(Rizzoti et al., 2004). Conversely, SOX3 functions earlier in frog and chick 

development. In the former species, SOX3 activates SOX2 expression and induces 

commitment to the neural lineage from ectodermal cells, but then blocks neurogenesis 

as a downstream effector of Notch signalling (Rogers et al., 2009). In adult mice, 

SOX3 is transiently expressed in NSCs prior to differentiation and is even maintained 

in some post-mitotic neurons (Wang et al., 2006). Thus, SOX3 contributes more to 

neurogenesis than maintenance of stemness in the adult mammalian brain. The 

function of SOX family TF homologs is conserved across different species and 

genetic ablation of Sox2 or SoxNeuro results in a severely underdeveloped CNS in 

Xenopus and Drosophila respectively, due to impaired NPC expansion (Kishi et al., 

2000, Buescher et al., 2002). 

In addition to the three SOXB1 transcription factors, the Pax family of TFs 

also contributes considerably to murine CNS development by regulating both lineage 

specification and NPC maintenance. Similar to the SOXB1 family, expression of Pax 

TFs first takes place during neurulation, when PAX2, PAX5, PAX6 and PAX8 

promote regionalisation of the neural tube (Pfeffer et al., 2002, Matsunaga et al., 

2000). PAX6 induces neural determination in human ectoderm, yet it is not required 

for this process in mice, a difference that may contribute to increased expansion and 

convolution of the gyrencephalic brain in higher-order species (Zhang et al., 2010b). 
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PAX6 is the best characterised Pax TF in maintaining NPC stemness and is 

expressed solely by APs and not BPs (Gotz et al., 1998). PAX6 is required for normal 

cell cycling and morphology of APs and by promoting cell cycle re-entry, PAX6 

ensures long-term neurogenic potential in aRG (Heins et al., 2002). In addition, it also 

balances self-renewal versus differentiation by regulating transcription of a battery of 

essential neurogenesis genes (Sansom et al., 2009). Furthermore, PAX6 enhances the 

expression of key subcellular components whose differential inheritance in newly 

formed daughter cell NPCs influences division symmetry. SPAG5, a microtubule-

associated protein, is a direct transcriptional target of PAX6, and PAX6 promotes 

symmetric NPC divisions and anchorage to the apical surface through its regulation of 

SPAG5 (Asami et al., 2011). 

Notch signalling forms a vital part of stemness maintenance in stem and 

progenitor cells both within and outside the CNS, during development, as well as in 

adult life (discussed in greater detail in 1.2.3.5). The core downstream effectors of 

Notch signalling at the transcriptional level in NPCs are the Hes family of TFs, which 

exist in antagonistic relationships with proneural TFs to ensure correct timing of NPC 

differentiation. HES1 and HES3 are expressed consistently in NE along the neuraxis, 

although the latter’s expression is replaced by HES5 upon switching from NE to aRG 

(Hatakeyama et al., 2004). HES1 and HES5 subsequently mark almost the entirety of 

the murine CNS from midway through gestation and maintain the NPC population 

prior to differentiation. Expression of HES1/5 is inversely proportional to the 

expression of the proneural TF ASCL1 (see below), and thus the downregulation of 

both HES1 and HES5 initiates neural differentiation in NPCs (Ishibashi et al., 1995, 

Hatakeyama et al., 2004). HES3 also acts in concert with HES1/5, and all are required 

for normal CNS development (Ohtsuka et al., 1999, Ohtsuka et al., 2001, Hatakeyama 

et al., 2004). The transcriptional antagonism between HES1 and ASCL1 regulates 

NPC fate decisions through an oscillatory mechanism (Imayoshi et al., 2013) and by 

oscillating between high and low levels of both TF, NPCs remain ‘primed’ for either 

self-renewing or neurogenic divisions (Kageyama et al., 2015). In agreement, 

fluctuating expression of ASCL1 in an oscillatory manner drives consecutive NPC 

divisions in the ventral telencephalon, whilst prolonged ASCL1 expression initiates 

neurogenesis (Imayoshi et al., 2013). In contrast, OLIG2, a TF that promotes 
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commitment to the oligodendrocyte lineage, is asynchronous with HES1 expression 

(Imayoshi et al., 2013). 

Whilst SOX, PAX and HES family TFs largely maintain features of stemness, 

such as continued cell cycling, self-renewing divisions and specific subcellular 

structures, proneural TFs are responsible for initiating the process of differentiation 

and neurogenesis. The best studied are the basic helix-loop-helix (bHLH) TFs mouse 

achaete-scute homolog 1 (ASCL1 or MASH1) and Neurogenins 1 and 2 (NGN1/2). 

Although ASCL1 and NGN1/2 are expressed in spatially distinct domains, all three 

are crucial for neuronal differentiation in NPCs and are most abundant in the apical 

region of the neuroepithelium (Sommer et al., 1996, Guillemot et al., 1993, Lo et al., 

1991). Their potency in inducing neurogenesis is underlined by the fact that forced 

expression of ASCL1 or NGN1 is capable of inducing neural differentiation and 

maturation in a cultured cancer cell line (Farah et al., 2000). Similar to HES1 

repression of ASCL1 expression, PAX6 inhibits transcription of NGN2 to maintain 

stemness and delay differentiation (Gotz et al., 1998, Scardigli et al., 2003). 

Within the forebrain, NGN1 and NGN2 are expressed primarily in the dorsal 

pallium and are required for expression of another pair of proneural TFs known as 

NEUROD1 and NEUROD2 (Neurogenic differentiation 1/2; (Sommer et al., 1996). 

NEUROD1/2 activate transcription of neuron-specific genes, such as III-tubulin, by 

binding E-Box sites within their promoter region (Farah et al., 2000, Boutin et al., 

2010). These TFs are expressed in cells terminally committed to becoming neurons, 

whilst their upstream transcriptional regulators, NGN1/2, are expressed earlier and 

more transiently. ASCL1 functions more commonly in neurogenesis in the ganglionic 

emminence and in the ventral forebrain (although its expression is observed in 

different areas of the developing CNS; (Casarosa et al., 1999). In the medial 

ganglionic emminence, ASCL1 ensures correct timing of neuron formation via its 

antagonistic relationship with HES1, as well as the eventual establishment of subsets 

of neurons in the basal ganglia and cerebral cortex (Casarosa et al., 1999, Imayoshi et 

al., 2013). 

Although ASCL1 and NGN2 expression is normally spatially restricted, each 

is able to partially compensate for the others absence to maintain neurogenesis (Fode 
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et al., 2000). Ectopic ASCL1 can substitute for NGN2 in the dorsal thalamus of 

Ngn2-/- mutants with respect to the numbers of neurons formed, but NPCs are 

misspecified to neurons with a more ventral identity (such as GAD67+ interneurons; 

(Fode et al., 2000). Therefore, the regional specificity of proneural TF expression 

appears to enable specification of different neuronal subtypes, in addition their 

general role in initiating neuronal differentiation. 

A number of TFs regulate the onset of gliogenesis. Two main classes of glia 

are generated in the mammalian CNS: oligodendrocytes, which are responsible for 

ensheathing axons, and astrocytes, which maintain brain homeostasis and the blood-

brain barrier. OLIG1 and OLIG2 initiate NPC commitment to the oligodendrocyte 

lineage, as ectopic expression of either gene across the forebrain increases the 

numbers of oligodendrocytes generated (Lu et al., 2000, Takebayashi et al., 2000). 

OLIG2 is also required for the specification of various neuronal subtypes. For 

example, OLIG2 acts in combination with NGN2 to promote motor neuron 

differentiation in the developing spinal cord, and also acts downstream of SHH 

signalling in the rodent telencephalon to specify neurons across the embryonic rodent 

CNS (Lu et al., 2000, Novitch et al., 2001). 

Members of the Hes family of TFs maintain NPC stemness when expressed 

earlier in development but then mark NPCs committed to the astrocyte lineage when 

expressed later on (Wu et al., 2003). In the chick spinal cord, Hes TFs induce 

astrocyte specification of NPCs through co-operation with the TF NF1A. NF1A is 

indispensable to astrogliogenesis and is antagonized by OLIG2, in a mechanism 

presumably designed to ensure appropriate formation of both astrocytes and 

oligodendrocytes (Deneen et al., 2006). 

1.2.1.2 Epigenetic control 

Whilst various TFs either promote stemness or induce differentiation in NPCs, 

changes in DNA acetylation and methylation also take place during either process. 

For example, histone acetylases (HATs) and histone deacetylases (HDACs) catalyse 

the addition or removal of an acetyl group onto a histone in order to induce changes in 

coiling of the DNA molecule. Generally, acetylation activates gene expression whilst 
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deacetylation represses gene expression. DNA methylation is, in contrast, a common 

DNA ‘silencing’ mechanism utilised to repress the expression of genes. 

In the context of embryonic neurogenesis, HDACs repress the switch to 

neuronal differentiation, as well as the restriction of NPCs to glial cell fates (Jung et 

al., 2008, Balasubramaniyan et al., 2006). HDACs form part of the REST 

transcription repressor complex, which acts in NPCs to inhibit expression of neuronal 

genes and maintain stemness (Ballas et al., 2005). HDACs also associate with TFs to 

repress their target genes, such as the TF TLX, which typically promotes neuronal 

differentiation through its target genes p21 and Pten but is prevented from doing so 

when bound to an HDAC (Sun et al., 2007). 

The best-characterised methylation mechanism regulating gene expression is 

the cytosine methylation of CpG dinucleotides, which inhibits binding of TFs to their 

target gene sequences. In NPCs, DNA methylation maps tightly to patterns of local 

histone methylation and increases upon differentiation (Meissner et al., 2008). DNA 

methyltransfereases (DNMTs), such as DNMT1, mediate the methylation of CpG 

dinucleotides and as a result, regulate the onset of neurogenesis (Fan et al., 2005). 

Extracellular signalling can induce both histone and DNA methylation in NPCs. 

FGF2 can potentiate the CNTF-derived induction of the astroglial cell fate by 

modulating methylation around astrocyte-specific genes like Gfap and S  (Song 

and Ghosh, 2004). Furthermore, bone morphogenetic protein (BMP) and Notch 

signalling are also known to regulate astroglial specification across the CNS by 

regulating methylation in a similar manner (Akizu et al., 2010, Namihira et al., 2009).   

1.2.1.3 Non-coding RNAs 

Non-coding RNAs, particularly microRNAs (miRNAs), play a key role in 

regulating embryonic neurogenesis. miRNAs are roughly 21-nucleotide long RNA 

molecules and are generated by RNAses such as Drosha and Dicer. Mature miRNAs 

are then transported to mRNA to prevent their translation and thus promote gene 

silencing post-transcriptionally (Djuranovic et al., 2012). 
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The action of the RNAse enzyme DICER1 is particularly vital to NPC 

regulation as it produces miRNAs by cleaving double-stranded RNA (De Pietri 

Tonelli et al., 2008, Kawase-Koga et al., 2010). Two miRNAs generated through 

Dicer, miR-124 and miR-9, promote neuronal differentiation by inhibiting activation 

of the TF STAT3 (Krichevsky et al., 2006). Additionally, both repress the HDAC-

containing REST complex known to promote NPC stemness (Packer et al., 2008, 

Visvanathan et al., 2007). Targets of miR-124-induced gene silencing include 1-

integrin and 1 laminin, which both contribute to NPC identity, whist miR-9 

suppresses expression of Foxg1 to induce NPC differentiation into Cajal-Retzius cells 

in the murine embryonic cortex (Cao et al., 2007, Shibata et al., 2011). 

1.2.2 Intrinsic regulation of neural progenitor cells by intracellular molecules 

Intrinsic control of NPC identity and behaviour is also driven by non-

transcriptional mechanisms through the action of intracellular molecules. As I have 

discussed previously, many different subcellular structures and processes modulate 

neurogenesis. For example, apicobasal polarity defines the symmetry of NPC 

divisions and the identity of the progeny that are generated. Additionally, on going 

processes, such as INM, also define whether NPCs undergo self-renewing or 

differentiative divisions. Below I will discuss key molecules required for these 

mechanisms that ultimately govern progenitor cell behaviour.  

Centrosomal proteins like ASPM and CDK5RAP2 are vital to normal cortical 

expansion (Bond et al., 2002, Bond et al., 2005). Both are critical to spindle function 

and are required for aRG self-renewal (Bond et al., 2002, Bond et al., 2005). 

Components of the apical domain are also integral to NPC fate determination. In 

addition to the primary cilium and apical junctional belt, the PAR3-PAR6-aPKC 

complex (or PAR-PKC complex) represents a subcellular structure involved in 

defining the division mode in NPCs. Much of the original evidence on the role of the 

PAR-aPKC complex in NPCs comes from experiments in C. elegans and Drosophila, 

although more recent work indicates conservation of its function in more complex 

species (Costa et al., 2008). In Drosophila, the PAR-aPKC complex ensures correct 

apicobasal polarization of epithelia, whilst in mice the PAR3 subcomponent is vital 
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for Notch signalling-induced NPC self-renewal (Siller and Doe, 2009, Bultje et al., 

2009). 

The PAR-aPKC complex relays information on polarity through the apically 

localized Pins protein. The mammalian orthologues of Pins, known as LGN, is 

required to regulate AP expansion by ensuring the correct orientation of the mitotic 

spindle in a planar configuration to facilitate self-renewing cell divisions (Konno et 

al., 2008). Furthermore, proteins LIS1 and NDE1 are both crucial to ensuring correct 

positioning of LGN at the mitotic spindle and thus maintain normal NPC division 

planes, neuronal migration and overall cortical expansion, as highlighted by their 

mutation in microcephalies (Feng and Walsh, 2004, Pawlisz and Feng, 2011, Vallee 

and Tsai, 2006, Tai et al., 2002).  

The GEF protein DOCK7 links microtubule organisation during INM to cell 

fate. DOCK7 negatively regulates the expansion of the AP pool in the developing 

mouse neocortex by promoting the transition from aRG to BPs, and then ultimately to 

neurons, by slowing the apical-basal progression of nuclei during INM (Yang et al., 

2012). DOCK7 does this by antagonising the microtubule-growth promoting and 

microtubule-stabilizing roles of another protein called TACC3 that normally enables 

nuclear movement (Yang et al., 2012). Owing to the role of INM in fate 

determination, DOCK7 therefore acts a molecular bridge between the speed of INM 

and the switch from self-renewing to neurogenic divisions. 

Two proteins asymmetrically localized during NPC mitosis are TRIM32 and 

NUMB. Whilst TRIM32 has been better characterised in Drosophila, the mammalian 

orthologue of NUMB is required for asymmetric division in the developing 

mammalian CNS (Zhong et al., 1997, Shen et al., 2002). Mammalian NUMB 

regulates neuronal differentiation in the developing rodent brain in two distinct ways 

(Zhong et al., 2000, Li et al., 2003, Petersen et al., 2002, Petersen et al., 2004). First, 

NUMB localizes to adherens junctions found in the apical endfeet of aRG to ensure 

proper distribution of junctional cadherins and cell polarity (Rasin et al., 2007). 

Secondly, NUMB interacts with mammalian PAR3 to asymmetrically partition 

NOTCH signalling into dividing NPCs, thus preferentially inhibiting differentiation in 

one daughter cell to drive self-renewal (Bultje et al., 2009).  
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The RNA-binding proteins MUSASHI 1 and 2 act in a similar fashion to 

miRNAs by silencing gene expression post-transcriptionally. MUSASHI 1 

specifically is expressed in early NPCs and maintains self-renewing divisions by 

destabilizing the mRNA cap during translation when bound to specific mRNAs 

associated with neuronal differentiation, such as m-numb, an antagonist of Notch 

signalling (Kawahara et al., 2008, Imai et al., 2001, Sakakibara et al., 1996). 

The Id (inhibitor of differentiation) proteins complement the Musashi proteins 

by silencing the expression of proneural genes to delay differentiation. On the one 

hand, they function as dominant negative inhibitors of bHLH TFs by forming inactive 

heterodimers with these TFs (Benezra et al., 1990). On the other hand, Id proteins 

sequester DNA-binding E-proteins that proneural TFs, like NGN2, must bind to 

initiate expression of target genes, such as NEUROD1 (Benezra et al., 1990, Lyden et 

al., 1999). Id proteins can therefore indirectly repress neuronal differentiation in the 

developing mouse neocortex. Id proteins can also positively regulate the activity of 

stemness-maintaining bHLH TFs. HES1 expression in the chick hindbrain represses 

the switch from self-renewing to differentiative divisions but retains a negative 

feedback autoregulatory mechanism to ensure that neurogenesis occurs in a timely 

manner (Bai et al., 2007). ID1 and ID3 release HES1 from autoregulation, 

subsequently maintaining low expression of proneural TFs indirectly (through the 

oscillatory antagonism between Hes family and proneural TFs) and promoting 

expansion of the NPC pool (Bai et al., 2007, Jung et al., 2010).  

1.2.3 Extrinsic control of neural progenitor cells 

In addition to the transcriptional and intracellular determinants that balance 

NPC self-renewal with differentiation and neurogenesis, a large number of 

extracellular signalling molecules modulate NPC behaviour. Indeed, this regulation of 

NPCs often involves increasing the abundance or function of the transcriptional and 

subcellular molecules mentioned previously. These extracellular signals, originating 

from neighbouring cells, extra-neural tissue outside the CNS, as well as systemically 

through the CSF, are collectively termed the neurogenic ‘niche’, and orchestrate 

neural development spatiotemporally. Listed below are key examples of extrinsic, 
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niche-derived signals that regulate NPC behaviour and control the switch from self-

renewing or differentiative or neurogenic cell divisions (Figure 1.4). 

1.2.3.1 FGF and EGF 

NPC proliferation and stemness are regulated by many secreted factors. 

Amongst them, basic Fibroblast growth factor (bFGF) and Epidermal growth factor 

(EGF) are amongst the best characterised. Experiments based around the isolation and 

culture of NPCs from the embryonic rodent CNS indicate that both factors act in 

developmental neurogenesis as mitogens for NPC subtypes found throughout the 

period of neural development and across the entire neuraxis. For example, both 

transient and sustained periods of FGF stimulation in vitro elicit considerable levels 

of NPC proliferation via elevated phosphorylation of cAMP (Tao et al., 1997, Qian et 

al., 1997, Lukaszewicz et al., 2002, Ciccolini and Svendsen, 1998).  

Single intracerebroventricular injections of FGF2 at mid-gestation also 

significantly increase the proportion of dividing NPCs, highlighting the mitogenic 

potency of FGF signalling (Vaccarino et al., 1999). FGFs drive NPC proliferation 

through upregulation of cyclin D2 expression, as well as by decreasing expression of 

the cyclin-dependent kinase inhibitor p27(kip1) (Vaccarino et al., 1999). Various FGF 

isoforms are capable of maintaining NPC survival, such as FGF2, FGF4 and FGF8b, 

and do so through FGFR3 (Vaccarino et al., 1999). However, FGF-mediated 

proliferation can be completely antagonized by the action of neurotrophins, such as 

NT-3, as it induces NPC differentiation even in the presence of FGFs (Ghosh and 

Greenberg, 1995; discussed in greater detail in 1.2.3.7). 

FGF ligands and receptors (FGFRs) exhibit some functional redundancy and 

only after simultaneous deletion of either all isoforms of FGF2 or FGFRs 1, 2 and 3, 

is CNS development considerably disrupted (Ortega et al., 1998, Paek et al., 2009). 

Genetic manipulation of either FGF ligands or receptors demonstrates that FGF 

signalling is essential to proper formation of the mouse cortex by mediating both 

proliferation and cell survival in NPCs (Ortega et al., 1998, Paek et al., 2009). 
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The role of FGF signalling in mammalian CNS development is perhaps 

demonstrated clearly in the human disease Thanatophoric dysplasia (Lin et al., 2003). 

Mutations in the Fgfr3 gene that render it constitutively active result in gross brain 

abnormalities, such as an enlarged cerebrum resulting from increased proliferation 

and survival of NPCs within the cortical VZ (Lin et al., 2003). In contrast, patients 

exhibit smaller cerebella, suggesting that FGF ligands have varying proficiencies for 

promoting NPC proliferation across the CNS (Lin et al., 2003). 

FGF signalling is also important for the commitment of NPCs towards glial 

cell fates, as well as the specification of certain neuronal subtypes. The decision 

between either neuronal or oligodendroglial and astroglial fates is dose-dependent, 

whereby low concentrations of FGF promote proliferation and eventual neurogenesis 

in cultured cortical NPCs, whilst higher levels of FGF drive the generation of both 

glial subtypes (Qian et al., 1997, Hajihosseini and Dickson, 1999, Bartlett et al., 

1998). FGF also plays an inductive role for specifying cultured NPCs to become 

tyrosine hydroxylase (TH)-positive dopaminergic neurons when co-stimulated with 

glial cell-conditioned media (Daadi and Weiss, 1999). Furthermore, FGF signalling 

through FGFR1 is required for proper specification of parvalbumin-expressing 

cortical interneurons, whilst the specification of other subtypes, such as GABAergic 

neurons of the ganglionic emminence is not affected in the Fgfr1-/- mouse embryonic 

cortex (Smith et al., 2014). 

EGF signalling is not as fundamental as FGF stimulation to sustain 

mammalian NPC proliferation in vivo or in vitro, indicated by the reduced 

responsiveness of NPCs to EGF at earlier developmental time points compared to 

FGF (Kornblum et al., 1997, Kilpatrick and Bartlett, 1995). EGF signalling is 

important, however, for maintaining proliferation in the embryonic striatum and 

promotes cell survival of cultured striatal NPCs (Kornblum et al., 1998). Yet, striatal 

NPCs isolated from EGFR-null embryos still proliferate in the presence of FGF 

signalling, indicating that FGF signals can compensate for EGF in specific regions of 

the CNS (Kornblum et al., 1998). EGF-responsive NPCs express TH in vivo, 

indicating that EGF helps specify dopaminergic neurons as well (Kornblum et al., 

1997).  
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Figure 1.4 Cellular and molecular regulation of NPCs. 

Schematic representation of niche signalling for NPCs in the embryonic mammalian forebrain. Adapted from “The cell biology of neurogenesis: 

toward an understanding of the development and evolution of the neocortex” (Paridaen and Huttner, 2014) 
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1.2.3.2 Sonic hedgehog 

Another secreted factor, Sonic hedgehog (SHH), acts as both a potent mitogen 

for NPCs and an essential morphogen involved in regionalisation of progenitors 

across the developing CNS. SHH belongs to the hedgehog multigene family that 

signals through the primary cilium in a wide variety of embryonic cell types during 

development and is indispensable for embryogenesis. The receptor Patched (PTCH), 

which normally sequesters and inhibits the function of another transmembrane 

receptor, the GPCR-like Smoothened (SMO) protein, releases SMO once bound by 

SHH. Release of SMO from repression by PTCH subsequently reduces the proteolytic 

degradation of the GLI family of proteins, allowing accumulation of the GLI2/3 

complex that activates expression of various SHH-signalling target genes. 

SHH drives proliferation and prevents differentiation of NPCs in the murine 

neural tube, and ectopic SHH expression doubles the rate of mitosis in NPCs at mid-

gestation (Rowitch et al., 1999). SHH enhances NPC proliferation by upregulating 

expression of proto-oncogenic NMYC, which itself increases expression of cyclin D1 

that consequently drives cell cycle progression (Kenney et al., 2003, Oliver et al., 

2003). Furthermore, in the developing cerebellum, newborn Purkinje cells maintain 

proliferation of granule cell precursors by releasing SHH (Dahmane and Ruiz i 

Altaba, 1999). SHH also promotes the identity of both early and more lineage-

committed NPCs at various stages of CNS development. For example, SHH is crucial 

for the establishment of early forming PAX6+ APs and thus overall expansion of the 

nervous system, given that more differentiated NPCs and post-mitotic neurons derive 

from APs (Ericson et al., 1997). On the other hand, SHH is also required to induce 

specific progenitor domains in the developing spinal cord that give rise to interneuron 

and motoneuron populations (Ericson et al., 1997).  

SHH signalling synergizes with both EGF and FGF signalling to promote 

proliferation in vitro, as well as to maintain the NPC pool size in vivo (Palma and 

Ruiz i Altaba, 2004, Zhu et al., 1999). SHH cooperation with FGF signalling extends 

to other functions as well, such as in the induction of subtype-specific domains. These 
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include dopaminergic neurons when combined with FGF8, and serotonergic neurons 

with FGF4 (Ye et al., 1998). 

In vitro, SHH and BMP signals antagonize one another, by either driving 

neurogenesis and oligodendrogliogenesis (SHH) or astrogliogenesis (BMP2; Zhu et 

al., 1999). WNT signalling (see below) can also antagonise SHH signalling, but at 

later stages of neural development during the establishment of NPC-specific domains 

(Alvarez-Medina et al., 2008).  

1.2.3.3 Wnt signalling 

Wingless-int or ‘Wnt’ proteins are secreted ligands whose signalling was first 

identified in carcinogenesis (Polakis, 2012). In canonical Wnt signalling, a Wnt 

ligand binds a member of the Frizzled (FZ) family of receptors, which form co-

receptor complexes with either LRP5 or LRP6. This complex consequently becomes 

stabilized upon binding of Wnt and subsequently prevents the proteolytic degradation 

of -catenin, allowing -catenin to accumulate in the cytoplasm and translocate to the 

nucleus where it acts as a transcriptional activator in conjunction with the TCF/LEF 

family of TFs. 

Wnt ligands are expressed across the entire developing chick and murine 

CNS, in particular WNT1, WNT3A and WNT4, with the former being fundamental to 

the expansion of NPCs responsible for generating the mouse midbrain and cerebellum 

(Hollyday et al., 1995, McMahon and Bradley, 1990). Conversely, WNT3A promotes 

proliferation of hippocampus-forming NPCs at the caudomedial margin, as well as of 

primary cortical NPCs derived from the SVZ (Lee et al., 2000, Kalani et al., 2008). 

WNT3A stimulates formation of the hippocampus through its activation of the TF 

LEF1, which is vital to the generation of dentate gyrus granule cells (Galceran et al., 

2000). 

The pro-proliferative and stemness effects of Wnt signals derive from their 

activation of -catenin-mediated expression of cyclins D1 and D2, which sustain cell 

cycle re-entry and prevent neuronal differentiation (Chenn and Walsh, 2002, Megason 
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and McMahon, 2002). Thus, Wnt signalling directly controls the switch from self-

renewing to neurogenic divisions (Chenn and Walsh, 2002). 

Like SHH, Wnt signalling exhibits an array of interactions with other 

pathways governing embryonic neurogenesis and dorsal-ventral patterning of the 

developing CNS. For example, Wnt signalling stimulates proliferation more robustly 

in dorsal regions of the embryonic cortex and also in the spinal cord, where it 

performs cross-antagonism with BMP signalling (Megason and McMahon, 2002, Ille 

et al., 2007, Ikeya et al., 1997). Wnt also promotes proliferation of NPCs in the dorsal 

developing avian spinal cord following the dorsal specification of these progenitors 

by BMPs (Chesnutt et al., 2004). 

Although typically antagonistic during the specification of discrete neuronal 

subtypes, Wnt signals synergize with SHH, as well as with FGF, to promote the 

formation and subsequent expansion of NPCs found in the SVZ of the developing 

cortex (Viti et al., 2003). Thus, FGF and SHH signals promote differentiation into 

BPs, which then proliferate upon Wnt stimulation (Viti et al., 2003). Conversely, FGF 

signalling inhibits Wnt-induced differentiation of NPCs by preventing Wnt-stimulated 

-catenin/LEF TF complexes from binding to the NGN1 promoter (Israsena et al., 

2004). 

1.2.3.4 VIP, IGF, LIF, CNTF and PDGF 

Vasoactive intestinal peptide (VIP) is a neuropeptide hormone that acts in a 

variety of different organs during adulthood. VIP drives proliferation in forebrain APs 

by decreasing cell cycle length, upregulating expression of Mcph1 and Chk1 and 

therefore ensuring cell cycle re-entry (Gressens et al., 1994, Passemard et al., 2011). 

Insulin-like growth factor (IGF1) reaches cortical NPCs via the CSF to promote the 

self-renewal of striatal NPCs by maintaining cell cycle re-entry as well (Lehtinen et 

al., 2011, Hodge et al., 2004, Arsenijevic et al., 2001, Popken et al., 2004). IGF1 is 

necessary for maintaining proliferation of these progenitors, independently of FGF 

and EGF signalling. 
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The peptide hormone ciliary neurotrophic factor (CNTF) and the cytokine 

leukaemia inhibitory factor (LIF) are both enriched in regions of inflammation 

postnatally and promote neuronal survival (Blesch et al., 1999, Arakawa et al., 1990). 

Developmentally, both signal through a receptor complex containing a gp130 subunit, 

and CNTF/LIF/gp130 signalling is vital for sustaining NPC self-renewal in the lateral 

ganglionic emminence by enhancing Notch signalling in NPCs there (Gregg and 

Weiss, 2005, Chojnacki et al., 2003). In the lateral ganglionic emminence, increasing 

gradients of either CNTF or LIF normally correlate with a decreasing gradient of NPC 

differentiation; in contrast both factors positively regulate differentiation in spinal 

cord progenitors (Gregg and Weiss, 2005). LIF also regulates commitment of NPCs 

to astroglial fates in the developing cortex and hippocampus by interacting with BMP 

signals to promote the assembly of a complex comprised of STAT3, SMAD1 and the 

transcriptional co-activator p300 (Nakashima et al., 1999, Koblar et al., 1998). 

Platelet-derived growth factor (PDGF) is a potent mitogen in many cell types 

during adulthood, such as cells of the retinal pigment epithelium. Yet in contrast, 

PDGF induces neuronal differentiation in NPCs of the mid-gestational rat cortex 

(Hinton et al., 1998, Williams et al., 1997). PDGF signals are even able to override 

CNTF-induced proliferation of rat cortical NPCs by inhibiting self-renewal, 

implicating PDGF as a highly proficient differentiation factor in the developing 

rodent CNS (Park et al., 1999). 

1.2.3.5 Notch signalling 

Notch signalling maintains stemness by driving expression of Notch target 

genes, primarily the Hes family of TFs. Upon binding of a Notch ligand, such as 

Delta or Jagged, Notch receptors release the Notch intracellular domain (NICD) into 

the cytoplasm, which binds to the DNA-binding protein CSL to act as a 

transcriptional activator in the nucleus (Kopan and Ilagan, 2009). Notch ligands (both 

secreted and membrane-associated) and receptors are expressed widely by NPCs 

across the developing mammalian CNS but are restricted to distinct NPC subtypes 

and in a salt-and-pepper pattern (Mizutani et al., 2007). FGF promotes stemness by 

inducing the expression of the Notch receptor NOTCH1 in NPCs and therefore 

sensitises progenitors to stimulation by Notch ligands (Rash et al., 2011).  
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Notch signalling between APs, such as aRG, employs a mechanism known as 

‘lateral inhibition’. Lateral inhibition through Notch signalling is underpinned by the 

oscillatory relationship between Hes and proneural TFs (Shimojo et al., 2008). For 

example, increasing expression of the proneural TF NGN2 during periods of low 

Notch signalling promotes expression of the Notch ligand Delta like 1 (DLL1) to 

stimulate Notch signalling and target gene expression in a neighbouring NPC 

(Shimojo et al., 2008). Mutual activation of Notch signalling in adjacent NPCs, 

combined with the temporal oscillation of Hes family TFs, therefore maintains 

stemness amongst NPCs. 

Many components of the canonical Notch signalling pathway play 

fundamental roles in maintaining NPC identity (Chambers et al., 2001, Hitoshi et al., 

2002, Imayoshi et al., 2010). Variations in Notch signalling between NPC subtypes 

exist as a result of differential expression of Notch signalling mediators. For example, 

the Notch effector C-promoter binding factor (CBF1) is expressed primarily in aRG, 

but not in more differentiated NPC classes, suggesting that CBF1 demarks cells of 

increased proliferative capacity (Mizutani et al., 2007). Conversely, the E3 ubiquitin 

ligase mind bomb-1 (MIB1) is expressed in basally positioned, non-aRG NPCs, as 

well as in post-mitotic neurons and ensures proper endocytosis of Notch signals 

(Yoon et al., 2008). MIB1+ cells present Notch ligands to aRG on filopodia-like 

extensions and are required to ensure the timely generation of more differentiated 

NPC subtypes, as well as to sustain neurogenesis (Yoon et al., 2008). PROX1, a 

transcriptional repressor, is expressed in the domain between NOTCH1-positive 

NPCs and post-mitotic neurons (Kaltezioti et al., 2010). Within this compartment, 

PROX1 expression inhibits NOTCH1 expression and drives differentiation into more 

committed NPCs, such as in BPs (Kaltezioti et al., 2010). 

1.2.3.6 Integrins 

Integrins assemble in the plasma membrane as heterodimers composed of one 

member each from the alpha and beta subunit families, and interact with the ECM. 

Integrins are responsible for mediating the interaction of NPCs with the basement 

membrane at the pial surface, as well as with other cells, to anchor progenitors to the 



 51 

appropriate anatomical position. Furthermore, integrins transduce ECM signals to 

regulate NPC behaviour. 

Integrins were first implicated in developmental neurogenesis during the 

migration of newly-formed neurons across the developing cortex (Anton et al., 1999). 

Migrating neurons use 1integrin for adhesion to the basal process of aRG as they 

move down into the cortical plate (Anton et al., 1999). However, only the alpha 

subunit is required for the process of migration, as mutant embryos lacking 

1integrin in the developing cortex show no such defect (Graus-Porta et al., 2001). 

Instead, 1integrin is essential for anchorage of the basal endfoot of NPCs to the pial 

basement membrane (Graus-Porta et al., 2001). Loss of this anchorage through 

genetic ablation of either 1integrin or its laminin ligand LAMA2 increases 

apoptosis in the cortex (Graus-Porta et al., 2001, Radakovits et al., 2009). Integrins 

are also crucial for adhesion at the apical surface of the developing mammalian CNS. 

LAMA2 interacts with 1integrin to maintain NPC anchorage at the ventricle, and 

pharmacological perturbation of this interaction specifically at the apical surface 

results in detachment of the apical endfoot (Loulier et al., 2009). This subsequently 

perturbs INM and results in both a complete loss of horizontal division planes 

amongst dividing NPCs, as well as cortical layering defects (Loulier et al., 2009).  

1integrin expression correlates strongly with expression of the NPC 

marker NESTIN in multipotent and self-renewing NPCs in vitro and is stimulated by 

both EGF and bFGF, but decreases following neuronal differentiation (Yoshida et al., 

2003, Suzuki et al., 2010). These findings are supported by in vivo evidence that 

transcripts of ECM-based genes, as well as genes encoding integrins, are enriched in 

and around NPCs with increased capacity for self-renewal (Fietz et al., 2012). 

Integrin signalling can also promote NPC self-renewal in a non-cell 

autonomous manner. Constitutive activation of 1integrin in a small proportion of 

NPCs in the developing avian mesencephalon induced proliferation of non-VZ 

associated progenitors considered to be the avian equivalent of SAPs (Long et al., 

2016). Organotypic slice culture experiments demonstrated that activation of 

1integrin in NPCs induces secretion of WNT7A, which signals in a paracrine 
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manner to adjacent or near-by SAPs and stimulates expression of the ECM protein 

Decorin (Long et al., 2016). Although not fully explored yet in NPCs, Decorin 

typically interacts with other proliferation-inducing pathways, such as in the 

developing kidney, and is hypothesised to mediate differentiation in the embryonic 

avian CNS (Long et al., 2016). Thus, integrin expression in one NPC subtype can 

regulate the behaviour and lineage commitment of another neighbouring subtype (i.e. 

non-cell autonomously). 

Integrins can also act as receptors for non-ECM ligands. 3integrin 

promotes the expansion of bIPs by inducing cell cycle re-entry at the expense of 

neurogenic divisions. The ligand in this instance is not a component of ECM and is 

instead thyroid hormone, suggesting that integrins may act to transduce systemic 

endocrine signals and not just those originating locally from ECM (Stenzel et al., 

2014). However, whilst it is proposed that thyroid hormone signalling through 

integrin induces cell cycle re-entry in bIPs, this NPC class is not commonly believed 

to undergo self-renewing divisions (see 1.1.1.3; Noctor et al., 2004, Taverna et al., 

2014). Thus, additional work is required to establish whether this represents a novel 

feature of bIPs or alternatively, whether a different BP subtype actually expands in 

this instance. 

1.2.3.7 Neurotrophins 

The neurotrophins brain-derived neurotrophic factor (BDNF) and 

neurotrophin 3 (NT3) activate a variety of intracellular signalling pathways in both 

post-mitotic neurons and NPCs, and function potently as pro-survival factors in the 

nervous system (Segal, 2003). Whilst BDNF and NT3 signal through the 

transmembrane receptors TRKB and TRKC, respectively, both also bind to the TRK 

co-receptor p75NTR (Segal, 2003). Both neurotrophins and their respective TRK 

receptors are expressed across the developing rodent cortex. BDNF expression 

gradually increases in parallel with the progression of neurogenesis, whereas NT-3 

expression gradually diminishes (Fukumitsu et al., 1998, Maisonpierre et al., 1990).  

EGF-generated neurospheres derived from the ventral murine telencephalon 

commit to neurogenesis after a single exposure to BDNF in vitro, dependent on 
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p75NTR, indicating its strong differentiative potential (Ahmed et al., 1995, Hosomi et 

al., 2003, Vicario-Abejon et al., 1995). Furthermore, exogenous administration of 

BDNF, in the form of an intraventricular injection at embryonic day (e) 16, increases 

neuron production in the developing rat telencephalon (Fukumitsu et al., 1998). 

BDNF action works in parallel with that of the gaseous molecule nitrous oxide 

(NO), whose synthesis correlates with differentiation across the embryonic CNS 

(Bredt and Snyder, 1994). NO was originally characterised as a cytostatic and 

differentiative factor and is now commonly thought to work in a feedback mechanism 

with neurotrophins (Peunova and Enikolopov, 1995). For example, NO inhibits the 

secretion of neurotrophins from cultured hippocampal neurons by inhibiting protein 

kinase G-dependent calcium release (Canossa et al., 2002). Additionally, NO 

abolishes BDNF release by baroreceptor neurons in vitro by reducing BDNF 

expression (Hsieh et al., 2010). 

Conversely, BDNF stimulation increases expression of the neural NO 

synthase (nNOS) in differentiating neurons generated from murine telencephalic 

NPCs (Cheng et al., 2003). nNOS-derived NO subsequently inhibits proliferation and 

drives neuronal differentiation in adjacent NPCs in a paracrine manner (Cheng et al., 

2003). The suggestion that BDNF and NO act redundantly is supported by the 

observations of cultured NPCs following pharmacological blockade of NO synthesis. 

Blocking NO production in NPCs increases BDNF expression, possibly as a 

compensatory mechanism, to ensure timely neuronal differentiation in the absence of 

the cytostatic effects of NO (Lameu et al., 2012). This blockade of NO signalling in 

vitro results in a three-fold increase in p75NTR expression, thus potentiating the 

sensitivity of cultured NPCs to extracellular neurotrophins to maintain the generation 

of neurons (Lameu et al., 2012). 

NT3 promotes differentiation in the avian neural tube, both in vitro and in 

vivo, as well as in cultured NPCs from the rodent brain (Averbuch-Heller et al., 1994, 

Vicario-Abejon et al., 1995) and does so by potently driving the switch from self-

renewing to neurogenic cell division (Ghosh and Greenberg, 1995). Accordingly, 

NT3 inhibits FGF2-mediated proliferation of NPCs in a dose-dependent manner by 

inhibiting the PI3K/AKT and GSK signalling pathways, as well as by lengthening 
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the G1 phase through decreased expression of cyclin D2 (Ghosh and Greenberg, 

1995, Jin et al., 2005). In the developing murine forebrain, NT3 is typically expressed 

by post-mitotic neurons within the cortical plate under the control of the 

transcriptional repressor SIP1, and signals to APs in a feedback mechanism 

(Parthasarathy et al., 2014). Neuron-derived NT3 promotes differentiation of PAX6+ 

APs to TBR2+ BPs, and also drives the formation of neurons in the upper layers the 

cortex (Parthasarathy et al., 2014). Thus, NT3 induces both neurogenic and 

differentiative divisions in multipotent murine APs. 

1.2.3.8 Other regulatory mechanisms 

The chemokine CXCL12 is released by the meninges during neurogenesis to 

guide the tangential migration of Cajal-Retzius cells across the cortex by signalling 

through CXCR4 (Borrell and Marin, 2006). Cajal-Retzius cells themselves influence 

cortical NPCs from an early point in CNS development. These neurons are produced 

at the onset of murine neurogenesis in the embryonic cortex and migrate to the most 

basal region of the neuroepithelium in layer I (Soriano and Del Rio, 2005). Cajal-

Retzius cells express the secreted signal Reelin, which was initially demonstrated to 

mediate neuronal migration (Dulabon et al., 2000, Hartfuss et al., 2003, Lakoma et al., 

2011). In addition, Reelin signalling enhances Notch signalling in aRG by increasing 

NICD expression in forebrain VZ NPCs and subsequently drives self-renewal and 

inhibits differentiation of APs (Lakoma et al., 2011). Thus, newborn Cajal-Retzius 

cells sustain NPC expansion via long-range Reelin signals. 

Neurotransmitters can also regulate NPC cell cycle progression. Gabba-

aminobutyric acid (GABA) and glutamate typically have opposing effects in 

neurophysiology but both play similar roles in regulating VZ proliferation during 

early phases of cortical development (Haydar et al., 2000, Luk et al., 2003). Thus, 

GABA and glutamate reduce DNA synthesis and antagonize the proliferative effects 

of FGF2 at comparatively later stages, during peak neuron production (LoTurco et al., 

1995, Antonopoulos et al., 1997). Dopamine signals can also promote or inhibit cell 

cycle progression in the developing brain, such as in the lateral ganglionic 

emminence, depending on which dopamine receptor is predominantly activated 

(Ohtani et al., 2003). For example, activation of the D1 receptor promotes cell cycle 
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lengthening in the VZ of the LGE, leading to increased differentiative or neurogenic 

cell divisions, whilst D2-like receptor activation promotes NPC cell cycle re-entry 

and self-renewal (Ohtani et al., 2003). 

Finally, immune cells have also been shown to play a role in neurogenesis 

across many different species. Microglia are tissue-resident macrophages in the 

developing and adult CNS and are present in the embryonic rodent cortex from as 

early as e11, when they help to maintain NPC proliferation (Antony et al., 2011, 

Cunningham et al., 2013). However, pharmacologic blockade of microglial 

recruitment to the cortical VZ and SVZ increases NPC proliferation, potentially 

through reduced phagocytosis of progenitors by microglia (Cunningham et al., 2013).  

1.2.3.9 Embryonic NPCs and blood vessels 

The mechanisms by which blood vessels regulate NPCs of the embryonic 

rodent CNS were poorly defined prior to my research project. Initial studies showed 

that TBR2+ BPs in the developing cortex cluster preferentially around the growing 

vessel network there (Stubbs et al., 2009, Javaherian and Kriegstein, 2009). However, 

findings published towards the end of my PhD indicated that vasculature regulates 

NPCs either through relief of tissue hypoxia or by acting as a physical tether for NPC 

processes (Tan et al., 2016, Lange et al., 2016). I will discuss these regulatory 

mechanisms in greater detail later in my thesis and compare them to my own findings. 

1.3 VEGF in neural development 

Despite being initially characterised as potent inducers of blood vessel growth 

(discussed in greater detail in 1.4.1.1), members of the vascular endothelial growth 

factor (VEGF) family also regulate neural development. Both in vivo and in vitro 

models have shown that VEGF, particularly VEGF-A, promotes neuronal survival, 

migration and maturation. Moreover, some evidence suggests that VEGF-A and 

VEGF-C play a role in regulating NPC behaviour.  
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1.3.1.1 VEGF-A regulates neuronal migration 

Both the facial branchiomotor neurons (FBMs) of the embryonic hindbrain 

and the granule cells of the cerebellum require VEGF-A for correct chemotaxis 

(Schwarz et al., 2004, Ruiz de Almodovar et al., 2010). However, VEGF-A signalling 

in either cell type differs with respect to the required VEGF isoform, as well as the 

receptor. Whilst FBM axons are guided outside of the CNS by class 3 semaphorins 

(SEMA3), VEGF164 signals through the transmembrane, non-tyrosine kinase 

receptor neuropilin 1 (NRP1) on the FBM cell body (Schwarz et al., 2004). Increased 

expression of non-NRP1 binding VEGF120, at the expense of VEGF164, results in 

misplaced FBM soma in rhombomere 5 rather than rhombomere 6 (Schwarz et al., 

2004). Conversely, ECM-binding VEGF188 guides newborn granule cells via its 

interaction with VEGFR2, a VEGF receptor tyrosine kinase, from their birthplace in 

the external granule cell layer to the Purkinje cell layer (Ruiz de Almodovar et al., 

2010). 

1.3.1.2 VEGF-A regulates axon guidance 

Although VEGF-A/NRP1 signalling does not appear to be required for correct 

guidance of axons in the PNS, it is necessary for guidance of retinal ganglion cell 

(RGCs) axons in the developing mouse brain (Vieira et al., 2007, Schwarz et al., 

2004, Erskine et al., 2011). RGCs project contralaterally in species lacking overlap in 

the visual field, such as in fish. In contrast, species with an overlap in vision, such as 

in mice and humans, possess a small number of RGC axons that project ipsilaterally. 

Thus, the path of RGC axons at the optic chiasm in the diencephalon is finely tuned 

by an extensive array of molecules (Erskine et al., 2011). Contralateral RGC axons 

are guided across the chiasm via VEGF164/NRP1 signalling to innervate the correct 

hemisphere (Erskine et al., 2011). Depletion of either VEGF164 or NRP1 increased 

ipsilateral projection across the optic chiasm (Erskine et al., 2011). In contrast, neither 

VEGFR2 or perineural blood vessels are required for correct RGC axon guidance. On 

the other hand, commissural axons in the murine spinal cord use VEGF-A as a 

guidance molecule for midline crossing via VEGFR2 (Ruiz de Almodovar et al., 

2011). Both pharmacological blockade as well as genetic manipulation of 
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commissural axon-expressed VEGFR2 result in reduced axon turning in vitro and 

misplaced axons in vivo, respectively (Ruiz de Almodovar et al., 2011). 

1.3.1.3 VEGF-A is a survival factor for embryonic and postnatal neurons 

Several studies have implicated VEGF-A as an important neuroprotective 

factor during motoneuron degeneration. In a model of low VEGF-A expression across 

the whole animal, mutant mice demonstrate late-onset, progressive degeneration of 

motoneurons (Oosthuyse et al., 2001). Endogenous VEGF-A is also protective during 

either ischaemia- or AMPA-induced degeneration (Oosthuyse et al., 2001, 

Lambrechts et al., 2003, Tovar et al., 2007). Moreover, it has been shown since that 

direct infusion of exogenous VEGF-A directly protects newborn neurons in the 

dentate gyrus after focal cerebral ischaemia in a vessel-independent manner (Sun et 

al., 2003). 

The best unequivocal demonstration of VEGF-A in a direct neuroprotective 

role, independently of vessel-derived neuroprotection, was provided from studies into 

a migrating population of neurons responsible for synthesising gonadotrophin 

releasing hormone (Cariboni et al., 2011). These GnRH neurons migrate from their 

birthplace in the olfactory epithelium to the hypothalamus in the forebrain. Neural-

specific loss of NRP1 results in increased GnRH neuron cell death and fewer GnRH 

neurons reach the hypothalamus (Cariboni et al., 2011). Both neural-specific Vegfr2 

and endothelial-specific Nrp1 mutants show no changes in GnRH neuron apoptosis, 

indicating that VEGF164 signals through NRP1 to promote cell survival in migrating 

GnRH neurons independently of CNS vascularisation, although it has not been 

established whether NRP1 requires a co-receptor to mediate this function (Cariboni et 

al., 2011). Furthermore, treatment of immortalized GnRH neurons in vitro with 

recombinant VEGF164 significantly reduces levels of apoptosis during serum 

starvation (Cariboni et al., 2011). However, it is not clear which intracellular 

signalling pathways transduce VEGF164 signals to increase cell survival. 
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1.3.1.4 VEGF and embryonic NPCs 

Although there have been several demonstrations of VEGF-A- and VEGF-C-

induced neurogenesis in the adult (see 1.5.2.2), evidence of a role for VEGF in 

directly regulating embryonic NPCs is sparse. Murine cortices with reduced VEGF-A 

isoform diversity exhibit decreased proliferation and stemness in cortical NPCs, 

although it was not defined whether VEGF-A-stimulated blood vessel growth 

regulated NPC behaviour (Darland et al., 2011). Secondly, vascular-derived VEGF-A 

was suggested to regulate different aspects of cortical development, and mutant 

embryos lacking VEGF-A expression specifically by Tie2-expressing endothelial 

cells exhibited differentiation defects and severe cortical delamination (Li et al., 

2013). It is, however, also not clear whether the phenotypes observed in this study 

result from loss of direct VEGF-A signalling to NPCs or indirectly by promoting 

vascular growth within the CNS. 

Studies of the developing chick retina suggest that VEGF-A promotes 

proliferation of retinal NPCs, independently of its vascular role through VEGFR2 

(Hashimoto et al., 2006). In addition, the formation of neurospheres derived from e14 

cortical NPCs is enhanced by VEGF-A/VEGFR2 signalling (Wada et al., 2006). This 

appears to be through improved cell survival, mediated by the NF-B (Wada et al., 

2006).  

Contrastingly, VEGF-C plays a clear and direct role in regulating NPCs in the 

developing CNS of both the mouse and the frog (Le Bras et al., 2006). Morpholino-

induced knockdown of VEGF-C in frogs reduces proliferation of VEGFR3-

expressing NPCs in a vessel-independent manner. Furthermore, Vegfc-/- and Vegfc+/- 

mouse embryos possess fewer oligodendrocyte progenitor cells in the optic nerve and 

VEGF-C stimulates proliferation of VEGFR3+ oligodendrocyte precursors in vitro 

(Le Bras et al., 2006). 

1.4 Vascularisation of the central nervous system (CNS) 

The embryonic CNS is vascularised by the invasion of blood vessels from a 

perineural vascular plexus (PNP), which resides outside of the brain and spinal cord. 
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This ingression of vessels from outside of the CNS, and then into other areas of the 

neural parenchyma, follows a process known as ‘angiogenesis’ in which new blood 

vessels sprout from pre-existing ones. This process is distinct from ‘vasculogenesis’, 

where blood vessels form de novo from endothelial cells in so-called ‘blood islands’, 

and intussusceptive angiogenesis where a single blood vessel splits into two. Blood 

vessel ingression into the neural tube is followed by extensive sprouting and 

remodelling until a vascular network is formed. Remarkably, vascularisation occurs 

without perturbing the complex cytoarchitecture of the developing neurogenic niches 

or newly forming neural networks. This results from extensive neurovascular 

crosstalk that patterns CNS vasculature (discussed below; see Figure 1.6). 

The mouse embryo hindbrain is widely used as a model system to study 

developmental angiogenesis in the mammalian CNS and gives an overview of 

specific cellular and molecular mechanisms regulating the blood vessel growth within 

these organs (Fantin et al., 2013b). Vascularisation of the mouse hindbrain begins 

around e9.5, when vessel sprouts emerge from the PNP and extend radially towards 

the VZ, where NPCs release vascular growth factors (Fantin et al., 2010). From 

e10.25, these radial vessels turn at near right angles to extend parallel to the hindbrain 

surface. The subventricular vascular plexus (SVP) forms when sprouts from 

neighbouring radial vessels anastomose – a process that is mediated by tissue resident 

macrophages (Fantin et al., 2010, Fantin et al., 2013a, Ruhrberg et al., 2002). During 

this phase, pericytes invest the vessel sprouts and eventually ensheath the endothelial 

cells to provide structural support and instructive signals (Gerhardt and Betsholtz, 

2003).  By e12.5, the SVP has formed an extensive vascular network, and is followed 

by additional angiogenic sprouting in deeper, more basal layers of the CNS (Fantin et 

al., 2010, Ruhrberg et al., 2002). 

The mouse postnatal retina is also used as another model for studying CNS 

vascularisation and follows a similar pattern of blood vessel growth to the hindbrain, 

albeit after birth (Tata et al., 2015). The following cellular and molecular mechanisms 

of CNS vascularisation will therefore be explained in the context of both developing 

hindbrain and postnatal retina models. 
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1.4.1 Cellular and molecular interactions in CNS vascularisation 

During angiogenesis, tip cells respond to different signals by initiating 

endothelial migration, whilst stalk cells follow behind the tip cell and proliferate and 

induce lumen formation to form the main body of new vessel sprouts. Early studies 

linked tip and stalk cell behaviours to signalling by VEGF-A. NPCs within the 

embryonic brain secrete VEGF-A to stimulate angiogenic sprouting (Gerhardt et al., 

2003, Haigh et al., 2003, Ruhrberg et al., 2002). 

Subsequent experiments demonstrated that VEGF signalling interacts with the 

Notch pathway to regulate the proportion of tip cells versus stalk cells in retinal 

angiogenesis (Hellstrom et al., 2007, Leslie et al., 2007, Suchting et al., 2007). 

Studies of chimeric embryoid bodies and developing vasculature within the mouse 

retina further suggested that tip/stalk cell phenotypes and associated functionalities 

are plastic and switch dynamically over time (Jakobsson et al., 2010).  

In agreement with a key role for VEGF in tip cell induction in both the 

hindbrain and postnatal retina, high levels of VEGFR2 are expressed in tip cells 

relative to neighbouring stalk cells to promote tip cell-mediated vessel sprouting 

(Jakobsson et al., 2010). Furthermore, tip cell fusion, known as vessel ‘anastomosis’ 

is mediated by tissue resident macrophages in vascularisation of both mouse and fish 

CNS (Fantin et al., 2010). Macrophages act independently of VEGF-A, but synergize 

with VEGF-induced vessel sprouting to promote vascular network formation. Recent 

work identified additional regulators of vessel sprouting and tip cell behaviour, which 

are discussed in greater detail below. 

In addition to the general principles of angiogenesis described above, 

specialised interactions between endothelial and non-endothelial CNS cells generate a 

unique structure termed the neurovascular unit. Within the neurovascular unit, 

endothelial cells form strong junctions with one another and interact with other cell 

types, such as pericytes, astrocytes and microglia, to create the blood brain barrier 

(BBB). The BBB maintains CNS homeostasis and is also believed to regulate blood 

flow and synaptic activity within the brain. For example, a hallmark of CNS vessels is 

the presence of the glucose transporter GLUT1. Mutations in the GLUT1 gene 
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underlie a rare autosomal dominant disorder termed GLUT1 deficiency syndrome, 

which is characterized by pathologically low levels of glucose within the 

cerebrospinal fluid, due to reduced glucose transport across the BBB (Seidner et al., 

1998). 

1.4.1.1 VEGF and hypoxia inducible factors (HIFs) 

Various neural cell types produce VEGF-A, and neuroglial-secreted VEGF-A 

is required for the ingression of blood vessels into the developing neural tube across 

different vertebrate species (Bussmann et al., 2011, Haigh et al., 2003, James et al., 

2009, Raab et al., 2004). VEGF-A mRNA is differentially spliced to produce 

isoforms with varying affinities for the surrounding ECM, and their bioavailability is 

further regulated by proteolytic mechanisms (Park et al., 1993, Houck et al., 1992). 

The human isoforms of VEGF-A are termed VEGF121, VEGF165 and VEGF189, 

reflecting the number of amino acid residues present in the mature protein. VEGF121 

is the most diffusible, VEGF189 binds ECM the most efficiently and VEGF165 has 

intermediate properties. Cleavage of VEGF189 by matrix metalloproteases (MMPs) 

leads to the generation of VEGF113, which is subsequently released from the matrix. 

The corresponding isoforms in mouse are one amino acid residue shorter and thus 

termed VEGF112, VEGF120, VEGF164 and VEGF188, respectively. The isoforms 

also differ in their ability to interact with specific receptors (see below). 

Genetic manipulations that restrict expression of VEGF-A to only a single 

isoform at the expense of the other isoforms do not prevent the entry of vasculature 

into the neural tube, but instead perturb vessel patterning and morphogenesis within 

the CNS. Accordingly, blood vessels within the hindbrain and retina of Vegfa120/120 

mice, which only express VEGF120, have a larger diameter and branch infrequently 

(Ruhrberg et al., 2002, Stalmans et al., 2002). Conversely, vessels in Vegfa188/188 mice 

expressing only the VEGF188 isoform are thin and over-branched (Stalmans et al., 

2002). In the avian neural tube, forced over-expression of the matrix-binding 

VEGF165 or VEGF189 in a localized manner also results in ectopic vessel ingression 

at the site of electroporation, whilst ectopic expression of the more diffusible 

VEGF121 does not lead to this effect (James et al., 2009). Furthermore, local VEGF-

A blockade in the same model by forced expression of soluble VEGFR1 (sFLT1), 

http://en.wikipedia.org/wiki/Cerebrospinal_fluid
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which acts a decoy for VEGF-A in the interstitial fluid, prevents vascular ingression 

(James et al., 2009). In the neonatal mouse retina, a collection of the three murine 

VEGF-A isoforms is synthesized and displayed by a network of astrocytes located 

beneath the expanding retinal vascular plexus, as well as by RGCs and neural cells 

within the inner nuclear layer. 

In addition to receiving paracrine VEGF-A signals from neuroglial cells for 

angiogenesis, endothelial cells themselves are thought to be a key source of VEGF-A 

to promote vascular homeostasis in the long term (Lee et al., 2007). VEGF-A 

expression in endothelial cells in the murine retinal vascular plexus is induced by the 

transmembrane protein cysteine-rich motor neuron 1 (CRIM1) to maintain blood 

vessel stability (Fan et al., 2014). In addition, as previously mentioned, endothelium-

derived VEGF-A has also been shown to be important for the development of the 

correct cytoarchitecture of the developing mammalian cortex (Li et al., 2013). 

The hypoxia-inducible transcription factors HIF1A and HIF2A, known 

regulators of Vegfa transcription, induce angiogenesis in response to reduced tissue 

oxygenation (Carmeliet et al., 1998). For example, HIF1A is expressed abundantly in 

the neuroretina, especially by retinal progenitor cells (RPCs), and the deletion of 

HIF1A from the neuroretina severely perturbs retinal angiogenesis. However, HIF1A 

does not regulate VEGF-A expression in RPCs; instead, it induces the expression of 

the astrocyte mitogen PDGF-A to drive the formation of the astrocyte network that 

then promotes vascularisation of the retina (Nakamura-Ishizu et al., 2012). 

1.4.1.2 VEGF tyrosine kinase receptors 

VEGF-A binds three tyrosine kinase receptors that are all crucial for 

angiogenesis. These are VEGFR1 (FLT1), VEGFR2 (FLK1 or KDR) and VEGFR3 

(FLT4; displayed in Figure 1.5) 

 VEGFR2 is the main signal transducing VEGF receptor in endothelial cells in 

vitro and is vital for endothelial cell survival and blood vessel formation in vivo. 

Heterozygous loss of Vegfa expression causes embryonic lethality at e9.5 in the 

mouse and due to their early embryonic lethality, Vegfr2+/- and Vegfr2-/- mice are not 
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suitable to study the specific functions of VEGFR2 signalling in CNS vascular 

development (Ferrara et al., 1996). However, the use of a function-blocking antibody 

or the selective ablation of VEGFR2 in endothelial cells, has revealed that VEGFR2 

is essential for tip cell formation and vascular outgrowth in the mouse retina 

(Benedito et al., 2012, Gerhardt et al., 2003, Okabe et al., 2014, Zarkada et al., 2015). 

Moreover, retinal neurons express VEGFR2 abundantly to sequester and subsequently 

titrate the levels of VEGF-A in the retina (Okabe et al., 2014). This limits 

angiogenesis in the outer retinal layers, consequently restricting blood vessel growth 

to the inner retinal layer during formation of the primary plexus (Okabe et al., 2014). 

Endothelial VEGFR2 is also a critical mediator of VEGF-induced Notch signalling in 

sprouting retinal vasculature (Jakobsson et al., 2010). 

VEGFR3 is best known as a VEGF-C receptor during lymphangiogenesis but 

is also highly expressed in angiogenic sprouts. In addition, genetic targeting of 

VEGFR3 is embryonic lethal at e10.5 due to severe vascular defects (Dumont et al., 

1998). VEGFR3 function in angiogenesis is, however, not completely understood. On 

the one hand, function-blocking antibodies against VEGFR3 decreases sprouting, 

vessel density, vascular branching and endothelial cell proliferation in the mouse 

retina (Tammela et al., 2008). This finding is supported by a similar phenotype 

observed in animals with a heterozygous deletion of its ligand VEGF-C (Tammela et 

al., 2011). On the other hand, however, the specific deletion of VEGFR3 in 

endothelial cells causes excessive vessel sprouting and branching in both the mouse 

embryonic hindbrain and postnatal retina (Tammela et al., 2011). Thus, it has been 

proposed that VEGFR3 positively regulates angiogenesis induced by VEGF-C, but 

simultaneously inhibits excessive angiogenesis by enhancing Notch signalling in 

response to macrophage-secreted VEGF-C, to drive the fusion and stabilisation of 

vascular sprouts (Tammela et al., 2011).  

Vegfr1-/- embryos lacking both forms (soluble and membrane-bound) of the 

receptor die at e9.5 due to abnormal vascular development caused by excessive 

endothelial cell proliferation, yet mice lacking only the intracellular kinase domain are 

healthy (Hiratsuka et al., 1998). These findings indicate an important function for 

sFLT1 in modulating VEGF bioavailability to VEGFR2. Accordingly, sFLT1 

negatively regulates vascular sprout formation and branching morphogenesis during 
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developmental angiogenesis (Kearney et al., 2004). Furthermore, the global deletion 

of Vegfr1 in postnatal mice augmented both VEGFR2 accumulation and signalling, 

and therefore enhanced angiogenesis in both the retina and brain (Ho et al., 2012). 

Despite the fact that the soluble VEGFR1 isoform inhibits angiogenesis by 

sequestering VEGF, an in vitro study indicated that full length VEGFR1 (containing 

the tyrosine kinase domain) also signals in endothelial cells (Autiero et al., 2003). 

Thus, VEGFR1/VEGFR2 heterodimerisation enhances VEGFR2 trans-

phosphorylation when endothelial cells are co-stimulated with both placental growth 

factor (PGF) and VEGF. A role for VEGFR1 signalling in endothelial cells is also 

supported by the observation that mice genetically manipulated to express only sFLT1 

at the expense of the transmembrane isoform have reduced VEGFR2 signalling, fewer 

endothelial cells and thinner vessels (Hiratsuka et al., 2005). Taken together, these 

observations of VEGFR1 signalling suggest that vascular defects in full VEGFR1 

knockout mice reflect the net effect of losing a strongly anti-angiogenic function 

carried by sFLT1 and a relatively weaker proangiogenic role for the full-length 

isoform. 
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Figure 1.5 VEGF receptor binding. 

Schematic representation of typical VEGF-VEGF receptor binding during CNS 

vascularisation. VEGFR1 (orange) and VEGFR2 (yellow) both bind all three isoforms 

of VEGF-A (white). NRP1 (red) can bind VEGF165 (dark blue) and VEGF189 (light 

blue) whilst in a co-receptor complex with VEGFR2. VEGFR3 (purple) binds 

VEGF-C (green). 
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1.4.1.3 Neuropilins (NRPs), neuropilin-binding VEGF isoforms and semaphorins 

 Both Neuropilins were initially identified as transmembrane receptors 

required for different aspects of neural development but are also essential for the 

vascularisation of the mouse spinal cord, hindbrain, forebrain and retina (Kawasaki et 

al., 1999, Gerhardt et al., 2004, Gu et al., 2003, Fantin et al., 2014, Raimondi et al., 

2014, Fantin et al., 2015). In contrast, other regions located outside the CNS, such as 

the perisomitic space, are well-vascularised in the absence of NRP1, and the 

vasculature in these regions show only minor morphological defects (Ruhrberg et al., 

2002). It is not known why NRP1 is especially important for CNS vascularisation, but 

is less important for some other vessel networks.  

Both of the classical NRP1 ligands, SEMA3 and VEGF165, have been 

implicated as regulators of endothelial cell behaviour through NRP1 binding in vitro 

and in vivo. VEGF121 can also bind NRP1 in vitro, although it does so with a 50-fold 

lower affinity than VEGF165, as it lacks an exon 7-encoded domain that enhances 

NRP1 binding (Parker et al., 2012). This finding was supported by analyses using the 

hindbrain model that showed that VEGF121 is not able to bind NRP1 at detectable 

levels in vivo (Tillo et al., 2015). Moreover, VEGF121 cannot bind and signal through 

NRP1 to compensate for loss of VEGF165 and VEGF189 (Cariboni et al., 2011, 

Erskine et al., 2011). Whilst these observations in neural models suggest that 

VEGF121 is also unlikely to signal through NRP1 during vascular development in 

vivo, it has been difficult to demonstrate this directly due to the presence of 

VEGF121-binding VEGFR1 and VEGFR2 in endothelial cells. In addition to 

VEGF165, VEGF189 is also able to bind to and signal through NRP1 in vivo; 

however, this has so far only been shown for neurons (Tillo et al., 2015). 

Analysis of mouse knockout embryos lacking SEMA3A revealed that this 

NRP1 ligand is dispensable for brain vascularisation, as well as blood vessel 

formation elsewhere in the developing mouse (Bouvree et al., 2012, Vieira et al., 

2007). Likewise, inactivation of semaphorin binding to NRP1 does not impact on 

brain angiogenesis or vascular development in the early mouse embryo, even if 

functional compensation by NRP2 is also prevented (Gu et al., 2005, Vieira et al., 

2007).  
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Interestingly, SEMA3F has been described to act to repel angiogenesis during 

vascularisation of the retina (Buehler et al., 2013). Whilst SEMA3A expression is 

seen exclusively in the inner retina, SEMA3F expression is restricted to the outer 

retina and retinal pigment epithelium, where it inhibits sprouting angiogenesis to 

maintain the physiological avascularity in the outer retina (Buehler et al., 2013). It is 

presently unknown whether NRP2, the receptor for SEMA3F, is involved in this 

process.  

SEMA3E is the only member of the class 3 semaphorin family that does not 

bind to a neuropilin receptor, and instead binds directly to the plexin PLXND1 (Gu et 

al., 2005). In the developing mouse retinal vasculature, high levels of VEGF secreted 

from the avascular retinal periphery induce PLXND1 expression in endothelial cells 

at the vascular front via VEGFR2 (Kim et al., 2011). Neuroretinal SEMA3E signals 

to endothelial PLXND1 to upregulate DLL4 expression at the vascular front, which in 

turn enhances endothelial Notch signalling to block the formation of tip cells and tip 

cell filopodia (Kim et al., 2011). Despite the fact that SEMA3E does not directly bind 

to NRP1, NRP1 can convert SEMA3E/PLXND1-mediated axonal repulsion into 

attraction in CNS neurons, but it is unclear whether such a mechanism exists in 

endothelial cells as well (Chauvet et al., 2007). 

 Despite the lack of brain vascularisation defects in semaphorin/NRP 

signalling mutants, loss of NRP1 from endothelial cells causes vascular patterning 

defects in the brain that are similar to those caused by loss of NRP1 in all cells. It was 

therefore proposed that the vascular phenotype of mice lacking NRP1 in endothelial 

cells results from defective VEGF signalling through NRP1 (Gu et al., 2005). 

However, Vegfa120/120 mice lacking heparin/neuropilin binding VEGF isoforms have 

less severe CNS vascular defects than mice lacking NRP1 (Ruhrberg et al., 2002) 

(Gerhardt et al., 2004). Furthermore, mice that possess a mutation that specifically 

blocks VEGF binding to NRP1 have milder defects in CNS angiogenesis than Nrp1-

null or endothelial-specific Nrp1-null mice (Fantin et al., 2014, Gelfand et al., 2014). 

Two different mouse mutants have been generated that carry point mutations in the 

VEGF-binding domain of NRP1: Y297A or D320K (Gelfand et al., 2014, Fantin et 

al., 2014). The former mutants also have low NRP1 expression levels that caused 

minor defects in hindbrain vascular complexity, whilst the D320K mutation did not 
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impair vascularisation of either the embryonic or the postnatal forebrain (Gelfand et 

al., 2014, Fantin et al., 2014). Both mutants showed similar reductions in both 

vascular extension and artery/vein formation in the retinal vessel plexus in agreement 

with the phenotype observed in Vegfa120/120 mice lacking the NRP1-binding VEGF 

isoform VEGF164 (Gelfand et al., 2014, Fantin et al., 2014, Stalmans et al., 2002). 

The observation of only mild reductions of vessel growth in VEGF-binding 

deficient NRP1 mutants suggests that NRP1 modulates CNS angiogenesis through 

additional, semaphorin- and VEGF-independent mechanisms. In agreement, it was 

recently shown that NRP1 enhances CNS angiogenesis by promoting ECM signalling 

(Raimondi et al., 2014). The ECM component and integrin ligand fibronectin (FN) 

induces cytoskeletal remodelling in cultured endothelial cells through a pathway that 

depends on the interaction of NRP1 with both the non-receptor tyrosine kinase ABL1, 

as well as the small RHO-GTPase CDC42 (Raimondi et al., 2014, Fantin et al., 2015). 

Both proteins regulate the actin cytoskeleton to drive retinal angiogenesis where FN is 

deposited ahead of the vascular front by astrocytes and around growing blood vessels. 

Pharmacological inhibition of ABL kinase or CDC42 activity in the postnatal retina 

perturbed vessel patterning similarly, but less severely than the genetic targeting of 

NRP1 in retinal endothelial cells (Fantin et al., 2015, Raimondi et al., 2014). This is 

due to the fact that VEGF-A also signals through NRP1 in retinal angiogenesis; 

therefore, NRP1 functions as both an ECM and VEGF-A receptor during blood vessel 

growth in the eye. However, it is not currently known which specific ECM 

components bind NRP1 during retinal angiogenesis, and whether a similar pathway 

exists in other areas of the CNS, such as in the hindbrain. NRP1 has also been 

demonstrated to be an effector of Notch activation to modulate TGFβ signalling 

responsible for tip-stalk cell specialisation during retinal angiogenesis (Aspalter et al., 

2015). 

1.4.1.4 Wnt signalling  

A growing number of studies have demonstrated that Wnt signalling is an 

integral part of vascular development in the developing brain and postnatal retina. As 

previously discussed (see 1.2.3.3), the Wnt--catenin pathway controls the 

proliferation and specification of embryonic NPCs through TCF-mediated gene 
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expression. The signalling pathway is also responsible for promoting vessel 

outgrowth and maturation in the developing neural tube, guided by parenchymal 

WNT7A and 7B (Daneman et al., 2009, Stenman et al., 2008). Moreover, Wnt signals 

from the neuroepithelium are also required to stabilise the nascent BBB by 

upregulating expression of GLUT1 and tight junction genes of the claudin family in 

the endothelium (Daneman et al., 2009, Stenman et al., 2008, Ma et al., 2013, Liebner 

et al., 2008, Zhou et al., 2014). 

The non-WNT ligand norrin activates the β-catenin pathway through its 

receptors FZ4 and LRP5, analogous to the canonical Wnt signalling pathway, to drive 

retinal vascularisation (Xu et al., 2004). A similar receptor complex operates in the 

neural tube, although, LRP6 is able to compensate for LRP5 in this tissue, unlike in 

the retina (Ye et al., 2009, Wang et al., 2012, Zhou et al., 2014). In genetically mosaic 

retinal vessels, wildtype endothelial cells initially protect neighbouring Fz4-/- 

endothelial cells, but endothelial cells lacking FZ4 are progressively lost (Wang et al., 

2012). This observation suggests that a quality control mechanism may selectively 

eliminate endothelial cells defective in Wnt signalling, possibly to protect the 

integrity of the blood retinal barrier (Wang et al., 2012). This mechanism may be 

mediated by receptors DR6 and TROY, both transcriptional targets of β-catenin, 

which are required for brain angiogenesis and BBB formation (Tam et al., 2012). 

However, it has not been established which ligand(s) activate DR6 and TROY during 

developmental blood vessel growth. 

1.4.1.5 Orphan seven transmembrane (7-TM) receptors 

Various 7-TM receptors, whose endogenous ligands have not yet been 

identified and are therefore defined as ‘orphan’ GPCR proteins, also drive CNS 

angiogenesis. One such example is the orphan 7-TM receptor GPR126. GPR126 

signalling forms an integral part of vascular development, by promoting endothelial 

cell proliferation, migration and lumen formation in vitro, as well as during 

angiogenesis in vivo, by promoting VEGFR2 expression through STAT5/GATA2-

mediated transcription (Cui et al., 2014). Another orphan 7-TM receptor, GPR124, is 

essential for correct vascularisation of the neural tube (Cullen et al., 2011, Anderson 

et al., 2011, Kuhnert et al., 2010). Gpr124-/- mice have delayed vessel ingression into 
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the developing neural tube from the PNP and vasculature that eventually extends into 

the neural tube forms abnormal glomeruloid tufts that, in spite of pericyte recruitment, 

are prone to haemorrhages (Kuhnert et al., 2010, Daneman et al., 2010). Accordingly, 

forced overexpression of endothelial GPR124 causes hypervascularisation within the 

adult neocortex (Kuhnert et al., 2010).  

Rather than by promoting endothelial cell proliferation, GPR124 instead 

enhances vessel sprout directionality by activating CDC42 to remodel the actin 

cytoskeleton (Kuhnert et al., 2010). GPR124 may also modulate CNS angiogenesis by 

regulating the DLL4, TGFβ and/or WNT signalling pathways (Anderson et al., 2011). 

Analysis of gene expression in forebrain endothelium in Gpr124-/- mutants indicated 

that DLL4 expression and activation of the TGFβ pathway are negatively regulated by 

GPR124 (Anderson et al., 2011). The role of GPR124 as a coactivator of canonical 

Wnt signalling has been explored in more detail for CNS angiogenesis. GPR124 

interacts genetically with both WNT7A and WNT7B to enhance Wnt signalling 

through either FZ1 or FZ4 together with LRP5 or LRP6 (Posokhova et al., 2015, 

Zhou and Nathans, 2014). In agreement with a role for GPR124 in enhancing the 

Wnt-β-catenin pathway, global loss of GPR124 leads to a severe malformations in the 

vessel network of the embryonic cortex, which could be rescued through forced 

stabilization of β-catenin (Zhou and Nathans, 2014). Norrin is more important in 

canonical Wnt signalling via FZ4 and LRP5 in the hindbrain and spinal cord, and is 

not expressed in the forebrain (Zhou and Nathans, 2014, Ye et al., 2011). Yet, forced 

norrin expression in the forebrain can rescue angiogenesis defects in Gpr124-/- 

knockout mice, suggesting that CNS vascular patterning relies on the specific 

spatiotemporal expression pattern of these ligands, rather than a definite requirement 

for either WNT7A/B or norrin signals (Zhou and Nathans, 2014).  

1.4.1.6 Other mechanisms 

Various integrins are required for neurovascular cell adhesion during brain 

and retinal angiogenesis (McCarty, 2009). Neuroglial expression of ITGAV and 

ITGB8 maintains CNS angiogenesis, as well as vascular stability (Arnold et al., 2012, 

Arnold et al., 2014, Hirota et al., 2011, McCarty et al., 2005, McCarty et al., 2002, 

Zhu et al., 2002). Vascularisation of the developing brain is also driven by hedgehog 
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signalling to regulate vessel sprouting and eventual BBB establishment. SHH is 

required for the induction of motor neurons in the neural tube, which themselves 

express the angiogenic factor angiopoietin 1 (ANG1) to induce vessel ingression 

(Nagase et al., 2005). Furthermore, SHH signalling from BBB-associated astrocytes 

promotes BBB stability by initiating expression of junctional proteins in BBB 

endothelial cells (Alvarez et al., 2011).  

ANG1 is expressed at high levels by motor neurons at a time when its main 

receptor TIE2 is expressed in endothelial cells within the neural tube, and both 

promote vessel ingression from the PNP and vascular patterning (Nagase et al., 2005, 

Sato et al., 1995, Suri et al., 1996). Both ANG1 and the alternative TIE2 ligand 

ANG2 are required for vascularisation of the retina, where the former enhances 

angiogenesis independently of TIE2 and the latter regulates vascular remodelling 

(Gale et al., 2002, Lee et al., 2013, Hackett et al., 2000). 
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Figure 1.6 Schematic representation of the interaction between neuroglial cells, 

microglia and endothelial cells during CNS vascularisation. 

Examples of secreted, transmembrane and intracellular signalling molecules 

are displayed under each cell type. Grey box illustrates role of VEGF family of 

ligands and receptors during blood vessel growth in CNS. Green fibres denote ECM. 

Adapted from “Vascularisation of the central nervous system” (Tata et al., 2015). 
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1.5 The mammalian stem cell niche 

The term ‘stem cell niche’ refers to a complex regulatory microenvironment 

that physically surrounds stem or progenitor cells. The niche ensures that stem and 

progenitor cells are ‘anchored’ in a specific anatomical location within a tissue and 

also regulates the behaviour of such cell types through signals that may take the form 

of diffusible cues, cell membrane-bound ligands, ECM-derived molecules or 

metabolic parameters. The stem and progenitor cells integrate these signals in order to 

match their behaviour to physiological requirements. 

During embryogenesis, the stem cell niche sustains stem and progenitor cell 

proliferation and differentiation in order to generate a tissue or organ. During 

adulthood, the niche is instead required to maintain tissue homeostasis, induce tissue 

expansion or enable tissue regeneration. Importantly, the processes promoting stem 

cell activity have to be balanced with the need to prevent premature exhaustion of the 

stem cell pool and excessive or abnormal proliferation that may result in pathology.  

In this section, I will briefly discuss some of the best-studied mammalian stem 

cell niches to highlight conserved mechanisms that regulate the behaviour of stem and 

progenitor cells. I will focus particularly on the niche responsible for regulating adult 

neural stem cells as a direct comparison for the niche required for maintaining 

embryonic neurogenesis. 

1.5.1 Embryonic stem cell niches in mammals 

During mammalian embryogenesis, extensive and elaborate tissue and organ 

growth is required to generate an entire organism in often-short gestational periods. 

For example, the neural ectoderm is only specified from the ectodermal layer from 

around e7 in the mouse, and thus the murine CNS has to expand sufficiently over only 

11 days in utero to enable life after birth (Avilion et al., 2003). This is facilitated by a 

vast array of signals that co-ordinately direct NPC growth and differentiation to give 

rise to an extensive and elaborate set of functionally diverse neurons. Furthermore, a 

subpopulation of embryonic NPCs has to specialise to become NSCs, exemplifying 
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the need for maintaining NPC stemness across gestation (Fuentealba et al., 2015, 

Furutachi et al., 2015). 

1.5.2 Postnatal stem cell niches in mammals 

1.5.2.1 Intestinal and epidermal stem cells 

In contrast to embryonic progenitors, which enable organ formation and 

growth, adult stem and progenitor cells are required to maintain already-formed 

tissues. As such, niche regulation of adult progenitors is often required to restrain 

their proliferation to ensure the long-term preservation of germinative cell types. 

The first adult stem cell niche to be studied in great detail was that of the 

intestine. In the mammalian small intestine and colon, stem cells reside in intestinal 

‘crypts’, within which enteroendocrine, goblet and tuft cells and absorptive 

enterocytes are all derived from a lineage originating from LGR5+ stem cells (Barker, 

2014). A number of known molecular mechanisms regulate intestinal stem cells. For 

example, neighbouring Paneth cells promote self-renewal and proliferation of LGR5+ 

stem cells through paracrine EGF, WNT3, DLL4 and TGF- signals in co-culture 

experiments (Sato et al., 2011), and the genetic ablation of Paneth cells results in a 

dramatic loss of intestinal stem cells in vivo (Sato et al., 2011). Paneth cells also link 

LGR5+ stem cell behaviour to nutrient levels, thus integrating information on calorific 

intake with gut physiology; in particular, heightened dietary intake activates the 

mammalian target of rapamycin (mTORC1) in Paneth cells, inducing the production 

of paracrine factor cyclic ADP ribose that subsequently enhances proliferation of 

intestinal stem cells (Yilmaz et al., 2012). Thus, LGR5+ stem cells can be regulated in 

their niche by signals originating from their immediate neighbours, as well as through 

systemic cues transduced by neighbouring cells. 

Melanocyte and hair follicle stem cells of the epidermal bulge are similarly 

regulated by a complex niche microenvironment (Hsu et al., 2014). Hair follicle stem 

cells ensure constant renewal of the skin epithelia and enable cell replacement during 

wound healing. Diffusible signals, such as IGF, EGF and FGF, as well as ECM 

proteins like laminin 5, maintain the stemness and colony-forming capacity of 
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epidermal stem cells (Lewis et al., 2010, Jones and Watt, 1993, Guo et al., 1993, 

Rheinwald and Green, 1977). Epidermal stem cell differentiation is promoted by 

Notch signalling, which simultaneously increases expression of genes characteristic 

of cells within the more differentiated spinous layers and inhibits those found in stem 

cells (Blanpain et al., 2006).  

1.5.2.2 Neural stem cells of the subventricular zone 

Adult neurogenesis has received increasing interest in the last decade as the 

potential therapeutic value of understanding NSC biology to treat neurodegenerative 

diseases has become clearer (Goldman, 2016). In the postnatal mammalian brain, new 

neurons are generated in two key regions, the subventricular zone (SVZ) bordering 

the lateral ventricles and the dentate gyrus (DG) in the hippocampus (discussed in 

1.5.2.3). The SVZ has been studied extensively owing to the comparatively large 

number of neurons produced there, as well as its responsiveness to brain injury 

(Benner et al., 2013). 

In the rodent SVZ, several thousand NSCs, known as type B1 cells, line the 

walls of the CSF-filled lateral ventricles. Type B1 cells usually exist in a quiescent 

state but undergo expansion and neurogenesis after activation (Codega et al., 2014, 

Doetsch et al., 2002). Following activation, type B1 cells differentiate into transit-

amplifying progenitors, more commonly known as type C cells or TAPs. Type C cells 

are able to divide symmetrically three times, thus expanding the pool of progenitor 

cells in a short space of time (Ponti et al., 2013). Type C cells differentiate further into 

neuroblasts, also known as type A cells, which migrate in the rostral migratory stream 

(RMS) to their destination in the olfactory bulb (OB), where they terminally 

differentiate into olfactory interneurons (Doetsch et al., 1999).  

Many different factors control two key processes in NSCs in both neurogenic 

niches: activation from quiescence (i.e. exit from G0) or proliferation. NSC 

quiescence in the SVZ, much like stemness in the embryonic CNS, is maintained by 

Notch signalling through the transcriptional regulator RBPJ (Aguirre et al., 2010, 

Imayoshi et al., 2010). Furthermore, autocrine BMP signals prevent NSCs from 

entering the cell cycle, but are antagonised by noggin from ependymal cells, which 
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potently induces stem cell activation and neurogenesis (Lim et al., 2000). As 

ependymal cells line the CSF-filled ventricle, it is hypothesised that signalling 

mechanisms like noggin may act to link B1 cell activation with systemic physiology. 

IGF2 circulates within the postnatal CSF and stimulates the expansion of B1 cells, 

similar to its role in increasing NPC self-renewal in the developing rodent cortex 

(Arsenijevic et al., 2001, Lehtinen et al., 2011). It is unclear, however, whether IGF2 

increases activation of NSCs or instead acts as mitogen. EGF regulates neurogenesis 

in the SVZ later in the neural lineage by stimulating proliferation of TAPs (Aguirre et 

al., 2010). The initiation of EGFR expression is synchronised with the activation of 

B1 cells and becomes increasingly abundant after their differentiation into type C 

cells (Codega et al., 2014). B1 cell behaviour is also directly modulated by 

neurotransmitter release. For example, both dopaminergic and serotonergic neurons 

activate B1 cell proliferation (Tong et al., 2014, Hoglinger et al., 2004). However, 

local GABA release from neuroblasts inhibits cell cycle entry and thus maintains stem 

cell quiescence (Liu et al., 2005a). 

In addition to the mechanisms discussed, a large number of vessel-derived 

factors are required for neurogenesis in the SVZ. All three VEGF receptor tyrosine 

kinases have been implicated in regulating various stages of the lineage originating 

from B1 cells. For example, exogenous VEGF-A infusion into the lateral ventricles 

stimulates NSC proliferation and cell cycling through VEGFR2 (Jin et al., 2002). This 

effect is independent of any changes to vasculature in or around the neurogenic niche, 

as cortical stem cell cultures that are devoid of endothelial cells are expanded by 

recombinant VEGF-A (Jin et al., 2002, Schanzer et al., 2004). Furthermore, VEGF-C 

signals through VEGFR3 to activate B1 cells and enhance neurogenesis 

independently of blood vessels (Calvo et al., 2011). VEGFR1 has also been 

implicated in SVZ neurogenesis, although it is not clear how it specifically 

contributes to the generation of OB interneurons (Wittko et al., 2009). Whilst it is 

detectable in the plasma membrane of B1 cells and in the RMS, where it may 

transduce signals, it has also been suggested that sFLT1 functions in the SVZ as a 

VEGF-A trap to limit extracellular VEGF-A levels (Wittko et al., 2009). 

Several studies showed that endothelial cells in the SVZ niche express soluble 

factors that regulate the behaviour B1 cells. Pigment epithelium-derived factor 
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(PEDF) is secreted by both SVZ ependymal and endothelial cells and directly 

promotes NSC self-renewal by enhancing Notch signalling (Ramirez-Castillejo et al., 

2006, Andreu-Agullo et al., 2009). By increasing expression of Notch transcriptional 

targets, such as HES1, and inhibiting expression of proneural ASCL1, PEDF 

promotes symmetric instead of asymmetric divisions in NSCs, thus expanding the 

pool of B1 cells (Andreu-Agullo et al., 2009). NT3 is also secreted by endothelial 

cells in the SVZ, but regulates adult NSCs in a different manner to that in the 

developing CNS. Whilst NT3 promotes cell cycle exit and neuronal differentiation of 

NPCs, vascular as well as CSF-derived NT3 maintains quiescence and prevents cell 

cycle entry of B1 cells (Delgado et al., 2014). This is explained by the observation 

that niche-derived NT3 phosphorylates eNOS in B1 cells, with the resulting increase 

in intracellular NO acting as a cytostatic factor for NSCs (Delgado et al., 2014). 

BDNF is a vessel-derived neurotrophin in the adult avian brain; thus, 

angiogenesis in the higher vocal cord centre of the adult male songbird stimulates the 

growth of new capillaries, which express BDNF to increase neurogenesis (Louissaint 

et al., 2002). In the rodent brain, BDNF instead regulates the migration of type A cells 

towards the olfactory bulb. Neuroblasts migrate long distances down the RMS, aided 

by vessel networks along their migratory path (Thored et al., 2007, Bovetti et al., 

2007). Neuroblasts are attracted to these vessels by chemotactic gradients of stromal-

derived factor 1 (SDF1) and BDNF, which are secreted by endothelial cells (Kokovay 

et al., 2010, Snapyan et al., 2009). In vitro studies suggested that SDF1 increases the 

motility of neuroblasts, whilst BDNF acts as a chemoattractant. 

SVZ vessels also regulate B1 cells via membrane-bound or ECM-derived 

signals. B1 cells contact vessels close to the walls of the lateral ventricle via endfoot 

protrusions and require vessel anchorage to remain physically tethered to their 

position within the neurogenic niche (Mirzadeh et al., 2008, Niola et al., 2012). Blood 

vessels themselves possess a lamina containing ECM molecules, such as LAMA5, 

which allows B1 cells to adhere to endothelial cells in vitro through its interaction 

with NSC-expressed α6β1 integrin (Shen et al., 2008). Blocking the association of 

LAMA5 with α6β1 integrin dissociates B1 cells from co-cultured endothelial cells 

and promotes NSC activation (Shen et al., 2008). Additionally, blood vessels regulate 

NSC quiescence via Notch and Ephrin signalling through endfoot protrusions (Ottone 
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et al., 2014). Both JAG1, a Notch ligand, and EPHRINB2 are localized to the plasma 

membrane of endothelial cells contacting B1 cell endfeet, and signal synergistically to 

NSCs to prevent cell cycle entry by reducing expression of cyclins D1 and E1 (Ottone 

et al., 2014). 

1.5.2.3 Neural stem cells of the dentate gyrus 

In the subgranular zone (SGZ) of the DG, NSCs are radial glia-like stem cells 

known as type 1 cells. Type 1 cells demonstrate astrocyte characteristics, such as the 

expression of glial fibrillary acid protein (GFAP), and they exist in either a quiescent 

or activated state, similar to NSCs in the SVZ (Encinas et al., 2011). Following 

activation and then proliferation, type 1 cells differentiate into the TAPs of the DG, 

known as type 2 cells. Type 2 cells are TBR2+, similar to the BPs of the embryonic 

mammalian CNS, and they are highly proliferative in response to neurogenic stimuli, 

such as exercise (Hodge et al., 2008). Type 2 cells then differentiate further into type 

3 cells, analogous to type A cells of the SVZ. Type 3 cells have a limited capacity for 

proliferation and eventually migrate to the granule cell layer, where they exit the cell 

cycle and differentiate into post-mitotic granule cells, which contribute to the memory 

processes in mammals. 

Notch-RBPJ and BMP signalling maintain quiescence and stemness in type 1 

cells of the DG, analogous to NSCs in the SVZ (Ables et al., 2010, Ehm et al., 2010, 

Bonaguidi et al., 2008, Mira et al., 2010). Furthermore, the behaviour of NSCs in the 

DG is regulated by a number of different neuronal inputs. On the one hand, long-term 

potentiation at synapses with granule cells increases the proliferation of a subset of 

SGZ progenitor cells, although it is not known which stem or progenitor subtype 

expands in response to increased neural activity (Bruel-Jungerman et al., 2006). On 

the other hand, it is known that type 2 cells receive direct GABAergic inputs from 

elsewhere in the hippocampus (Tozuka et al., 2005). Unusually, type 2 cells are 

depolarized by GABAergic stimulation, which induces expression of NEUROD1 and 

promotes neuronal differentiation (Tozuka et al., 2005). Furthermore, 

glutamatergic/NMDAR stimulation of NSCs in the DG, likely type 1 cells, induces 

NEUROD1 whilst inhibiting HES1 and ID2 expression, thereby promoting neuronal 

differentiation (Deisseroth et al., 2004). 
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Vascular cues also regulate hippocampal neurogenesis. Infusion of 

recombinant VEGF-A into the CSF of the adult rodent brain drives NSC activation in 

the SGZ, whilst VEGF-C signals through VEGFR3 in type 1 cells to promote cell 

cycling (Han et al., 2015, Jin et al., 2002). VEGF-A also promotes neuronal plasticity 

in newborn granule cells independently of its role in stimulating SGZ angiogenesis 

(Licht et al., 2011). Finally, NSCs in the DG extend endfeet to nearby blood vessels, 

and thus may receive vessel-bound signals for maintaining quiescence and stemness 

in a manner similar to B1 cells (Filippov et al., 2003). 
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1.6 Aims and objectives of this study 

The precise regulation of NPC behaviour is crucial to ensure proper CNS 

development. As little is known on the role of the vascular niche in regulating 

hindbrain NPC behaviour, the overarching aim of my PhD research was to determine 

whether blood vessels and/or vascular factors regulate NPC behaviour and therefore 

neurogenesis in the mouse embryo hindbrain. To achieve this aim, I pursued three 

specific objectives. 

My first objective was to define the spatiotemporal pattern of blood vessel 

growth relative to NPC proliferation and organisation in the developing hindbrain GZ 

to determine whether growing vasculature has the potential to regulate neurogenesis 

(Chapter 3). 

My second objective was to use genetic mouse mutants to manipulate blood 

vessel growth, as well as VEGF-A and semaphorin signalling in NPCs, to distinguish 

the relative importance of these factors in hindbrain neurogenesis (Chapter 4). Thus, 

I have analysed NPC mitotic activity in hindbrains lacking the neurovascular receptor 

NRP1 in specific cell types to distinguish whether NRP1 functions cell autonomously 

in NPCs, or whether it regulates hindbrain NPCs non-cell autonomously by 

promoting formation of the SVP that vascularises the GZ.  I complemented this 

approach by examining NPC mitotic activity in mutants lacking semaphorin 

signalling through both neuropilins. 

My third objective was to elucidate molecular and cellular mechanisms by 

which GZ vasculature regulates hindbrain NPCs (Chapter 5). Accordingly, I 

determined the pattern of NPC self-renewal and neuron formation in hindbrains with 

defective GZ vascularisation and assessed whether hindbrain blood vessels regulate 

NPCs through a role in tissue oxygenation. Finally, I examined whether the 

expression of several signalling molecules known to regulate embryonic or adult 

NPCs is regulated by vasculature or vessel-derived signals in the neurogenic 

hindbrain. 
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Chapter 2 MATERIALS AND METHODS 

2.1 Materials 

2.1.1 General Laboratory Materials 

All chemicals were obtained from Sigma Aldrich, except where indicated 

otherwise. Glassware was obtained from VWR International and plastic items were 

purchased from Corning or Nunc. 

2.1.2 General Laboratory Solutions 

Water was used after purification by a MilliRo 15 Water Purification System 

(Millipore) and, where necessary, water was further purified using the Milli-Q reagent 

Grade Water Ultrafiltration System (Millipore). RNAse and DNAse-free water was 

supplied by Sigma Aldrich and absolute ethanol, methanol and isopropanol were 

obtained from Fischer Scientific. 

1X PBS: 137 mM NaCl, 3 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.2  

4% (w/v) formaldehyde: freshly prepared freshly from paraformaldehyde in 1X PBS  

1X PBT: 1X PBS + 0.1% (v/v) Triton X-100  

1X TE: 10 mM Tris-HCl, 1 mM EDTA, pH 8.0  

1X TAE: 40 mM Tris-acetate, 1 mM EDTA, pH 8.0  

1X TBS: 25 mM Tris pH 7.5, 150 mM NaCl, 3 mM KCl  
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2.2 Methods  

2.2.1 Animal Methods  

All animal research was carried out according to institutional ethical review 

and United Kingdom Home Office (ASPA 1986) guidelines.  

2.2.1.1 Animal Maintenance and Husbandry  

To generate embryos of a defined gestational age, mice were paired in the 

evening and the presence of a vaginal plug the following morning was defined as 

e0.5.  

2.2.1.2 Genetic mouse strains  

I used wildtype mice on CD1 and C57Bl/6 genetic backgrounds (Charles 

River Laboratories). The majority of Nrp1-null mice were on a CD1 genetic 

background, whilst a small number analysed were on a JF1 genetic background. All 

other strains were on C57Bl/6 genetic backgrounds. Please see Table 2.1 for details 

on the genetic mouse strains used. 
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Table 2.1 Genetic mouse strains and published reference. 

Genetic mutation Reference 

Nes-Cre  (Petersen et al., 2004) 

Nrp1-null (Nrp1-/-)  (Kitsukawa et al., 1997) 

Nrp1 flox (Nrp1c/c)  (Gu et al., 2003) 

Nrp1Sema/Sema  (Gu et al., 2002) 

Nrp2-null (Nrp2-/-)  (Giger et al., 2000) 

Pu.1 null (Pu.1-/-)  (McKercher et al., 1996) 

RosatdTomato (Madisen et al., 2010) 

RosaYFP (Srinivas et al., 2001) 

Sox1-iCreERT2 (Tata et al., 2016 – Provided by Prof. N. Kessaris) 

Tie2-Cre  (Kisanuki et al., 2001) 
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2.2.1.3 Tissue-specific gene targeting 

To selectively delete genes in specific cell types, a genetic approach based on 

the Cre/lox recombination system was used (reviewed in (Nagy, 2000). This method 

uses the properties of the enzyme CRE recombinase, which was initially identified in 

the P1 bacteriophage. This enzyme catalyses the recombination between its two 34 bp 

recognition sites, which are known as loxP (locus of recombination) sites (Hamilton 

and Abremski, 1984). By flanking a specific DNA sequence with these sites, the CRE 

enzyme is able to bind and create either an inversion or deletion of the intervening 

sequence depending on the orientation of the loxP sites. This recombination is then 

made cell type-specific by creating a transgene in which Cre is expressed under the 

control of a tissue-specific promoter. The enzyme, therefore, will only be expressed 

and sequence deletion will only take place in the cell type of interest. For instance, to 

delete Nrp1 in endothelial and microglial cells, mice with a Cre transgene under the 

control of the endothelial Tie2 promoter (Kisanuki et al., 2001) were mated to mice 

that were heterozygous for the Nrp1-null allele, and the then the subsequent Tie2-Cre; 

Nrp1+/- offspring were then mated with mice homozygous for the “floxed” (i.e. 

flanked by loxP) NRP1 allele (Nrp1c/c) to generate Tie2-Cre; Nrp1c/- mice. The 

heterozygous null background was chosen to maximise the number of endothelial 

cells lacking NRP1, as Cre-mediated recombination is not 100% effective and 

therefore may not be able to delete both Nrp1 alleles in every endothelial cells (see 

Gu et al., 2003). 

2.2.1.4 Temporally regulated Cre activation  

To temporally control the expression of Sox1-Cre, I analysed mice containing 

the Sox1-iCreERT2 transgene. This transgene consists of a Cre gene and a mutant 

murine oestrogen receptor (ERT) that encodes a fusion protein (CreERT2) that is 

expressed under the control of the Sox1 promoter (see 2.2.1.3). Unlike the normal 

oestrogen receptor, which binds to 17'-oestradiol, the CRE-ERT2 recombinase binds to 

the synthetic compound 4-hydroxytamoxifen (tamoxifen; Danielian et al., 1998). 

CRE-ERT2 is normally sequestered within the cytoplasm by the cytoplasmic protein 

HSP90 (Mattioni et al., 1994, Picard, 1994); however, upon tamoxifen binding to the 

receptor, this interaction is prevented and the enzyme translocates to the nucleus. 
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Therefore, Cre-mediated DNA recombination will only occur after tamoxifen has 

been administered to the mouse. To analyse embryonic tissue labelling in Sox1-

iCreERT2 mice, I collaborated with Prof. Nicoletta Kessaris, who delivered the 

tamoxifen to pregnant females that had been mated with RosatdTomato males by oral 

gavage 24 h before sacrifice and embryo dissection. I prepared the tamoxifen solution 

by dissolving tamoxifen in peanut oil to 2 mg/ml. Pregnant females were administered 

a tamoxifen dose of 20 mg per kilogram of body weight to achieve a sufficient level 

of mosaic cell labelling. 

2.2.1.5 Compound mutant mice  

To generate compound Nrp1Sema/Sema;Nrp2-/- mouse mutants, mice 

heterozygous for the Nrp1Sema mutation were crossed to mice heterozygous for the 

Nrp2-null allele. Subsequently, offspring heterozygous for both mutations were 

mated, providing mice homozygous for both mutant alleles at a probability of 1/16. 

2.2.1.6 Genotyping of mouse strains 

The majority of genotyping was performed by Andy Joyce with the assistance 

of Laura Denti and Valentina Senatore from the Ruhrberg group. DNA was extracted 

either from embryonic tail snips or adult ear punches using a previously published 

method (Laird et al., 1991). Cells were lysed by incubating them overnight at 55oC in 

500 μl of lysis buffer (100 mM Tris-HCl pH 8.5, 5 mM EDTA, 0.2% SDS, 200 mM 

NaCl) with freshly added proteinase K (100 μg/ml) from a frozen stock solution. 

Following enzymatic digestion, DNA was precipitated by adding 1 ml of 100% 

ethanol, and collected following 3 min centrifugation at 13000 rpm at room 

temperature. The supernatant was decanted and DNA was resuspended in 70% 

ethanol and collected following another centrifugation using the aforementioned 

conditions. Subsequently, ethanol was decanted and DNA was air dried for 10 mins at 

room temperature before being reconstituted in 100 μl TBE buffer (2 mM Tris pH 8.0, 

0.2 mM EDTA) for 5-30 min at 55oC. 

The genomic DNA was amplified by PCR using primers specific to the DNA 

sequence of interest (see Table 2.2) on a BioRad C1000 Touch Thermal Cycler. For 
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each PCR reaction, 2 μl of DNA were added to 8 μl Megamix (Microzone, containing 

Taq polymerase, 1.1X reaction buffer, 200 μM dNTPs, loading dye) and 0.1 μg of 

both the forward and reverse primer and amplified using the appropriate annealing 

temperature and number of amplification cycles to obtain DNA pieces of the 

predicted size (see Table 2.3). 

The PCR products were analysed using electrophoresis through a 2% 

(weight/volume) agarose in TAE gel containing 2 μl of nucleic acid staining solution, 

RedSafe (iNtRON). For each reaction, a negative control consisting of 2 μl sterile 

water instead of the DNA solution was used, as well as a positive control consisting 

of 2 μl of previously validated DNA.  
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Table 2.2 Olignonucleotide primers used for genotyping. 

Gene Primer Sequence Amplicon size 

(bp) 

Nes-Cre Nes8F1 5’-GAATACCCTCGCTTCAGCTC-3’ 300 

CreB 5’-GCATTTTCCAGGTATGCTCAG-3’ 

Nrp1, 

Nrp1c 

NP1Neo 5’-CGTGATATTGCTGAAGAGCTTGGC-3’ 486 (wildtype) 

700 (mutant) 

 
NP1F 5’-CAATGACACTGACCAGGCTTATCATC-3’ 

NP1R 5’-GATTTTTATGGTCCCGCCACATTTGTC-3’ 

Nrp1Sema P1 5’-AGGCCAATCAAAGTCCTGAAAGACAGTCCC-3’ 200 (wildtype) 

400 (mutant) 
P2 5’-AAACCCCCTCAATTGATGTTAACACAGCCC-3’ 

Zac2 5’-GTGTGCTGATCTGGGAAGGTAGGCAG-3’ 

Zac3 5’-GGAGACGGGAGCAACCAGAGTGC-3’ 

Nrp2 NP2Neo 5’-CAGTGACAACGTCGAGCACAG-3’ 462 (wildtype) 

800 (mutant) 
NP2F 5’-TCAGGACACGAAGTGAGAAGC-3’ 

NP2R 5’-GCTCAATGTAGCTAAGTGGAGGG-3’ 

Pu.1 KO2 5’-GCCCCGGATGTGCTTCCCTTATCAAAC-3’ 1170 (wildtype) 

980 (mutant) 
920 5’-GCCCCGGATGTGCTTCCCTTATCAAAC-3’ 

RosatdTomato Tom wt F 5’-GGCATTAAAGCAGCGTATCC-3’ 297 

Tom wt R 5’-CTGTTCCTGTACGGCATGG-3’ 

RosaYFP F1 5’-AAAGTCGCTCTGAGTTGTTAT-3’ 650 

R1 5’-GGAGCGGGAGAAATGGATATG-3’ 

Sox1-

iCreERT2 

iCre 250 S   5’-GAGGGACTACCTCCTGTACC-3’ 630 

iCre880AS 5’-TGCCCAGAGTCATCCTTGGC-3’ 

Tie2-Cre Tie2Pro 5’-CCCTGTGCTCAGACAGAAATGAGA-3’ 850 

Cre2 5’-GTGGCAGATGGCGCGGCAACACCATT-3’ 
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Table 2.3 PCR parameters for specific primer pairs. 

Gene Hot Start Denaturing Annealing Extension Cycles End 

Nrp1,  

Nrp1c 

94°C, 3 min  94°C, 40 s  66°C, 1 min  72°C, 1 min  35  72°C, 5 min  

Nrp1Sema  94°C, 3 min  94°C, 30 s  69°C, 1 min  72°C, 1 min  35  72°C, 5 min  

Nrp2  94°C, 3 min  94°C, 1 min  66°C, 1 min  72°C, 1 min  35  72°C, 5 min  

Pu.1  94°C, 3 min  94°C, 40 s  60°C, 1 min  72°C, 2 min  35  72°C, 5 min  

RosatdTomato 94°C, 4 min  94°C, 30 s  61°C, 45 sec  72°C, 1 min  35  72°C, 10 min  

RosatdTomato 94°C, 3 min  94°C, 1 min  60°C, 1 min  72°C, 1 min 34 72°C, 5 min 

Sox1-iCreERT2 94°C, 4 min  94°C, 30 s  62°C, 45 sec  72°C, 1 min  33  72°C, 10 min  

Nes-Cre,  

Tie2-Cre  

94°C, 3 min  94°C, 1 min  67°C, 1 min  72°C, 1 min  32  72°C, 5 min  8
8
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2.2.1.7 Tissue fixation  

Pregnant females were culled by cervical dislocation in accordance to Home 

Office and institutional animal guidelines. The gravid uterus was excised and placed 

in ice-cold 1X PBS. Using fine Dumont forceps, the embryos were dissected from the 

uterus and yolk sac. To remove hindbrains, embryos were dissected as published 

previously (Fantin et al., 2013b).  

Embryonic tissue collected for immunolabelling was fixed in 4% 

formaldehyde for 2 h at 4°C. Following fixation, all samples were rinsed briefly twice 

with 1X PBS at RT to remove any residual formaldehyde and either processed 

immediately or stored in 1X PBS at 4°C (short-term). Samples stored for the long-

term were dehydrated in a methanol gradient comprised of 25%, 50% and 75% (v/v) 

absolute methanol in 1X PBS and then stored in 100% methanol at -80°C until use. 

Samples were then rehydrated using the same methanol gradient when processed for 

immunolabelling or embedding in OCT or agarose. 

2.2.2 Immunolabelling  

2.2.2.1 Cryosectioning  

After fixation, tissue was washed in 1X PBS and dehydrated in cryoprotection 

solution (30% sucrose and 0.2% sodium azide in 1X PBS). Once tissue had 

equilibrated and therefore sunk in the solution, samples were placed into optimal 

cutting temperature embedding compound (OCT, Sakura Tissue-Tek) and rapidly 

frozen by floating moulds containing sample and OCT on propan-2-ol cooled to          

-40°C with dry ice. Following this step, samples were stored at -20°C for the short 

term or at -80°C for the long-term or immediately sectioned into 10 μm thick slices 

using a histology cryostat (Leica CM1850). The sections were collected on Superfrost 

Plus slides (VWR International), air-dried for 1 h at RT and then either stored at         

-20°C or immediately processed for immunolabelling. 
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2.2.2.2 Vibratome sectioning  

Alternatively, following fixation, tissue was washed in 1X PBS and embedded 

in 3% molten agarose (prepared in Millipore water). After the agarose had set, 

samples were sectioned at 70 μm using a Vibratome (1000Plus Sectioning System, 

IntraCel). Sections were collected into 1X PBS in a 24-well plate and immunolabelled 

as floating sections. 

2.2.2.3 Immunolabelling of wholemounts  

Samples were initially washed with 10% [v/v] serum-free block (DAKO) in 

1X PBT or in 1X PBT for 1 h at 4oC to permeabilise the tissue and enhance antibody 

penetration, whereby the blocking reagent was used to prevent non-specific binding 

of secondary antibodies to the sample. After blocking, the primary antibodies (see 

Table 2.4 for full list) were diluted in 1X PBT and applied to samples overnight at 

4°C. The antibody solution was removed and slides were washed 5 times with 1X 

PBT for 1 h each at 4oC. Secondary antibodies raised against the host species primary 

antibody were diluted 1:200 in 1X PBT (see Table 2.4 for primary antibody host 

species). Samples were incubated with secondary antibody solution overnight at 4°C 

in the dark to protect the fluorophores. Samples were washed 5 times with 1X PBS 

for 1 h each and then post-fixed for 10 min with 4% formaldehyde (both at 4oC). 

Tissue was then flatmounted into ‘pockets’ on a glass slide, which were prepared as 

follows: two layers of black electrical tape were stuck onto the glass slide and using a 

scalpel, pockets of an appropriate size were cut. For thick samples, I used 3 layers of 

tape. Samples were then placed inside these pockets and mounted using the SlowFade 

kit (ThermoFisher Scientific). 

2.2.2.4 Immunolabelling of floating sections 

Samples were blocked and immunolabelled as described for wholemount 

samples. PBT washes were instead performed 3 times for 15 min each. Prior to post-

fixation, sections were counterstained with 0.02% (v/v) 4',6-diamidino-2-

phenylindole dihydrochloride (DAPI, Sigma Aldrich) in PBS for 1 min at RT in the 

dark to visualise cell nuclei. Sections were post-fixed for 5 mins with 4% 



 91 

formaldehyde at 4oC, transferred to glass microscope slides, gently dehydrated then 

mounted using 90% (v/v) glycerol in distilled water. 

2.2.2.5 Immunolabelling of cryosections 

Slides were initially washed with 1X PBS to remove OCT. Using a PAP-PEN 

(Daido Sangyo), a hydrophobic barrier was drawn around the tissue sections, which 

prevents loss of staining solution. Cryosections were blocked, immunolabelled, 

counterstained and post-fixed as described for floating sections. Sections were then 

mounted using Mowiol solution. Mowiol solution was made by incubating 6 g of 

glycogen and 2.4 g of Mowiol 4-88 (Calbiochem) in 6 ml of distilled water for 2 h at 

RT and then adding 12 ml of 0.2 M Tris, pH 8.5, and 2.5% (w/v) DABCO (1,4-

diazabicyclo-[2.2.2]octane, Sigma), and incubating for several hours at 55°C until 

dissolved.  

2.2.2.6 BrdU labelling  

To analyse cell proliferation in vivo, bromodeoxyuridine (BrdU, Sigma 

Aldrich) was injected into mice. BrdU is a synthetic analogue of thymidine and thus 

becomes incorporated into DNA in dividing cells. Pregnant females were injected 

intraperitoneally with 300 mg/kg of BrdU (10 mg/ml) and culled at the required time 

after injection. Immunostaining for BrdU was carried out as described in 2.2.2.4 and 

2.2.2.5. However, the BrdU antibody can only access BrdU after DNA has been 

denatured. Therefore, staining for BrdU first included a denaturation step, which 

constituted serial incubations of tissue sections with 1 M HCl for 10 min at room 

temperature, followed by 2 M HCl for 10 min at RT and then 10 min at 37°C. 

Subsequently, the acid was neutralised by incubating samples in 0.1M sodium 

tetraborate buffer (pH 8.5) for 10 min at RT. The denaturation step is damaging for 

many epitopes and thus immunolabelling for other markers was performed first, 

followed by the acid treatment and then the BrdU antibody staining. 
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Table 2.4 Primary antibody parameters for immunolabelling. 

Primary Antibody Company Dilution Species Secondary Antibody Blocking Solution 

IB4  Sigma Aldrich 1:250  n/a (biotinylated)  streptavidin  PBT only 

anti-BrdU  Abcam  1:250  rat  goat anti-rat  PBT only 

anti-cleaved 

CASPASE 3  

Cell Signalling  1:200  rabbit  goat anti-rabbit  10% NGS in PBT  

anti-GLUT1 Millipore 1:200 rabbit goat anti-rabbit PBT only 

anti-Ki67 BD Biosciences 1:100 mouse goat anti-mouse 10% Dako in PBT 

anti-LAMA1 Sigma Aldrich 1:30 rabbit goat anti-rabbit PBT only 

anti-NRP2 R&D Systems 1:100 goat FAB anti-goat 10% Dako in PBT 

anti-pHH3  Millipore  1:400  rabbit  goat anti-rabbit  PBT only 

anti-VEGFR2  R&D Systems  1:200  goat  FAB anti-goat  10% Dako in PBT  

anti-RC2 DSHB 1:10 mouse IgM goat anti-mouse IgM PBT only 

anti-RFP  MBL  1:500  rabbit  goat anti-rabbit  10% NGS in PBT  

anti-SOX2 Millipore 1:200 rabbit goat anti-rabbit PBT only 

anti-TUJ1 Covance 1:250 rabbit goat anti-rabbit PBT only 

9
2
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2.2.3 Imaging  

Fluorescently labelled samples were imaged using an LSM710 laser scanning 

confocal microscopes (Zeiss). Images were processed with ImageJ (NIH) and Adobe 

Photoshop CS6 (AdobeSystems, Inc.). 

2.2.4 Analysis of immunolabelling 

The levels of angiogenesis in each sample were determined by quantifying 

IB4+ tip cells in two 0.2 mm2 areas per hindbrain hemisegment following wholemount 

immunolabelling. The number of mitotic NPCs was defined similarly from 0.25 mm2 

sample areas. Vascular coverage of the hindbrain germinal zone was calculated by 

determining the percentage of the germinal zone area occupied by IB4+ blood vessels 

in 70 μm floating sections. The germinal zone was delineated by the basal boundary 

of BrdU+ cells following a 1 h pulse and the ventricular surface. The depth of the 

germinal zone was calculated by taking the average of the distances between the basal 

boundary of the germinal zone and the ventricular surface at peri-midline, medial and 

lateral positions per hindbrain segment. Average values from each hindbrain segment 

were then averaged again to obtain the germinal zone depth for that embryo. The 

number of apoptotic cells was defined by counting cleaved caspase-3+ cells in five 10 

μm hindbrain cryosections per embryo. The number of cycling NPCs was determined 

by quantifying the percentage of Ki67+ BrdU+ cells amongst all BrdU+ cells from 

three cryosections sections per embryo. The rate of neuronal differentiation in the 

hindbrain was defined by quantifying the percentage of the DAPI+ area occupied by 

TUJ1+ immunolabelling in three cryosections per embryo using ImageJ. Similarly, the 

level of neural GLUT1 expression (i.e. CNS hypoxia) was determined by quantifying 

the percentage of the DAPI+ area occupied by GLUT1 immunolabelling and then 

subtracting the IB4+ GLUT1+ area to exclude vascular GLUT1 expression in the 

BBB. 

2.2.5 3-dimensional data visualisation 

3D volume reconstructions were generated from z stacks acquired from laser 

scanning confocal microscopy using Imaris software (Bitplane). 
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2.2.6 Fluorescence-activated cell sorting (FACS)  

Tissues were isolated and homogenised in ice-cold FACS buffer composed of 

RPMI1640 medium (Life Technologies) containing 2.5% (v/v) FBS, 2.38 g/L HEPES 

and 1.5 g/L sodium hydrogen carbonate. Thus, embryonic tissue was homogenised by 

repeated passing through a 21 G needle syringe with RPMI buffer and then a 23 G 

needle syringe. To generate single cell suspensions, homogenates were passed 

through a 40 μm filter. Cell cycle analysis was based on a previously defined protocol 

(Goodell et al., 1996). Briefly, cell suspensions were incubated with 10 μg/ml 

Hoechst 33342 (Sigma Aldrich) in FACS buffer for 30 mins at 37oC in the dark. Cell 

suspensions were then spun at 5000 rpm at 4 oC for 5 mins and Hoechst-containing 

FACS buffer was aspirated. The cell pellet was then resuspended in FACS buffer 

containing 0.5% (v/v) 0.5 mg/ml Fc block (BD Pharmingen) for 5 mins at room 

temperature with agitation, to prevent non-specific antibody binding. Fluorochrome-

conjugated primary antibodies were then added to single cell suspensions (see Table 

2.5 for details of antibodies used). Labelled cells were analysed with a BD FACSAria 

III (BD Biosciences). Dead and non-singlet cells were sorted out by analysing 

forward and side scatter patterns whilst samples from unstained, single antibody and 

fluorescence-minus-one controls were used to identify appropriate fluorescence 

voltage and gate parameters (Tung et al., 2007). Fluorescence-minus-one controls 

were samples labelled with all but one antibody, which were then compared to a 

sample that was only labelled with the missing antibody from the FMO. Comparison 

of FACS dot plots between the FMO and single antibody control helped exclude 

signal from other fluorescently conjugated antibodies that may cross over into the 

detection channel. Sorted cells were analysed using FACS DIVA software (BD 

Biosciences). 
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Table 2.5 Primary antibody parameters for FACS.   

Primary Antibody Manufacturer Dilution Fluorochrome 

CD11b (ITGAM) BD Pharmingen 2 μl per 106 cells PerCp Cy5.5 

CD31 (PECAM) BD Pharmingen 4 μl per 106 cells APC 

CD133 (PROM-1) Miltenyi Biotec 7 μl per 106 cells PE 

CD56 (NCAM) R&D Biosystems 4 μl per 106 cells Alexa Fluor 488 

9
5
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2.2.7 qRT-PCR  

All solutions were maintained RNAse free by using fresh filtered pipette tips 

and autoclaved 1.5ml tubes. In addition, RNase-free PBS was used for dissecting 

hindbrains whilst forceps were washed in a solution of 3% H2O2 for 1 min prior to use 

to eliminate possible RNase contamination. H2O2 was rinsed off forceps with RNase-

free water. 

2.2.7.1 RNA extraction 

Total RNA was extracted from samples using the RNeasy Micro kit (Qiagen) 

according to the manufacturer’s instructions. Briefly, tissue samples were 

homogenised with a 23 G needle syringe in 350 μl of RLT lysis buffer containing 10 

μl/ml β-mercaptoethanol. An equal volume of 70% (v/v) ethanol was added to lysates 

and solutions were transferred to individual spin columns. RNA was transferred to 

membranes by centrifuging columns at 8500 rpm for 15 s. Subsequently, membrane-

bound RNA was washed with 350 μl of RW1 buffer. Genomic DNA was removed by 

digestion with DNase 1 solution for 15 min at RT and a subsequent wash with 350 μl 

of RW1 buffer. Membrane-bound RNA was first washed with 500 μl of RPE buffer 

and then 80% (v/v) ethanol. Finally, RNA was eluted in 14 μl of RNAse free water.  

2.2.7.2 Reverse transcription  

First strand cDNA synthesis was performed using the SuperScript 

Transcriptase III kit (Invitrogen). For each reaction 500 ng to 1 μg of RNA, 250 ng of 

random primers and 1 μl of 10 mM dNTPs were mixed and the volume was adjusted 

to 13 μl with water. The mixtures were heated to 65°C for 5 min and chilled on ice for 

1 min. 4 μl of 5X First-Strand Buffer, 1 μl of 0.1 M DTT, 1 μl of RNaseOUT and 1 μl 

of SuperScript III polymerase (200 units/μl) were added to each sample. 

Subsequently, samples were incubated sequentially for 10 min at 25°C, 50 min at 

42°C and 10 min at 70°C. Finally, cDNA quality and concentration were determined 

using a NanoDrop 1000 spectrometer (Thermo Scientific). Unless qPCR reactions 

were performed immediately, cDNA was stored at -20°C.  
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2.2.7.3 Quantitative Real Time PCR (qRT-PCR) 

qRT-PCR was performed on a 96-well plate using a 7900HT Fast Real-Time 

PCR System (Applied Biosystems). For each reaction 12.5 μl of Power SYBR Green 

PCR Master Mix (Applied Biosystems) were added to 250 ng of cDNA solution and 

1.5 μM of the forward and reverse oligonucleotide primer, which were designed using 

the Primer3 software (Howard Hughes Medical Institute) and synthesised to order by 

Sigma Aldrich (see Table 2.6). For each gene, the reaction was performed in 

triplicate, and for each primer pair a no template control was included. Alternatively, 

qRT-PCR was performed on a 96-well RT2 Profiler PCR Array plate (‘Mouse 

Neurogenesis’ Array, Qiagen; see Table 2.7). For each plate, 600 ng of cDNA (at a 

volume of 102 μl) from three embryos was pooled and added to 1350 μl of RT2 

SYBR Green Mastermix (Qiagen) and 1248 μl RNAse free-water, and the resulting 

solution was split equally amongst the wells. 

After a 10 min enzyme activation step at 95°C, 40 PCR cycles consisting of a 

15 s denaturation step at 95°C followed by an annealing and extension step at 60°C 

for 1 min were carried out. Data was collected using the Sequence Detector Software 

(SDS version 2.4; Applied Biosystems) and the presence of primer dimer formation 

was excluded by examining dissociation curves and DNA amplification in no 

template controls. Expression levels were extrapolated from PCR data using DART-

PCR software (Peirson et al., 2003) and normalised using Actb expression as a 

reference. Final data was presented as a fold change from control samples. 

Alternatively, expression values for genes examined using the RT2 Profiler PCR 

Array plate were calculated manually using online Qiagen expression analysis 

software and normalised using Hsp90ab1 expression as a reference. 
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Table 2.6 Oligonucleotide primers designed for qRT-PCR. 

Gene Primer Sequence Amplicon size 

(bp) 

Actb  Actb-F  5’-AAGGCCAACCGTGAAAAGAT-3’ 110 

Actb-R 5’-GTGGTACGACCAGAGGCATAC-3’ 

Bdnf Bdnf-F 5’-CGACATCACTGGCTGACACT-3’ 162 

Bdnf-R 5’-GCAGAAAGAGTAGAGGAGGCTC-3’ 

Ccnd1 Ccnd1-F 5’-AAGCTCAAGTGGAACCTGGC-3’ 166 

Ccnd1-R 5’-CATTTCCAACCCACCCTCCA-3’ 

Dll1 Dll1-F 5’-CTCTGTGTTCTGCCGACCTC-3’ 168 

Dll1-R 5’-TTGCACTCCCCTGGTTTGTC-3’ 

Hif1a Hif1a-F 5’-AAACCACCCATGACGTGCTT-3’ 182 

Hif1a-R 5’-GAGCGGCCCAAAAGTTCTTC-3’ 

Jag1 Jag1-F 5’-CTTTGCTGGTGGAGGCCTG-3’ 169 

Jag1-R 5’-TCATCACAGGTCACTCGGATC-3’ 

Jag2 Jag2-F 5’-AACTCCTTCTACCTGCCGC-3’ 165 

Jag2-R 5’-GGTGTCATTGTCCCAGTCCC-3’ 

Kdr Kdr-F 5’-TCACCGAGAACAAGAACAAA-3’ 190 

Kdr-R 5’-TCCTATATCCTACAACCACAA-3’ 

Nos1 Nos1-F 5’-CGCCAAAACCTGCAAAGTCC-3’ 160 

Nos1-R 5’-CCTCCAGCCGTTCAATGAGT-3’ 

Nos3 Nos3-F 5’-AAGGTGATGAGCTCTGTGGC-3’ 166 

Nos3-R 5’- GTACTCAGCCGGTACCTCTG-3’ 

Ntf3 Ntf3-F 5’-CCACCAGGTCAGAGTTCCAG-3’ 150 

Ntf3-R 5’-GGTTGCCCACATAATCCTCCA-3’ 

Serpinf1 Serpinf1-F 5’-CGAGAAAGACGACCCTCCAG-3’ 191 

SerpinF1-R 5’-CAAGTTCTGGGTCACGGTCA-3’ 

Vegfa Vegfa-F 5’-CAGATCATGCGGATCAA-3’ 100 

Vegfa-R 5’-TTGTTCTGTCTTTCTTTG-3’ 



 99 

Table 2.7 Genes tested for in Qiagen RT2 Profiler PCR Array (Neurogenesis).  

Gene Description 

Ache Acetylcholinesterase 

Adora1 Adenosine A1 receptor 

Adora2a Adenosine A2a receptor 

Alk Anaplastic lymphoma kinase 

Apbb1 Amyloid beta (A4) precursor protein-

binding, family B, member 1 

Apoe Apolipoprotein E 

App Amyloid beta (A4) precursor protein 

Artn Artemin 

Ascl1 Achaete-scute complex homolog 1 

(Drosophila) 

Bcl2 B-cell leukemia/lymphoma 2 

Bdnf Brain derived neurotrophic factor 

Bmp2 Bone morphogenetic protein 2 

Bmp4 Bone morphogenetic protein 4 

Bmp8b Bone morphogenetic protein 8b 

Cdk5r1 Cyclin-dependent kinase 5, 

regulatory subunit 1 

Cdk5rap2 CDK5 regulatory subunit associated 

protein 2 

Chrm2 Cholinergic receptor, muscarinic 2, 

cardiac 

Creb1 CAMP responsive element binding 

protein 1 

Cxcl1 Chemokine (C-X-C motif) ligand 1 

Dcx Doublecortin 

Dlg4 Discs, large homolog 4 (Drosophila) 

Dll1 Delta-like 1 (Drosophila) 

Drd2 Dopamine receptor D2 

Dvl3 Dishevelled 3, dsh homolog 

(Drosophila) 

Efnb1 Ephrin B1 

Egf Epidermal growth factor 

Ep300 E1A binding protein p300 

Erbb2 V-erb-b2 erythroblastic leukemia 

viral oncogene homolog 2, 

neuro/glioblastoma derived oncogene 

homolog (avian) 

Fgf2 Fibroblast growth factor 2 

Flna Filamin, alpha 

Gdnf Glial cell line derived neurotrophic 

factor 

Gpi1 Glucose phosphate isomerase 1 

Grin1 Glutamate receptor, ionotropic, 

NMDA1 (zeta 1) 

Hdac4 Histone deacetylase 4 

Hes1 Hairy and enhancer of split 1 

(Drosophila) 

Hey1 Hairy/enhancer-of-split related with 

YRPW motif 1 

Hey2 Hairy/enhancer-of-split related with 

YRPW motif 2 

Heyl Hairy/enhancer-of-split related with 

YRPW motif-like 

Il3 Interleukin 3 

Mdk Midkine 

Mef2c Myocyte enhancer factor 2C 

Mll1 Myeloid/lymphoid or mixed-lineage 

leukemia 1 

Mtap2 Microtubule-associated protein 2 

Ndn Necdin 

Ndp Norrie disease (pseudoglioma) 

(human) 

Neurod1 Neurogenic differentiation 1 

Neurog1 Neurogenin 1 

Neurog2 Neurogenin 2 

Nf1 Neurofibromatosis 1 

Nog Noggin 

Notch1 Notch gene homolog 1 (Drosophila) 

Notch2 Notch gene homolog 2 (Drosophila) 

9
9
 



 100 

Nr2e3 Nuclear receptor subfamily 2, group 

E, member 3 

Nrcam Neuron-glia-CAM-related cell 

adhesion molecule 

Nrg1 Neuregulin 1 

Nrp1 Neuropilin 1 

Nrp2 Neuropilin 2 

Ntf3 Neurotrophin 3 

Ntn1 Netrin 1 

Odz1 Odd Oz/ten-m homolog 1 

(Drosophila) 

Olig2 Oligodendrocyte transcription factor 

2 

Pafah1b1 Platelet-activating factor 

acetylhydrolase, isoform 1b, subunit 

1 

Pard3 Par-3 (partitioning defective 3) 

homolog (C. elegans) 

Pax3 Paired box gene 3 

Pax5 Paired box gene 5 

Pax6 Paired box gene 6 

Pou3f3 POU domain, class 3, transcription 

factor 3 

Pou4f1 POU domain, class 4, transcription 

factor 1 

Ptn Pleiotrophin 

Rac1 RAS-related C3 botulinum substrate 

1 

Robo1 Roundabout homolog 1 

(Drosophila) 

Rtn4 Reticulon 4 

S100a6 S100 calcium binding protein A6 

(calcyclin) 

S100b S100 protein, beta polypeptide, 

neural 

Shh Sonic hedgehog 

Slit2 Slit homolog 2 (Drosophila) 

Sod1 Superoxide dismutase 1, soluble 

Sox2 SRY-box containing gene 2 

Sox3 SRY-box containing gene 3 

Stat3 Signal transducer and activator of 

transcription 3 

Tgfb1 Transforming growth factor, beta 1 

Th Tyrosine hydroxylase 

Tnr Tenascin R 

Vegfa Vascular endothelial growth factor 

A 

Actb Actin, beta 

B2m Beta-2 microglobulin 

Gapdh Glyceraldehyde-3-phosphate 

dehydrogenase 

Gusb Glucuronidase, beta 

Hsp90ab1 Heat shock protein 90 alpha 

(cytosolic), class B member 1 

MGDC Mouse Genomic DNA 

Contamination 

RTC Reverse Transcription Control 

RTC Reverse Transcription Control 

RTC Reverse Transcription Control 

PPC Positive PCR Control 

PPC Positive PCR Control 

PPC Positive PCR Control 
 

1
0
0
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2.2.8 Neurosphere culture   

2.2.8.1 Neurosphere derivation 

Hindbrains were dissected from e10.5 embryos and placed briefly in ice-cold 

‘N2 media’ composed of DMEM:F12 with L-glutamine and HEPES, 1% (v/v) N2 

supplement (both Gibco) and 1% (v/v) Penicillin/Streptomycin (Thermo Fisher). In 

order to dissociate neural progenitor cells and produce a single-cell suspension, 

hindbrains were then transferred to ‘dissociation media’ composed of N2 media 

containing 1mg/ml Collagenase/Dispase (Roche) and 0.5mg/ml DNase (Sigma). 

Hindbrains were incubated in dissociation media at 37oC for 30 min, shaking once 

after 15 min. Hindbrains were triturated by passing 20 times each sequentially 

through P1000 and P200 filter pipette tips and a 10 l sample was checked with a 

haemocytometer to confirm that a single cell suspension had been achieved. Single 

cell suspensions of dissociated hindbrains were then centrifuged at 4000 rpm at room 

temperature for 5 min and all dissociation media was aspirated. Cell pellets were 

resuspended in 500 l ‘neurosphere media’ composed of N2 media containing 2% 

(v/v) B27 supplement (Gibco), bFGF and EGF (both 20ng/ml, RnD Systems). 5x104 

cells were plated into a total volume of 500 l neurosphere media in a 24-well plate 

(Corning) and incubated at 37oC/4% CO2 overnight. 200 l of neurosphere media 

was replaced with fresh neurosphere media at 37oC the following morning, and then 

250 l neurosphere media was replaced every three days thereafter. Neurosphere 

cultures were continually incubated at 37oC/4% CO2 for the duration of their time in 

vitro. 

2.2.8.2 Passaging of neurospheres 

Neurosphere cultures were monitored every other day to check for the 

presence of floating spheres of expanded neural stem and progenitor cells. Small 

neurospheres appeared after 2-3 days in vitro (DIV) and had grown large enough to 

passage after 7 DIV. The contents of each well were transferred to 2 ml round-

bottomed tubes and centrifuged at 4000 rpm at room temperature for 5 min. 

Neurosphere media was aspirated and cell pellets were resuspended with TrypLE 

Select (Gibco) and incubated at 37oC for 30 min to dissociate neurospheres. A 10 l 
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sample was checked with a haemocytometer to confirm that a single cell suspension 

had been achieved. Single cell suspensions of dissociated hindbrains were then 

centrifuged at 4000 rpm at room temperature for 5 min and all TrypLE Select was 

aspirated. Cell pellets were resuspended in 500 l neurosphere media and plated and 

nourished with fresh neurosphere media as previously mentioned. Neurosphere 

cultures were only maintained for 14DIV and for one passage. After 14 DIV, 

neurospheres and media were centrifuged at 13000 rpm for 5 mins at 4oC. All 

neurosphere media was aspirated and cell pellets were resuspended in RLT lysis 

buffer containing 10 μl/ml β-mercaptoethanol for subsequent RNA extraction (see 

2.2.7.1). 

2.2.9 Statistics  

Results are expressed as mean ± standard deviation unless specified. For all 

statistical analyses, I used a 2-tailed, unpaired Student’s t test. P values of less than 

0.05 were considered significant. I used the following abbreviations to refer to 

whether two discrete data sets were significantly different from one another: (not 

significant) ns: P ≥ 0.05; (significant) *: P < 0.05, **: P < 0.01, *** P < 0.001. 

In almost all cases, at least three animals were used in comparative studies to 

be able to perform Student’s t tests. The number of embryos analysed in each 

individual experiment are listed in Table 8.2. 
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Chapter 3 EMBRYONIC NEURAL PROGENITOR CELLS IN 

THE MOUSE HINDBRAIN RESIDE WITHIN A VASCULAR 

NICHE 

3.1 Introduction 

Both the cytoarchitecture and lamination of the developing cortex in the 

rodent brain are relatively well defined. At the apical surface, the neuroepithelium 

interfaces with the fluid-filled ventricle, whilst at the basal surface, the 

neuroepithelium is separated from the mesenchyme by the basement membrane in 

the form of the meninges. The VZ and SVZ at the apical surface contain NPCs 

passing through INM and the cell cycle, thus generating additional progenitor cells, 

as well as immature neurons. These neurons then pass through the intermediate and 

marginal zones, before settling in their final destination in the cortical plate on the 

pial side. The ventricular lumen and pial basement membrane are key sources of 

signals to regulate NPC behaviour (for example, Lehtinen et al., 2011, Loulier et al., 

2009). In addition, niche signals targeted to specific NPC populations emanate from 

other cell types within the neuroepithelium, such as from post-mitotic neurons, other 

NPC classes, microglia as well as from blood vessels in the forebrain (Lakoma et al., 

2011, Yoon et al., 2008, Cunningham et al., 2013, Tan et al., 2016). 

Whilst the emergence and function of these different niche components have 

been characterised reasonably well during CNS development, the spatiotemporal 

relationship of blood vessels with NPCs is still poorly defined. Whilst BPs of the 

developing forebrain are positioned and divide in close proximity to 

cerebrovasculature (Javaherian and Kriegstein, 2009), it has not been determined 

how vessels map spatially around cycling NPCs and whether vessels organise 

similarly around other NPC subtypes elsewhere in the CNS. During the course of my 

studies, characterisation of forebrain vascularisation by another group indicated that 

blood vessels begin to occupy the CNS mid-way through gestation (Lange et al., 

2016). Yet it was also not established whether the peak phases of both angiogenesis 

and neurogenesis correlate with each other temporally. 
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I have used the mouse hindbrain as a model system to study the timing and spatial 

spatial patterning of vascularisation in the embryonic mammalian brain. The 

hindbrain is ideally suited to this task, as flatmount preparations allow simultaneous 

and organ-wide visualisation of both blood vessels and NPCs alongside each other ( 

 

Figure 3.2). Furthermore, previous work in my laboratory has characterised 

the pattern of blood vessel growth extensively in the hindbrain (see 1.4; Figure 3.1), 

and a variety of mouse mutants are available that alter hindbrain vascularisation 

(Fantin et al., 2013b, Ruhrberg et al., 2002, Fantin et al., 2013a). Finally, the process 

of neurogenesis in the developing mouse hindbrain is fairly understudied in this part 

of the mammalian CNS, with very little known about hindbrain NPCs. This is of 

particular interest given that hindbrain architecture is highly conserved amongst 

vertebrates, it being the evolutionarily oldest region of the brain (Lumsden and 

Krumlauf, 1996). The embryonic hindbrain represents the brainstem and cerebellar 

primordia, regulates core physiology and is innervated by several cranial nerves. 

Thus, use of the hindbrain as a model for studying embryonic neurogenesis will 

provide insight into the development of a core region in the CNS. I have therefore 

characterised the spatiotemporal relation of NPC mitosis and angiogenesis in the 

hindbrain (Chapter 3) and then gone on to examine how vascular disruption alters 

hindbrain neurogenesis (Chapter 4 and Chapter 5). 

3.2 Results 

3.2.1 The mouse hindbrain as a model for simultaneous visualisation of 

embryonic neural progenitors and sprouting blood vessels 

The embryonic mouse hindbrain possesses a well-characterised pattern of blood 

blood vessel growth (Figure 3.1) that can be visualized effectively by both 

wholemount and cross-sectional immunolabelling ( 

 

Figure 3.2; Fantin et al., 2013b). Additionally, and in contrast to the developing 

cortex, wholemount imaging of the embryonic hindbrain also permits interrogation 

of the entire vascular network and clear definition of the anatomical positioning of 

vessel plexi in the hindbrain parenchyma. Wholemount staining with endothelial 

cell-bound isolectin B4 and antibodies for the mitotic marker phospho-histone H3 
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(known hereafter as IB4 and pHH3, respectively) at the stage of e11.5/45 somite 

pairs (s) illustrates the striking spatial proximity between dividing cells in the 

hindbrain VZ and the underlying SVP ( 

 

Figure 3.2B; en face view as illustrated in far-right cartoon in  

 

Figure 3.2A). As the pHH3+ cells are located at the ventricular surface and 

express the NPC marker SOX2 (Aquino et al., 2008, Fantin et al., 2010), they are 

mitotic NPCs, as observed in other parts of the CNS, where mitotic cells in the VZ 

are almost always APs (Taverna et al., 2014, Haubensak et al., 2004) and express 

SOX2 (Aquino et al., 2008). 

By mounting the hindbrain en face and employing laser scanning confocal 

microscopy for imaging, I observed that mitotic NPCs are located apically to the 

SVP, which is undergoing a rapid phase of vessel sprout fusion at 45s ( 

 

Figure 3.2B). 3-dimensional reconstructions of confocal z stacks illustrate this 

relationship well, in particular when these reconstructions were rotated by 90o to 

achieve a pseudo-sagittal perspective of both pHH3+ NPCs and IB4+ endothelium 

(see middle and right-hand panels in  

 

Figure 3.2B’). This perspective provides not only an excellent viewpoint of both cell 

populations, but also highlights the filopodia extending from endothelial cells up 

towards the ventricle and in between NPCs (right-hand panel in  

 

Figure 3.2B’). These filopodia extend occasionally as far as the mitotic 

NPCs themselves and reflect the angiogenic response of endothelial cells to the high 

levels of progenitor-expressed VEGF-A emanating from the hindbrain VZ (Fantin et 

al., 2010, Ruhrberg et al., 2002). However, it is not presently known why blood 

vessel tip cells do not follow their filopodia to the ventricular surface. 
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Figure 3.1 Temporal pattern of hindbrain vascularisation. 

Schematic representation of hindbrain vascularisation from e9.5-e11.5 (25-45s) from a transverse perspective. Beige shaded box represents 

hindbrain neuroepithelium. Radial vessels sprout initially into the hindbrain from the PNP and sprout laterally near the ventricular surface to 

form the SVP. Later in development, a DP sprouts laterally from the radial vessels connecting with the SVP. Abbreviations: V, ventricle; P, pia; 

PNP, perineural vascular plexus; RV, radial vessels; SVP, subventricular vascular plexus; DP, deeper vascular plexus. 
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Figure 3.2 The mouse hindbrain as a model for simultaneous visualisation of 

NPCs and sprouting blood vessels. 

(A) Schematic representation of flatmounted hindbrains at e9.5 and e10.0 (left and 

middle), as well as an e10.5 hindbrain (right) containing mitotic NPCs (green) and 

blood vessels (red). The blue box indicates the area imaged in (B), the eye illustrates 

the observer’s point of view. 

(B,B’) Maximal projection (xy) of a confocal z stack (B) through flatmounted 45s 

(e11.5) hindbrain after wholemount labelling with the dual vessel and microglia 

marker IB4 (red) and the mitotic marker pHH3 (green). Scale bar: 100 μm. 3D 

surface rendering (B’) illustrates the SVP beneath a layer of mitotic NPCs. 90o 
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rotation of the surface rendering in the left panel gives a pseudo-sagittal perspective 

of hindbrain NPCs and the SVP (show in middle panel). The higher magnification of 

the boxed area shows endothelial cell filopodia projecting between the mitotic NPCs 

towards the ventricular surface (right-hand panel). 

(C) Schematic representation of sample areas used to determine angiogenesis (blood 

vessels shown in red) and NPC mitosis (pHH3+ NPCs shown in green) following 

wholemount immunolabelling of the hindbrain (discussed in 2.2.4).  
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3.2.2 NPC mitotic activity correlates well with hindbrain angiogenesis 

Wholemount imaging of mitotic NPCs and cerebrovasculature in the mouse 

hindbrain demonstrated that both are positioned close to one another. However, this 

analysis did not address whether the development of each tissue occurs at similar 

time points in the developing rodent brain. I therefore carried out extensive 

characterisation of the time course of both sprouting angiogenesis and NPC cell 

division to determine when the two systems are most active (sampling strategy 

depicted in Figure 3.1C). 

By labelling with IB4, I was able to observe blood vessel sprouts, identified 

by the presence of elongated IB4+ tip cells with filopodial extensions, as well as 

tissue resident macrophages identified as single IB4+ cells in the parenchyma, often 

in close proximity to blood vessels (Figure 3.3A; white and black arrowheads, 

respectively). Both blood vessels and macrophages were present in the hindbrain 

from as early as e9.5/25s onwards. However, I observed very few vessel sprouts at 

this stage (far-left panel in Figure 3.3A; Figure 3.3B e9.5/25s: 2±1.75 vessel 

sprouts/0.2mm2). Half a day further into development, a surge in angiogenesis takes 

place in the hindbrain, with the number of vessel sprouts increasing over 12-fold as 

radial vessels begin to sprout laterally (Figure 3.3B e10.0/25s: 24.75±4.2 vessel 

sprouts/0.2mm2) (Fantin et al., 2010). By e10.5/35s, vessel sprouting peaks as the 

nascent SVP extends laterally to cover the surface of the hindbrain (second-left panel 

in Figure 3.3A; Figure 3.3B e10.5/35s: 27.7±3.1 vessel sprouts/0.2mm2). 

Thereafter, levels of sprouting subside when hindbrain blood vessels begin fusing 

with one another. Thus, the number of vessel sprouts has dropped off at e11.5/45s 

(Figure 3.3B e11.0/40s: 19.2±3.6 vessel sprouts/0.2mm2; e11.5/45s: 15.8±2.8 vessel 

sprouts/0.2mm2) as macrophages help to connect vessel sprouts for anastomosis (see 

a macrophage bridging two endothelial tip cells, labelled with black arrowhead in 

far-right panel of Figure 3.3A). Finally, vessel sprouting is negligible at e12.5/50s 

(Figure 3.3B e12.5/50s: 3.6±2.0 vessel sprouts/0.2mm2) when the SVP remodels and 

matures (note the larger vessel calibre in the far-right panel of Figure 3.3A, 

compared to vessels in other panels). 
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Quantification of pHH3+ NPCs in embryos from the CD1 genetic background 

revealed a similarly staged time course (Figure 3.4). Accordingly, the density of 

mitotic NPCs in the hindbrain VZ increases steadily from e9.5/25s (Figure 3.4A,B, 

e9.5/25s: 127±5.7 pHH3+ VZ cells/0.25mm2) in mice in the outbred, CD1 genetic 

background. In CD1 mice, the number of mitotic NPCs peak sharply at e11.0/40s 

(Figure 3.4A,B e11.0/25s: 219±5.8 pHH3+ VZ cells/0.25mm2). Mitosis in the 

hindbrain VZ subsequently declines rapidly thereafter, with rare cell divisions 

observed at e13.5/53s (Figure 3.4B e13.5/53s: 16±3.1 pHH3+ VZ cells/0.25mm2). 

Embryos in the inbred, C57BL/6 genetic background follow a similar pattern, 

although the peak in NPC mitosis occurs slightly earlier and is less sharp (Figure 

3.4C e10.75/37s: 209±6.0 pHH3+ VZ cells/0.25mm2). The entire time course of NPC 

cell division therefore overlaps temporally with the period of hindbrain angiogenesis. 

Therefore, mitotic NPCs are, unsurprisingly, present in the hindbrain VZ prior to the 

initial radial vessel ingression as they populate the initial neuroepithelium across the 

developing CNS, as well as attract vessel ingression from the PNP by secreting pro-

angiogenic VEGF-A (Ruhrberg et al., 2002). These findings further support the 

choice of the hindbrain as a suitable model for examining the possible role of blood 

vessels and/or vascular cues in embryonic neurogenesis. 

Phosphorylation of histone H3 begins during prophase, spreads through the 

whole chromosomes and is completed by early metaphase and maintained until 

anaphase (Hans and Dimitrov, 2001). Dephosphorylation of histone H3 typically 

begins in anaphase and ends in early telophase, correlating with chromosome 

segregation (Hans and Dimitrov, 2001). Immunolabelling for the mitotic marker 

pHH3+ distinguishes bright, mononuclear cells (wavy arrow in far-right panel of 

Figure 3.4A), corresponding to pre-anaphase VZ NPCs and dimmer, binuclear 

figures (arrow in far-right panel of Figure 3.4A), corresponding to mitotic NPCs 

between anaphase and telophase. I was therefore able to identify cells within distinct 

phases of mitosis by labelling only one antigen. In subsequent experiments, I 

therefore quantified the total cohort of mitotic NPCs as the sum of pre-anaphase and 

anaphase figures (the latter are depicted as red data points in Figure 3.4B,C). The 

time course of anaphase VZ cells is in good synchrony with that of all mitotic cells, 
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suggesting the speed of transition to anaphase is fairly constant across the period 

examined.  
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Figure 3.3 The temporal pattern of hindbrain angiogenesis. 

(A-B) Time course of angiogenic vessel sprouting in the hindbrain. Maximal 

projection (xy) of confocal z stacks through flatmounted hindbrains at the indicated 

stages of the SVP after wholemount IB4 labelling (A) with accompanying 

quantification of vessel sprouts (see 2.2.4; B) Scale bar: 100 μm. In (A), examples of 

tip cells at the front of vessel sprouts are indicated with arrowheads, examples of 

microglia with open arrowheads. Data are shown as mean ± standard deviation of the 

mean; n≥3 for each time point. 
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Figure 3.4 The temporal pattern hindbrain NPC mitosis. 

(A-C) Time course of NPC proliferation in the hindbrain. Maximal projection (xy) of 

confocal z stacks through flatmounted hindbrains at the indicated stages after 

wholemount pHH3 staining (A) with accompanying quantification of mitotic and 

anaphase NPCs in the CD1 and C57BL6 backgrounds (B,C; see 2.2.4). Scale bar: 

100 μm. In (A), the boxed area is shown at higher magnification on the right to 

illustrate strongly labelled pre-anaphase NPCs (wavy arrow) and dimly labelled 

anaphase NPCs (arrow). Data are shown as mean ± standard deviation of the mean; 

n≥3 for each time point. 
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3.2.3 The hindbrain germinal zone (GZ) is well-vascularised 

Although 3D-reconstruction of confocal micrographs from pHH3- and IB4-labelled 

labelled hindbrains permitted pseudo-sagittal observation of hindbrain NPCs in 

mitosis (see  

 

Figure 3.2B’), it did not provide information on NPCs in INM. Thus, I 

labelled NPCs undergoing DNA replication during S-phase by injecting pregnant 

females with 300 mg kg-1 of the thymidine analogue BrdU 1 h prior to collecting 

embryos. I then cut transverse sections through the hindbrain across the main period 

of angiogenesis, from 25-50s, and labelled S-phase and mitotic NPCs with antibodies 

for BrdU and pHH3, respectively (Figure 3.5). Thick vibratome sections were cut to 

ensure that the morphology of hindbrain vessel networks could be observed in a 

single confocal z stack. 

The analysis of such sections confirmed that at 25s, the hindbrain is largely 

avascular, as demonstrated by sparse vessel sprouting near the VZ at this time point 

(Figure 3.3A,B). Only a few radial vessels (‘RV’ in the top-left panel in Figure 3.5) 

have begun sprouting perpendicular to the ventricular surface, where mitotic, pHH3+ 

NPCs reside. These radial vessels pass through a pseudostratified layer of S-phase 

NPCs similar to that observed in the mouse embryonic forebrain and the developing 

chick hindbrain (Guthrie et al., 1991, Smart, 1972). This pseudostratified pattern of 

BrdU+ NPCs is also maintained throughout the main time course of hindbrain NPC 

mitosis (all panels in Figure 3.5). 

By 35s, radial vessels have sprouted parallel to the ventricular surface and 

span almost the entire width of the embryonic hindbrain as the SVP (see top-right 

panel in Figure 3.5). The SVP passes through the area containing mitotic and S-

phase NPCs, which is referred to as the germinal zone (‘GZ’) hereafter. In 

confirmation, SVP establishment in the hindbrain GZ occurs directly prior to the 

peak in NPC mitosis elucidated by wholemount pHH3+ immunolabelling (Figure 3.4 

and Figure 3.5). Thus, actively cycling hindbrain NPCs reside in direct proximity to 

the newly formed blood vessel plexus. This proximity is maintained as far as 50s, 

where the hindbrain GZ remains occupied by the SVP. 
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The SVP remodels extensively towards the end of the time course (see lower 

panels in Figure 3.5). Whilst this remodelling results in the vessel bed switching 

from a flat, 2-dimensional plexus to a more 3-dimensional network, the GZ remains 

occupied by the SVP and is arguably even more vascularised. A deeper plexus 

sprouts from radial vessels more basally to the SVP and forms later, typically during 

the eleventh day of gestation (see lower-left panel in Figure 3.5 and upper-middle 

panel in Figure 4.6A). This deeper plexus forms directly below the most basal point 

of BrdU+ NPCs undergoing INM and remains there until at least 50s. Thus, the 

positioning of both the SVP and deeper plexus indicate that the GZ is a well-

vascularised compartment of the hindbrain neuroepithelium. 
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Figure 3.5 Spatial relationship of blood vessel growth and NPC proliferation in 

the hindbrain. 

Confocal z stacks of 70 μm transverse sections of wild type hindbrains at the 

indicated stages after labelling with IB4 (red) together with antibodies for pHH3 

(green) and BrdU (blue). Bracketed area denotes GZ containing mitotic (pHH3+) and 

S-phase (BrdU+) NPCs. Scale bar: 20 μm. Abbreviations: P, pial surface; V, 

ventricular surface; RV, radial vessel; SVP, subventricular vascular plexus; DP, deep 

plexus; PNP, perineural vascular plexus; GZ, germinal zone. 
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3.2.4 NPCs contact blood vessel plexi within and outside the hindbrain 

Mammalian NPCs possess elongated processes that often terminate in 

endfeet. To investigate the morphologies of hindbrain NPC processes and examine 

their relationship with blood vessels in the hindbrain, I visualised processes by 

immunolabelling for an antigen of the intermediate filament nestin, which is found 

almost exclusively in neural cells, known as RC2. RC2 is used as a bonafide marker 

both embryonic NPCs and immature astrocytes (Misson et al., 1988). At 25s, when 

the hindbrain is largely avascular, RC2 labelling is only detectable in basal regions 

around the pial surface (far-left panel in Figure 3.6A; 25s, n = 2 embryos). The 

pattern of RC2 labelling appeared fibrous, similar to that observed in the mantle zone 

of the developing mouse cortex (Misson et al., 1988). However, by 35s, RC2 

labelling extends across the entire apicobasal axis of the hindbrain (second-left panel 

in Figure 3.6A; 35s, n = 4 embryos). In particular, RC2+ processes extend as single 

fascicles to the apical surface and denser bundles towards to the pial basement 

membrane at this stage. Thereafter, RC2 labels NPC processes that project to both 

surfaces of the hindbrain neuroepithelium (second- and far-right panels in Figure 

3.6A). However, the organisation of NPC processes gradually changes over time, as 

the pattern of dense fasciculation seen in basally located processes from 25-35s 

gradually shifts to medial and then apical regions at 45s and 50s, respectively (45s, n 

= 3 embryos; 50s, n = 2). 

NPC processes fasciculate most commonly in vascularised regions of the 

hindbrain from 35-50s (see panels corresponding to 35-50s in Figure 3.6A). I 

therefore examined the organisation of NPC processes specifically around the SVP at 

the time of its initial formation (see expansion box in second-left panel of Figure 

3.6A, which is shown at higher magnification in Figure 3.6B). RC2+ processes form 

densities that cluster on the nascent SVP, as well as around the radial vessels that 

initially sprout from the PNP (see upper- and lower left-hand panels in Figure 3.6B; 

35s, n = 4 embryos). Orthogonal slices through a 20 μm-thick confocal z stack 

demonstrated that NPC densities directly appose the SVP, but do not possess the 

conventional appearance or morphology of NPC endfeet observed in the developing 

cortex (Misson et al., 1988). These observations demonstrate that RC2+ NPC 

processes organise closely around the hindbrain SVP, making occasional contacts as 
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documented in the developing mouse cortex (Misson et al., 1988, Tan et al., 2016). 

Moreover, NPC processes are more fasciculated around hindbrain vasculature. 

Therefore, blood vessels may play an instructive role for NPC processes and act as 

an anchorage point for NPCs to attach to. 
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Figure 3.6 NPC processes contact hindbrain vasculature. 

(A-B) Maximal projections (xy) of confocal z stacks of 70 μm transverse wild type 

hindbrain sections at the indicated stages, labelled with IB4 (red) and antibodies for 

the radial glia marker RC2 (green; A). Scale bar: 100 μm. The boxed area in (A) is 

shown at higher magnification in (B), with RC2 labelling only shown in grey scale in 

the lower left panel. Single (1.25 μm) optical section of the z stack shown in right 

panel. Flanking boxes display orthogonal xy and xz projections of single optical 

section; note how RC2+ densities directly contact IB4+ vessels. Scale bar: 20 μm.  
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3.2.5 Hindbrain NPCs contact vessel-associated extracellular membrane 

As NPC processes project endfeet onto the SVP, I hypothesized that 

progenitor endfeet may associate with components of the vessel-derived ECM. Stem 

and progenitor cells, such as NSCs and satellite cells in adult muscle possess 

functional contacts with vascular ECM in other stem cell niches (Christov et al., 

2007, Shen et al., 2008). Here, I visualised vascular ECM with antibodies for laminin 

α1 (LAMA1) subunit, given its abundant expression in the basement membrane of 

endothelium in the adult brain (Yousif et al., 2013). At 25s (Figure 3.7A), RC2+ 

NPC endfeet project onto the basement membrane surrounding the PNP (wavy arrow 

in bottom panel in Figure 3.7A’’). However, sprouting radial vessels do not express 

LAMA1 at this stage and thus it is likely that blood vessels do not yet possess a basal 

lamina. 

In contrast, all vessels within the embryonic hindbrain are ensheathed by a 

continuous LAMA1+ ECM by 35s (Figure 3.7B). Single optical sections through a 

m-thick confocal z stack through the SVP at 35s reveal that RC2+ densities 

contact the vessel-derived ECM directly with endfoot protrusions (arrow in Figure 

3.7B’’; observed in n = 2 embryos). Furthermore, processes interdigitate closely and 

wrap around the vessel plexus (bracketed region in Figure 3.7B’’; observed in n = 2 

embryos). These observations demonstrate that RC2+ NPC processes and densities 

contact the LAMA1+ ECM of the SVP immediately following its formation at 35s, 

raising the possibility that hindbrain NPCs make functional cell-cell contacts with 

blood vessels. 
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Figure 3.7 NPC processes contact vascular ECM. 

(A,B) Confocal z stacks of 70 μm transverse sections of wild type hindbrains at the 

indicated stages after labelling with IB4 (red) together with antibodies for RC2 

(green) and LAMA1 (blue). Scale bar: 20 μm. The boxed areas in (A,B) are shown in 

higher magnification adjacent to each panel (A’,B’). Single (1.25 μm) optical 

sections from these projections are displayed underneath (A”,B”). Arrowheads in 

(A) indicate IgM+ microglia labelled with the secondary antibody used for RC2 

detection. Arrows and curved arrow in (B’’) denote NPC processes and density near 

SVP vessels. The wavy arrows in (A’,A’’) indicate NPC endfeet. Abbreviations: P, 

pial surface; V, ventricular surface; RV, radial vessel; SVP, subventricular vascular 

plexus; DP, deep plexus; PNP, perineural vascular plexus; GZ, germinal zone. 
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3.2.6 Sox1-iCreERT2 mouse strain labels single hindbrain NPCs 

Due to the large number of NPCs in the developing brain, RC2 

immunolabelling did not distinguish which processes and endfeet originate from 

which NPCs. Furthermore, this method of defining NPC morphology depends on the 

spatiotemporal expression of the RC2 antigen and therefore may not provide 

accurate information on NPC process extensions. I therefore used the Sox1-iCreERT2 

transgene for mosaic labelling of NPCs at 35s in the mouse embryo hindbrain. Sox1 

is expressed in early hindbrain neuroectoderm at around e8.5/10s, during neural 

induction from primitive ectoderm and is therefore likely expressed by early 

hindbrain APs (Pevny et al., 1998). Low doses of tamoxifen were administered by 

Prof. Nicoletta Kessaris (UCL) to pregnant females 24 h before analysis to induce 

sparse recombination of the gene encoding the fluorescent tdTomato protein at the 

ROSA26 locus, thus permitting single-cell analyses. 

After titrating the appropriate dosage of tamoxifen required for sufficient 

mosaic labelling of murine NPCs to 20 mg kg-1, I identified many individual 

tdTomato+ NPCs in the developing cortex at 50s when APs are most abundant 

(Figure 3.8A). NPC labelling was most prevalent in ventral regions, primarily in the 

lateral ganglionic emminence and ventral pallium (Figure 3.8A). Mosaic labelling 

was considerably sparser in the dorsal and medial pallium, but labelled NPCs in all 

the aforementioned regions appeared to be clustered around the emerging vessel 

network. Whilst labelling in the dorsomedial cortex was fairly sparse as well, I 

detected extensive tdTomato expression in the developing thalamus (right-hand side 

of Figure 3.8A). 

Therefore, I proceeded to hindbrain analysis at 35s as this was the stage that I 

had observed NPC process association with vessels and vascular-associated ECM. In 

the 35s hindbrain, labelled NPC cell bodies and processes spanned across the 

neuroepithelium and were distinguishable near the newly formed SVP (Figure 

3.8B). 0.5 μm-thick optical slices of z stacks taken at high magnification 

demonstrated that Sox1+ NPC processes wrap tightly around the SVP endothelium, 

although these processes do not associate directly with the endothelial cells as a 

small gap is present between both (see arrowheads in Figure 3.8C’,D’), possibly 
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corresponding to the vascular basement membrane. Furthermore, elongated 

processes ran parallel to the pial surface in the basal region of the hindbrain, likely to 

be the mantle zone (clear arrowheads in Figure 3.7). 

In order to improve the visualisation of NPC process organisation around the 

nascent SVP, I used 3D surface rendering of 70 μm-thick confocal z stacks from 

Sox1-iCreERT2; RosatdTomato hindbrain sections (Figure 3.8E). 3D reconstruction of 

immunolabelling demonstrated that the soma of hindbrain NPCs sit very close to the 

SVP, whilst densities project onto the vessel network, as mentioned previously (see 

Figure 3.7 and curved arrowed in Figure 3.8E’’’). Furthermore, surface rendering 

confirmed that hindbrain NPCs project endfeet onto the PNP, and that progenitor 

processes wrap firmly around the SVP (wavy and straight arrows in Figure 3.8E’-

E’’’, respectively). Thus, mosaic labelling of hindbrain NPCs supports the idea that 

NPCs contact cerebrovasculature and vascular-associated ECM through process 

extensions. 
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Figure 3.8 Mosaic labelling of NPCs in the forebrain and hindbrain. 

(A) Maximal projection (xy) of confocal z stack of a 70 μm coronal Sox1-iCreERT2; 

RosatdTomato 35s forebrain section after induction with 20 mg/kg of tamoxifen for 

24 h, labelled with IB4 (green) and antibodies for RFP (red) to detect the tomato 

reporter. Dotted lines separate domains of the developing cortex. Scale bar: 200 μm. 
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Abbreviations: CTX, cortex; DP, dorsal pallium; LGE, lateral ganglionic 

emminence; MP, medial pallium; TH, thalamus; VP, ventral pallium. 

(B-D) Maximal projections (xy) of confocal z stacks of a 70 μm transverse Sox1-

iCreERT2; RosatdTomato 35s hindbrain section after induction with 20mg/kg of 

tamoxifen for 24 hours, labelled with IB4 (green) and antibodies for RFP (red) to 

detect the tomato reporter. Clear arrowheads in (B,B’) denote elongated, tangential 

cellular processes. Dotted lines in (B’) demarcate an SVP vessel, dotted lines in (B’’) 

demarcate the hindbrain surfaces. The boxed areas in (B) are shown at higher 

magnification in (C, D) as a confocal z stack or single (1.25 μm) optical section of 

each z stack (C’,D’). Arrowheads indicate RFP+ NPC processes contacting an SVP 

vessel.  Scale bar: 50 μm (B), 20 μm (C,D). 

(E) 3D surface rendering of the confocal z stack shown in (B). The boxed areas in 

(E) are shown in higher magnification in (E’-E’’’). Arrows and curved arrow in (E’, 

E’’’) denote NPC processes and densities near SVP vessels. The wavy arrows in 

(E’’) indicate NPC endfeet. Scale bar: 50 μm. Abbreviations: SVP, subventricular 

vascular plexus; PNP, perineural vascular plexus. 
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3.3 Discussion 

Wholemount and transverse section immunolabelling demonstrates that the mouse 

mouse embryonic hindbrain is an excellent model system for simultaneous analysis 

of sprouting blood vessels and dividing NPCs. Flatmount preparation of the 

wholemount hindbrain allows quantification of angiogenic parameters (Fantin et al., 

2013b), as well as mitotic NPC number at the ventricular surface ( 

 

Figure 3.2). Furthermore, quantification of mitotic NPCs in flatmounted 

hindbrains is easier than through analysis of tissue sections, owing to the fact a larger 

area of the VZ is visible and sufficiently thick enough confocal z stacks will account 

for the natural undulation of the ventricular surface. This is in stark contrast to the 

developing cortex, which is not amendable to similar analysis. 

NPCs in the hindbrain divide over a considerably shorter space of time in 

comparison to those found in the embryonic forebrain (Figure 3.4; Haubensak et al., 

2004). Whilst NPC cell division in the hindbrain finishes at e13.5, progenitors in the 

forebrain continue dividing until birth and even into adulthood in the form of slow-

cycling NPCs that ultimately generate adult NSCs (Furutachi et al., 2015, Fuentealba 

et al., 2015). This discrepancy largely reflects the enhanced expansion of the cerebral 

cortex that forms from the developing forebrain, in comparison to the brainstem that 

forms from the hindbrain (Fernandez et al., 2016). Given the key role that the 

brainstem plays in core bodily functions, the need for timely neurogenesis during 

development is perhaps therefore greater in this area of the CNS in comparison to the 

cerebral cortex. 

I have demonstrated that the temporal pattern of blood vessel sprouting in the 

hindbrain overlaps with that of dividing NPCs (Figure 3.3 and Figure 3.4). Vessel 

ingression from the PNP occurs at a similar time in development as elsewhere in the 

embryonic murine CNS (Vasudevan et al., 2008, Nakao et al., 1988). Whilst the 

mitotic activity of hindbrain NPCs occurs from at least e9.5/25s up until e13.5/53s, 

angiogenesis takes place across a narrower time window. The latter is likely due to 

the necessary time required to establish and stabilize a vessel network within the 
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growing neuroepithelium, compared with the progressive expansion of NPCs from 

an initially small pool of NE. 

It is therefore noteworthy that despite the longer time course of hindbrain 

NPC mitosis, the peak of progenitor cell division occurs extremely close to the point 

of maximum vessel sprouting in both genetic backgrounds analysed. This indicates 

two possibilities: (i) that no relationship exists between sprouting blood vessels and 

mitotic NPCs, and that both are coincidental, or (ii) that hindbrain vascularisation 

and NPC proliferation in the VZ are functionally linked. It is more likely that the 

latter possibility is true. Firstly, because NPCs attract radially ingressing vessels in 

the developing CNS via VEGF-A (Haigh et al., 2003). Secondly, NPC mitosis 

increases considerably after the surge in angiogenesis that results in the formation of 

the SVP. Thirdly, vasculature in the embryonic forebrain promotes the normal 

behaviour of NPCs there (Tan et al., 2016, Lange et al., 2016). These key 

observations demonstrate that both NPCs and blood vessels regulate one another in 

the developing mammalian CNS. 

The pattern of GZ vascularisation in the developing hindbrain is reminiscent 

of that in the adult neurogenic stem cell niche (Figure 3.5). For example, a vessel 

plexus is established in close proximity to the walls of the lateral ventricles, where 

NSCs preferentially cluster around the blood vessel network (Tavazoie et al., 2008, 

Niola et al., 2012). NSCs not in direct contact with the vessel network via their cell 

body instead extend processes across the postnatal GZ to contact brain vasculature 

via endfeet (Tavazoie et al., 2008). This has also been suggested for the embryonic 

cortex, where NPC endfeet terminate on some occasions on blood vessels, whilst 

mitotic, TBR2+ BPs are preferentially positioned around the blood vessels 

(Javaherian and Kriegstein, 2009, Misson et al., 1988, Tan et al., 2016). I have 

observed NPC endfeet clearly associating with the ECM that ensheaths the hindbrain 

SVP, as well as NPC processes wrapping around blood vessels (Figure 3.6 and 

Figure 3.7). Mosaic analysis of Sox1+ progenitors confirmed that hindbrain NPCs 

also project endfeet onto the PNP-associated basal lamina (Figure 3.8). It is unclear 

whether these contacts are functional and provide either structural anchorage or a 

regulatory input, as has been demonstrated in the embryonic forebrain (Tan et al., 
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2016). Indeed, NPCs contact blood vessels with ITGB1 in the ventral forebrain to 

maintain cell division (Tan et al., 2016). Thus, the presence of a vascular ECM, 

which contains the ITGB1-ligand LAMA1 (Ettner et al., 1998), in contact with NPC 

processes supports the idea that vessel contact-based regulation of NPCs occurs in 

the hindbrain as well. I have not explored whether NPCs might contact pericytes in 

hindbrain vasculature or whether progenitor-endothelial cell association occurs in 

pericyte-free areas, akin to NSCs in the SVZ (Tavazoie et al., 2008). 

I have shown that hindbrain NPCs also appear to undergo INM, as previously 

described in both the avian hindbrain and murine cortex (Guthrie et al., 1991, Smart, 

1972). By labelling hindbrain NPCs with a short pulse of BrdU, I have demonstrated 

that migrating nuclei do not pass beyond the deeper vascular plexus after its 

formation at 45s. It is possible that the deeper plexus may act to restrict nuclear 

migration by either expressing repulsive signals or as a physical barrier to nuclear 

movement (Murciano et al., 2002, Taverna and Huttner, 2010). 

Mosaic labelling of NPCs achieved through sparse recombination of Sox1-

iCreERT2-expressing cells also showed that progenitors in the hindbrain organise 

closely around the vessel plexus. This mouse strain has been used to label NPCs in 

both the chick and mouse spinal cord (Kicheva et al., 2014), and thus my 

demonstration of labelling in both the embryonic cortex and hindbrain suggests that 

it is a valuable tool for studying single NPC behaviour and morphology across the 

developing rodent CNS. Mosaic recombination in Sox1-iCreERT2 expressing cells at 

25s also labelled tdTomato+ processes tangential to the basement membrane in the 

region that is usually populated by post-mitotic neurons. It is therefore possible that 

these processes belong to neurons generated from Sox1-expressing NPCs, in analogy 

to the processes of habenular projection neurons found near the pial membrane in the 

developing zebrafish brain (Bianco et al., 2008). 

Given that I activated the Sox1-iCreERT2 transgene through administration of 

tamoxifen between e9.5/25s and e10.5/35s, this suggests further that hindbrain NPCs 

express SOX1 during this period analogous to the mammalian forebrain (Pevny et 

al., 1998). This transgene could therefore also be used to delete NPC-specific genes 

in the hindbrain. 
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3.4 Summary 

In the mouse embryonic hindbrain, NPC mitosis and CNS vascularisation 

take place at similar points in development. Furthermore, the cell bodies and nuclei 

of cycling NPCs are positioned within a well vascularised GZ, and project processes 

that contact vessel-associated ECM. Therefore, hindbrain neurogenesis shares a 

spatiotemporal relationship with angiogenesis. 
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Chapter 4 NRP1 REGULATES HINDBRAIN NEURAL 

PROGENITOR CELLS NON-CELL AUTONOMOUSLY 

THROUGH ITS ROLE IN GERMINAL ZONE 

VASCULARISATION 

4.1 Introduction 

I have demonstrated that hindbrain NPCs are positioned within a vascularised 

compartment and that the time course of NPC division overlaps with a period of 

extensive vessel sprouting that forms the SVP (Chapter 3). Given that hindbrain 

neurogenesis therefore correlates spatiotemporally with CNS vascularisation, I 

therefore determined whether this relationship is functionally relevant. 

Here I have examined whether hindbrain NPCs are directly regulated by 

VEGF-A or semaphorins, or indirectly by sprouting networks of blood vessels. I 

have first characterised NPC behaviour in mouse knockouts lacking NRP1 globally, 

as it plays equally important roles in neural development and CNS vascularisation. I 

have then tested whether NRP1 functions cell-autonomously in NPCs as a potential 

receptor for direct VEGF-A signalling. I have also determined whether semaphorin 

signalling through NRPs regulates NPC behaviour, as has been suggested previously 

(Arbeille et al., 2015). Finally, I have studied whether VEGF-A signals through 

VEGFR2 in NPCs. 

I then analysed NPCs in embryos specifically lacking proper GZ 

vascularisation through loss of endothelial Nrp1, to determine whether blood vessels 

regulate neurogenesis via vessel-derived cues. Finally, I have studied whether 

hindbrain microglia, which also express NRP1, regulate NPCs as observed in the 

forebrain of both lissencephalic and gyrencephalic species. I have therefore 

examined NPC cell division in embryos lacking the transcription factor PU.1, which 

compromises the generation of monocyte-derived macrophages in the CNS (Scott et 

al., 1994). 
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4.2 Results 

4.2.1 Developmental staging for studying neurogenesis 

Typical staging of mouse embryos relies on estimating the time passed after a 

post-coital plug is found in females paired overnight. Whilst this may be sufficient 

for studying slower-forming tissues, or for making assessments of gross anatomy, I 

have found this to be inadequate for the study of neurogenesis in the embryonic 

hindbrain. Specifically, the time course of NPC cell division that I have plotted 

indicates that significant differences exist in the mitotic activity of hindbrains only 

one quarter of a day apart in development (see Figure 3.4B,C). As mice are paired at 

roughly 5 pm and checked for post-coital plugs at approximately 9 am the day after, 

the precise timing of fertilisation can range over half a day. In fact, I found that 

developmental stage can also vary between littermates, especially at younger ages 

(described previously in (Vieira et al., 2007). 

To improve accuracy in staging embryos to generate more precise 

comparisons between genotypes, I have quantified the number of somite pairs found 

in each embryo (Figure 4.1). The number of somite pairs can be treated as an 

unequivocal validation of developmental age given that the rate of somitogenesis 

varies little between genetic mouse mutants, except in mice that lack expression of 

some circadian genes (Palmeirim et al., 1997).  Based on classical Theiler staging 

(Theiler, 1989) according to specific morphological criteria, quantifying the number 

of somite pairs identifies a developmental delay in embryos lacking NRP1 in 

comparison to their wildtype littermates. At e9.5/25s, no difference in somite pair 

number exists between Nrp1+/+ and Nrp1-/- embryos (data not shown). However, 

wildtype embryos possess roughly 2-3 somite pairs more than their Nrp1-/- 

littermates when analysed on e10.5 (left panel in Figure 4.1). In accordance with 

Theiler staging, this delay in somitogenesis equates to approximately one quarter of a 

day in wildtype mice. 

The developmental delay in NRP1-null embryos increases thereafter, as 

mutant embryos possess roughly 4-5 fewer somites than wildtype littermates on 
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e11.5 and 3-4 fewer somites on e12.5 (middle and right panels in Figure 4.1). These 

correspond to delays of half a day and three-quarters of a day, respectively. 

Nrp1-/- embryos also possess a smaller distance between crown and rump, 

suggesting that the difference in somite number results from a developmental delay, 

rather than a specific defect in somitogenesis (see dashed lines in Figure 4.1). 

Moreover, older Nrp1-/- embryos exhibit delayed limb development that also 

correlates with a reduced number of somites (A. Plein and C. Ruhrberg, unpublished 

observations). Thus, the developmental delay likely results from severe 

vascularisation defects that occur in the NRP1-null embryo (Kawasaki et al., 1999), 

as well as in extraembryonic structures like the placenta (A. Plein and C. Ruhrberg, 

unpublished observations). 

The considerable difference in age at all three time points indicates the need 

to stage embryos accurately. I have therefore carried out all analyses of 

developmentally delayed embryos in this thesis with wildtype stage-matched 

embryos of a different litter from the same genetic background. This will eliminate 

the possibility of experimental bias resulting from comparisons made of embryos at 

different stages. 
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Figure 4.1 Nrp1-/- embryos are developmentally delayed. 

Representative brightfield images of wildtype and Nrp1-/- littermates in the CD1 background at the indicated gestational ages. The typical range 

of somite pairs at that age is shown for each genotype below the image of the embryo. Dotted lines indicate the reduced crown-rump length of 

mutants.  

1
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2
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4.2.2 Neuropilin 1 is required for vascularisation of the hindbrain GZ 

As direct signalling through VEGFRs and blood vessel-derived signals 

regulate the behaviour of NSCs in the postnatal mammalian brain, I asked whether 

either or both mechanisms function in the developing CNS for NPCs. I chose 

initially to analyse embryos lacking NRP1 owing to its dual roles as a VEGF-A and 

SEMA3 receptor in the embryonic nervous system and as a pro-angiogenic receptor 

in sprouting endothelium. Our lab has demonstrated that embryos lacking NRP1 

globally or in endothelial cells only fail to form a connected SVP in the hindbrain 

(Fantin et al., 2013a, Fantin et al., 2015). Moreover, NRP1 is expressed by hindbrain 

NPCs but its role in these cells has not been examined properly (Fantin et al., 2013a). 

First, I determined whether hindbrain NPCs lack their stereotypical proximity 

to cerebrovasculature in full Nrp1-/- mutant embryos. Transverse vibratome sections 

through the wildtype hindbrain show that even at 32s, prior to the peak in SVP 

angiogenesis, the vessel plexus runs across the hindbrain and through the GZ (top 

left panel in Figure 4.2A). In contrast, NRP1-null embryos lack an SVP at the same 

time point and indeed, lack lateral vessel sprouting of any kind (bottom left panel in 

Figure 4.2A). Radial vessels ingress from the PNP but terminate instead as poorly 

invasive ‘tufts’ (see arrowhead in bottom left panel in Figure 4.2A) and very rarely 

extend beyond the basal-most limit of BrdU+ NPCs undergoing INM. 

At 40s, the SVP in the wildtype hindbrain is fully formed and extends 

throughout the GZ (top right panel in Figure 4.2A) whilst the deeper plexus has also 

begun sprouting. Conversely, no recognisable SVP formed by 40s in Nrp1-/- 

hindbrains (bottom right panel in Figure 4.2A). A rudimentary network of vessels 

does form immediately below the GZ (see arrow in bottom right panel in Figure 

4.2A) and occasional vessels sprout into the GZ. However, no deeper plexus forms 

(bottom right panel in Figure 4.2A). Radial vessels are also elongated and thinner in 

mutant compared to wildtype embryos (see arrow in bottom right panel in Figure 

4.2A). Moreover, the rudimentary vessel network that does form in Nrp1-/- 

hindbrains contains mitotic endothelial cells (see black arrowhead in bottom right 
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panel in Figure 4.2A), whilst proliferative cells within the vasculature of wildtype 

hindbrains are rare at the stages examined (Figure 3.4 and Figure 4.2A). 

I quantified the vessel coverage in the GZ between 32-40s in transverse 

sections of the hindbrain by determining the percentage area occupied by blood 

vessels within the GZ (Figure 4.2B). Consistent with the findings discussed 

previously, the GZ in wildtype embryos is vascularised by 32s (Figure 4.2B Nrp1+/+ 

32s: 15.3±3.5%) and remains occupied by blood vessels thereafter (Figure 4.2B 

Nrp1+/+ 36s: 17.1±1.4%; 40s: 16.4±2.4%). In contrast, the GZ of NRP1-null 

hindbrains was almost completely avascular at 32s (Figure 4.2B Nrp1-/- 32s: 

1.1±0.4%, p<0.001) and was three times less vascularised compared to wildtype 

embryos at the peak of NPC mitosis at 40s (Figure 4.2B Nrp1-/- 36s: 3.5±3.1%; 40s: 

4.9±4.3%; p<0.001 and p<0.01, respectively). These observations demonstrate that 

loss of NRP1 not only prevents formation of the hindbrain SVP, but also inhibits 

proper vascularisation of the GZ prior to and during the presumptive peak of NPC 

mitosis. Thus, Nrp1-/- embryos are well suited for studying whether blood vessels 

play a role in the niche that regulates embryonic neurogenesis. 
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Figure 4.2 NRP1 regulates hindbrain GZ vascularisation. 

(A) Maximal projections (xy) of confocal z stacks of 70 μm transverse hindbrain 

sections at the indicated stages after labelling for IB4 (red) together with antibodies 

for pHH3 (green) and BrdU (blue). Brackets denote GZ depth, the white arrowhead 

and straight arrow indicate a dead-ended radial vessel and an abnormal deep plexus, 

respectively. Black arrowhead denotes a mitotic cell in the abnormal vessel plexus. 

Scale bar: 100 μm. Abbreviations: P, pial surface; V, ventricular surface; SVP, 

subventricular vascular plexus; DP, deep plexus; PNP, perineural vascular plexus; 

GZ, germinal zone. 

(B) Quantification of vascular coverage of the GZ (see 2.2.4), quantified as IB4+ area 

per pHH3+BrdU+ GZ area. Graph shows mean ± standard deviation of the mean, n≥3 

for each time point and genotype; ** p<0.01, *** p<0.001. 
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4.2.3 Cell survival is not compromised in NRP1-deficient hindbrains 

Impaired blood vessel growth and/or function compromises cell survival in 

the nervous system, such as in a mouse model of motoneuron degeneration 

(Oosthuyse et al., 2001) and development (Ferrara et al., 1996). Additionally, NRP1 

promotes cell survival of migrating neurons in the forebrain (Cariboni et al., 2011). I 

asked, therefore, whether impaired vascularisation of the hindbrain or loss of NRP1 

signalling in NPCs cells compromises cell survival in Nrp1-null embryos. 

I performed immunolabelling of 10 μm transverse sections of the hindbrain 

for the apoptosis marker cleaved caspase-3 and quantified the number of apoptotic 

cells in stage-matched control and Nrp1-/- hindbrain sections. Despite the loss of 

NRP1 from all NPCs, as well as failed GZ vascularisation, I did not detect a decrease 

in cell survival up to and including at 46s (Figure 4.3). On the contrary, I observed a 

significant decrease in the number of apoptotic cells at 32s in Nrp1-deficient 

hindbrains (Figure 4.3, 32s Nrp1+/+ 7.6±2.2 cleaved caspase-3+ cells per section vs. 

Nrp1-/- 3.1±0.6; p<0.05). Whilst the level of apoptosis returned to normal levels at 

40s (Figure 4.3, 40s Nrp1+/+ 7.9±1.5 cleaved caspase-3+ cells per section vs. Nrp1-/- 

5.9±2.2; p≥0.05), cell death in the hindbrain was again significantly reduced in Nrp1-

deficient embryos at 46s (Figure 4.3, 46s Nrp1+/+ 28.5±1.5 cleaved caspase-3+ cells 

per section vs. Nrp1+/+ 21.7±1.6; p<0.05). I have not studied cell survival after this 

point, so cannot yet rule out the possibility of an increase in apoptosis in later stages 

of hindbrain development. Thus, these observations demonstrate that NRP1 loss does 

not increase cell death in the hindbrain, indicating that Nrp1-/- embryos represent an 

excellent model for studying vascular regulation of embryonic neurogenesis. 

Additionally, the decrease in cell death in mutant embryos points to greater cell 

survival that may potentially result from increased abundance of neurotrophic factors 

(see Figure 5.10). 
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Figure 4.3 Cell survival in the hindbrain is not impaired following constitutive 

loss of Nrp1. 

Quantification of the number of apoptotic (cleaved caspase 3+) cells per 10 μm 

transverse hindbrain section in stage-matched control and Nrp1-/- embryos. 5 sections 

per embryo were analysed owing to the small number of apoptotic cells present in 

the hindbrain at the stages analysed (see 2.2.4). All graphs show the mean ± standard 

deviation of the mean, n≥3 for each time point and genotype; ns (not significant) 

p≥0.05, * p<0.05, ** p<0.01. 
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4.2.4 Neuropilin 1 regulates the timing of hindbrain NPC mitosis 

I next asked whether NRP1 may be required for regulating embryonic NPCs 

either directly as a VEGF-A or class 3 semaphorin receptor, or indirectly by 

promoting formation of the SVP. Indeed, both modes of regulation may not be 

mutually exclusive. 

To determine whether NPC mitosis was altered in Nrp1-/- hindbrains, I 

performed wholemount immunolabelling for the mitotic marker pHH3 and 

determined the number of pHH3+ NPCs in the hindbrain VZ (see 2.2.4). The number 

of pre-anaphase and anaphase NPCs (described in Figure 3.4 The temporal pattern 

hindbrain NPC mitosis. were counted individually in two 0.25mm2 sample areas 

positioned midway along mediolateral axis of each hindbrain hemisegment (i.e. four 

samples per embryo). Prior to hindbrain vascularisation, when only a few radial 

vessels protrude into the hindbrain parenchyma (see Figure 3.3A,B and Figure 3.5), 

I did not detect any change in the density of pHH3+ NPCs in the VZ (Figure 4.4B, 

25s Nrp1+/+ 132±10.3 pHH3+ VZ cells/0.25 mm2 vs. Nrp1-/- 126±14.3; p≥0.05), nor 

to the overall proportion of NPCs in anaphase (Figure 4.4B, 25s Nrp1+/+ 15.4±4% 

NPCs in anaphase/total pHH3+ NPCs vs. Nrp1-/- 15.7±1%; p≥0.05).  

However, after the onset in SVP formation at 32s, I observed an increase in 

the density of pHH3+ NPCs (Figure 4.4B, 32s Nrp1+/+ 133±17.6 pHH3+ VZ 

cells/0.25 mm2 vs. Nrp1-/- 162±10.6; p<0.05). Following the typical peak in 

angiogenesis in the wildtype hindbrain, I detected a significant increase in pHH3+ 

NPCs in the relatively avascular Nrp1-/- hindbrain (left hand panels in Figure 4.4A; 

Figure 4.4B, 36s Nrp1+/+ 153±12 pHH3+ VZ cells/0.25 mm2 vs. Nrp1-/- 215±16.2; 

p<0.01). This increase resulted from an expansion specifically in the proportion of 

NPCs in anaphase, which rose more than two-fold (Figure 4.4C, 36s Nrp1+/+ 17±3% 

NPCs in anaphase/total pHH3+ NPCs vs. Nrp1-/- 36±4%; p<0.01). Supporting the 

notion that the surge in NPC mitoses was due to an increased number of NPCs 

resting in anaphase, I observed normal numbers of pre-anaphase NPCs in NRP1-null 

hindbrains at this stage (Figure 4.4D, 36s Nrp1+/+ 127±7.8 pre-anaphase VZ 

cells/0.25 mm2 vs. Nrp1-/- 139±16.8; p≥0.05).  
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This proportional increase in the density of pHH3+ NPCs was transient, as the 

number of pHH3+ NPCs, including those found to be pre-anaphase in the NRP1-null 

hindbrain were significantly less than in stage-matched wildtype embryos at 40s 

(middle panels in Figure 4.4A; Figure 4.4B,D, 40s Nrp1+/+ 219±2.7 pHH3+ VZ 

cells/0.25 mm2, 166±4.3 pre-anaphase VZ cells/0.25 mm2 vs. Nrp1-/- 162±9.2 pHH3+ 

VZ cells/0.25 mm2, 125±8.5 pre-anaphase VZ cells/0.25 mm2; p<0.001 for both 

values). NRP1-null hindbrains contained significantly fewer pHH3+ NPCs thereafter 

(right hand panels in Figure 4.4A; Figure 4.4B, 42s Nrp1+/+ 183±6 pHH3+ VZ 

cells/0.25 mm2 vs. Nrp1-/- 111±24; 46s Nrp1+/+ 135±12.6 vs. Nrp1-/- 82±8.8, p<0.001 

at both stages). Thus, following the peak of hindbrain angiogenesis, the number of 

pHH3+ NPCs increases prematurely and therefore, the entire time course of NPC 

mitotic activity appears to be shifted to earlier stages in the Nrp1-/- hindbrain 

thereafter. Unfortunately, due to the embryonic lethality caused by global loss of 

NRP1, I could not analyse Nrp1-/- embryos beyond 46s (collected on e12.5). 

The percentage of NPCs in anaphase in NRP1-null embryos returned to 

normal levels at 40s and 42s (Figure 4.4C, 40s Nrp1+/+ 24.4±1.1% NPCs in 

anaphase/total pHH3+ NPCs vs. Nrp1-/- 22.8±1.7%; 46s Nrp1+/+ 25±2% vs. Nrp1-/- 

21±3, p≥0.05 at both stages). Yet, the proportion of VZ NPCs in anaphase followed 

the previously described trend of decreasing mitotic activity at 46s, when Nrp1-/- 

hindbrains possessed 55% less anaphase NPCs amongst all mitotic progenitors 

compared to wildtype embryos (Figure 4.4C, 46s Nrp1+/+ 21.5±5.6% NPCs in 

anaphase/total pHH3+ NPCs vs. Nrp1-/- 9.7±1.5%; p<0.01). Therefore, loss of NRP1 

causes an accumulation of NPCs in anaphase initially at 36s, but ultimately reduces 

numbers of mitotic NPCs in this phase of mitosis at later stages. 

Altogether, these data demonstrate that NRP1 is essential for ensuring the 

temporal pattern of NPC mitosis in the embryonic hindbrain, including the number 

of mitotic NPCs, and to sustain NPC cell division into the latter stages of hindbrain 

development. In particular, NRP1 appears vital to ensuring that NPCs do not stall in 

the anaphase stage of mitosis around the presumptive point of SVP formation. 
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Figure 4.4 NRP1 regulates hindbrain NPC proliferation. 

(A) Maximal projection (xy) of confocal z stacks of flatmounted wild type and Nrp1-

null hindbrain VZ at the indicated stages after pHH3 labelling. Scale bar: 100 μm.  

(B-D) Quantification of pHH3+ mitotic NPCs per 0.25 mm2 VZ at the indicated 

stages for Nrp1-null and stage matched control hindbrains. The total number of 

pHH3+ NPCs per 0.25 mm2 area (B), the proportion of NPCs in anaphase (C) and the 

total number of pre-anaphase NPCs per 0.25 mm2 area (D). Red and blue arrows 
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indicate the onset of SVP formation and peak vessel sprouting in wildtype 

hindbrains, respectively. 

All graphs show the mean ± standard deviation of the mean, n≥3 for each time point 

and genotype; * p<0.05, ** p<0.01, *** p<0.001. 
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4.2.5 Neuropilin 1 maintains GZ organisation 

APs in the developing mammalian CNS perform INM as a vital process that 

influences fate determination. I have shown that hindbrain NPCs in S-phase are 

labelled by a 1 h pulse of BrdU and display a pseudostratified distribution of NPC 

nuclei undergoing INM (Figure 3.5) that is similar to elsewhere in the nervous 

system (Smart, 1972, Sauer, 1935). The migratory speed and distance travelled by 

NPC nuclei during INM correlates with cell cycle progression in NPCs and also 

exposes progenitors to different regulatory signals in fish (Del Bene et al., 2008). 

As the loss of niche signalling can disrupt normal INM (Loulier et al., 2009) 

(Tsuda et al., 2010), I asked therefore whether NRP1 may also help to maintain INM 

and the overall organisation of NPCs within the GZ, in addition to its role in 

maintaining normal NPC mitotic activity. To assess the distribution of NPCs 

undergoing INM, I quantified the average thickness of the GZ in 70 μm-thick 

transverse sections at three discrete points across one hemisegment of wildtype and 

Nrp1-/- hindbrains: at (i) lateral, (ii) medial and (iii) peri-midline regions (illustrated 

in Figure 4.5A). The thickness at each point was defined as the distance along the 

apicobasal axis from the ventricular surface to the basal-most boundary of BrdU+ 

NPCs. The average of these three values was then used as a measure of the overall 

distribution of NPCs and their progression during INM. 

At 32s, the GZ was substantially thicker across the Nrp1-/- mutant hindbrain 

(Figure 4.2A; Figure 4.5B, 32s Nrp1+/+ 69.2±1.7 m vs. Nrp1-/- 79.7±7.6 m; 

p<0.05). The GZ became thinner at 36s in Nrp1-/- mutant hindbrains, thus returning 

to a similar thickness to that observed in wildtypes (Figure 4.5B, 36s Nrp1+/+ 76±2.9 

m vs. Nrp1-/- 72.4±8 m; p≥0.05). However, the GZ of NRP1-null embryos 

compacted further until 40s, in contrast to the GZ in wildtype embryos, which further 

thickened (Figure 4.2A; Figure 4.5B, 40s Nrp1+/+ 89±4.5 m vs. Nrp1-/- 68.1±4.6 

m; p<0.001). Therefore, whilst the GZ becomes progressively thicker over the 

period of 32-40s, the GZ in NRP1-null embryos becomes gradually thinner. As NPC 

nuclei migrate further from the ventricular surface during INM in the absence of 

niche signalling (Loulier et al., 2009, Tsuda et al., 2010), this suggests that NRP1 

may regulate INM in the mouse hindbrain. 
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Figure 4.5 NRP1 regulates the organisation of the hindbrain GZ. 

(A) Schematic representation of the method for quantifying hindbrain GZ thickness. 

The GZ thickness was defined as the average distance between the ventricular 

surface (V) and the basal-most point (grey dashed line) of BrdU+ NPCs (blue cells) 

at lateral, medial and peri-midline points in a single hindbrain hemisegment (purple 

line). pHH3+ cells in the VZ shown in green, orange line denotes midline; P, pial 

surface. 

(B) Quantification of GZ thickness as defined as average thickness of the BrdU+ GZ 

area (see 2.2.4; representative images shown in Figure 4.2). Data shown represents 

the mean ± standard deviation of the mean, n≥3 for each time point and genotype; * 

p<0.05, *** p<0.001. 
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4.2.6 NPC processes are mildly disorganised in NRP1-null hindbrains 

The majority of previous work on embryonic NPCs addresses the contact of 

NPC processes with the basal lamina at the pial surface (e.g. (Haubst et al., 2006). 

However, more recent research has shown that NPCs in the developing- and NSCs in 

the adult nervous systems contact blood vessels with endfoot protrusions that emerge 

from long processes (Misson et al., 1988, Tan et al., 2016, Mirzadeh et al., 2008, 

Ottone et al., 2014). I have observed that hindbrain NPCs also contact the SVP and 

associated lamina either via RC2+ endfeet or processes that interdigitate and wrap 

around the nascent vessel network (see Figure 3.6-Figure 3.8). 

In the SVZ of the adult rodent brain, disrupting the association between 

NSCs and blood vessels inhibits normal regulation of the cell cycle in NSCs and 

eventually leads to a reduced capacity for proliferation (Shen et al., 2008, Niola et 

al., 2012, Ottone et al., 2014). Given that loss of hindbrain vascularisation in Nrp1-/- 

mutants correlates with a precocious shift in NPC cell division, I examined whether 

blood vessels in the developing hindbrain act as a substrate for physical anchorage of 

NPCs that might be necessary for maintaining mitotic activity in progenitor cells 

(Figure 4.6A,B). 

Labelling with RC2 in transverse sections of 32s wildtype hindbrain shows 

that NPC processes project to both surfaces of the neuroepithelium, with extensive 

fasciculation near the pial basement membrane (upper-left panel in Figure 4.6A). In 

addition, some RC2+ densities clustered around the SVP. In the Nrp1-/- hindbrain, 

large areas lack blood vessels altogether (see Δ in lower panels in Figure 4.6A). 

However, at 32s, NPC processes in these regions appeared grossly normal. Greater 

process fasciculation was more prominent around poorly invasive radial vessels 

(chevron in lower-left panel in Figure 4.6A), but RC2+ processes were still largely 

orientated correctly, extending along the apicobasal axis of the hindbrain. 

At 40s, NPC processes extended across the hindbrain in both wildtype and 

NRP1-null embryos (middle panels in Figure 4.6A). In wildtype hindbrains, radial 

vessels feeding into the deeper plexus appeared to track perfectly with NPC 

processes in the basal compartment of the hindbrain (upper-middle panel in Figure 
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4.6A), whilst abnormal radial vessels in Nrp1-/- hindbrains were misaligned with 

NPC processes and angled towards the midline (wavy arrow in lower-middle panel 

in Figure 4.6A). Additionally, small regions of hindbrain still lacked vessel coverage 

and contained a disorganised mesh of RC2+ processes (Δ in lower-middle panel in 

Figure 4.6A). Moreover, processes also appeared somewhat tangled around the 

rudimentary and glomeruloid vessel network emerging in Nrp1-/- mutants. However, 

NPC morphology looked undisturbed in the apical- and basal-most compartments of 

the neuroepithelium. Therefore, NPC processes largely organise normally in 

vascularised regions of Nrp1-/-hindbrains, but do not align properly with radial 

vessels sprouting from the PNP. 

At 46s, avascular regions still remain in the NRP1-null hindbrain (fletched 

arrow in lower-right panel in Figure 4.6A). In these regions, NPC processes were 

severely disorganised and appeared to lose their normal alignment along the 

apicobasal axis. Processes were also tangled around the disorganised vessel network 

present but looked normal in most regions of hindbrain sections. In addition, some 

radial vessels were still poorly aligned with NPC processes in the basal compartment 

of the hindbrain, although this had improved in comparison to Nrp1-/- mutants at 40s 

(compare lower-middle and lower-right panels in Figure 4.6A). My observations of 

RC2 immunolabelling in the NRP1-null hindbrain indicate that whilst NRP1 does 

not appear important for gross organisation of NPC processes, process extension is 

mildly affected in regions either with abnormal vasculature or those lacking blood 

vessels altogether. 

Analysis of only LAMA1 expression, demarking the ECM at the basal lamina 

as well as on cerebrovasculature, shows that expression of laminin 1 is normal in 

hindbrains lacking NRP1 (compare upper with lower panels in Figure 4.6B). This 

suggests that NRP1 does not regulate expression of LAMA1 and that despite being 

poorly organised, blood vessels generate ECM in the Nrp1-/- hindbrain. 

These findings indicate that the organisation of NPC processes is not affected 

substantially by constitutive loss of NRP1 and is only perturbed in regions with 

impaired vascularisation. Vessels still retain LAMA1 expression in Nrp1-/- mutants, 
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suggesting that NPCs may still be able to associate with vascular ECM in spite of 

defective CNS angiogenesis. 
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Figure 4.6 RC2+ processes and laminin expression in NRP1-deficient 

hindbrains. 

(A) Maximal projections (xy) of confocal z stacks of 70 μm transverse sections from 

stage-matched wildtype and Nrp1-/- hindbrains after labelling with IB4 (red) and 

antibodies for RC2 (NPC processes, green) and LAMA1 (extracellular matrix, blue). 

(B) 3D surface renderings of images shown in (A) at indicated stages. 

(C) LAMA1 staining is preserved in the vasculature of NRP1-deficient hindbrains. 

Midline is to the left of each image; Δ denotes avascular regions; chevron indicates a 

poorly invasive radial vessel; wavy arrow denotes misaligned radial vessel; the 

feathered arrow indicates NPC process disorganisation. Scale bar: 100 μm. 

Abbreviations: P, pial surface; V, ventricular surface; SVP, subventricular vascular 

plexus; DP, deep plexus; PNP, perineural vascular plexus; GZ, germinal zone. 
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4.2.7 Neuropilin 1 regulates NPC division non-cell autonomously through 

germinal zone vascularisation 

NRP1 is expressed by both NPCs and hindbrain endothelial cells (Fantin et 

al., 2013a). To distinguish between NPC- and endothelial-specific roles for NRP1, I 

studied the pattern of hindbrain NPC mitosis in embryos selectively lacking Nrp1 in 

either the neural or endothelial lineage. Initially, I analysed Tie2-Cre; Nrp1c/- mutant 

embryos that lack NRP1 only in Tie2-expressing endothelium and microglia, as these 

mice fail to form a proper SVP (Fantin et al., 2013a). This would therefore determine 

whether the defects in NPC mitosis in Nrp1-/- mutants (Figure 4.4) stemmed from 

incomplete vascularisation of the hindbrain GZ. In comparison to embryos lacking 

NRP1 globally, however, Tie2-Cre; Nrp1c/- hindbrains retain a low level of 

vascularisation and form a basic but partially connected SVP at e12.5 (Fantin et al., 

2013a). This is due to incomplete recombination of Nrp1 by Tie2-Cre, resulting in 

endothelial cells that retain NRP1 expression and preferentially adopt the tip cell 

position to guide some vessel sprouts in the mouse hindbrain. 

I first defined how blood vessel defects in the hindbrain GZ of Tie2-Cre; 

Nrp1c/- mutant embryos compared with that in full Nrp1-/- animals. Transverse 

sections through the hindbrain of endothelial NRP1 mutants at 32s reveals that whilst 

radial vessels sprout further in the neural parenchyma than in full Nrp1-/- embryos, 

the GZ still remains poorly vascularised (lower-left panel in Figure 4.7A). 

Moreover, despite the protrusion of some radial vessels into the GZ, no SVP has 

formed at this stage either. This is in contrast to stage-matched wildtype embryos on 

the same C57BL/6 genetic background in which an SVP already occupies the GZ at 

32s (upper-left panel in Figure 4.7A). Towards the latter stages of hindbrain NPC 

mitosis at 48s, Tie2-Cre; Nrp1c-/- hindbrains are somewhat vascularised, with a 

rudimentary network of vessels present in the GZ of mutant embryos (see curved 

arrow in the lower-right panel in Figure 4.7A). These results indicate that similar to 

full Nrp1-/- mutants, Tie2-Cre; Nrp1c/- mutant embryos fail to form GZ vasculature at 

32s, but there is a partial recovery of GZ vascularisation later in development, likely 

resulting from incomplete deletion of Nrp1 in endothelial cells expressing Tie2-Cre 

(Fantin et al., 2013a). The organisation of RC2+ processes was similar in endothelial 

Nrp1 mutants to that in Nrp1-/- mutants (compare Figure 4.7B with Figure 4.6A). 



 152 

NPC processes were largely unaffected and appeared normal at both 32s and 48s, 

with disorganisation only occurring in areas that either contain abnormal vessels or 

lack vasculature altogether (see asterisk in bottom-right panel in Figure 4.7B) 

I next analysed the mitotic activity of hindbrain NPCs in Tie2-Cre; Nrp1c/- 

embryos that lack sufficient GZ vascularisation. Owing to cardiovascular defects 

(Plein et al., 2015), Tie2-Cre; Nrp1c/- mutant embryos also exhibit a developmental 

delay in comparison to wildtype littermates; therefore, I have compared mutants to 

stage-matched controls. At 36s, I observed significantly higher numbers of pHH3+ 

NPCs in mutant embryos (Figure 4.7C; left-hand graph in Figure 4.7D, 36s Nrp1+/+ 

178±10.4 pHH3+ VZ cells/0.25 mm2 vs. Tie2-Cre; Nrp1c/- 201±10.8; p<0.05), 

although this increase was smaller than in full Nrp1-/-
 mutants, correlating with a less 

severe vascularisation phenotype. However, NPCs were also significantly less 

mitotic in Tie2-Cre; Nrp1c/- hindbrains compared to stage-matched controls at 42s 

(left-hand graph in Figure 4.7D, 42s Nrp1+/+ 194±14.2 pHH3+ VZ cells/0.25 mm2 

vs. Tie2-Cre; Nrp1c/-: 165±13.4; p<0.05). As with full Nrp1-/- mutants, NPCs were 

also significantly less mitotic thereafter in endothelial-null NRP1 embryos (left-hand 

graph in Figure 4.7D, 45s Nrp1+/+ 167±14.7 pHH3+ VZ cells/0.25 mm2 vs. Tie2-

Cre; Nrp1c/- 143±6.4; 49s Nrp1+/+ 98.5±12.8 vs. Tie2-Cre; Nrp1c/- 78±13.5, p<0.01 

and p<0.05, respectively).  

The proportion of mitotic NPCs in anaphase followed a similar pattern in 

endothelial- compared to full Nrp1 mutants. At 36s, a significantly higher proportion 

of NPCs stalled in anaphase (right-hand graph in Figure 4.7D, 36s Nrp1+/+ 19±0.6% 

anaphase NPCs cells/total pHH3+ NPCs vs. Tie2-Cre; Nrp1c/- 30±4.5%, p<0.01). 

Similar to full Nrp1 mutant hindbrains, the proportion of mitotic NPCs in anaphase 

normalised during e11 (see 42s and 45s in right-hand graph in Figure 4.7D) before 

significantly decreasing in endothelial-specific Nrp1 embryos at later stages (right-

hand graph in Figure 4.7D, 49s Nrp1+/+ 30±1.3% anaphase NPCs cells/total pHH3+ 

NPCs vs. Tie2-Cre; Nrp1c/- 20±1.3%, p<0.001). 

Thus, as I observed in full Nrp1-/- mutants, NPCs in Tie2-Cre; Nrp1c/- mutant 

hindbrains stall in anaphase at 36s and then undergo a premature decline in mitosis 

thereafter. However, defects were less severe, potentially due to milder defects in 
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vessel growth in endothelial-specific Nrp1 mutants compared to embryos lacking 

Nrp1 globally. Therefore, the timing of NPC mitosis is perturbed in hindbrains 

lacking GZ vascularisation. 
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Figure 4.7 NRP1 regulates NPC mitosis non-cell autonomously through its role 

in GZ vascularisation. 

(A-C) Maximal projections (xy) of confocal z stacks from 70 μm transverse sections 

of stage-matched Tie2-Cre; Nrp1c/- and control hindbrains at the indicated stages 

after labelling with IB4 (red) and antibodies for pHH3 and BrdU (green and blue; A) 

or antibodies for RC2 and LAMA1 (green and blue; B), and through the VZ of 

flatmounted control, Tie2-Cre; Nrp1c/- and Nes-Cre; Nrp1c/- hindbrains at 36s after 

labelling with pHH3 (green, C). Arrowhead and curved arrow in (A) indicate blind-

ended radial vessel and crude vessel plexus, respectively; asterisk in (B) indicates a 

region where NPC processes appear disorganised. The dotted lines in (A) demarcate 

pial hindbrain boundaries at 48s; separation of the hindbrain parenchyme from the 
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PNP in the perineural membrane is a sectioning artefact. Abbreviations: V, 

ventricular surface; SVP, subventricular vascular plexus; DP, deep plexus; PNP, 

perineural vascular plexus. Scale bars: 100 μm. 

(D,E) Quantification of pHH3+ mitotic NPCs per 0.25 mm2 VZ at the indicated 

stages for Tie2-Cre; Nrp1c/- and stage-matched control hindbrains (D) and Nes-Cre; 

Nrp1c/- and littermate control hindbrains (E). The total number of pHH3+ NPCs per 

0.25 mm2 area and the proportion of NPCs in anaphase are shown in the left- and 

right-hand graphs, respectively. All graphs show the mean ± standard deviation of 

the mean, n≥3 for each time point and genotype; ns (not significant) p≥0.05, * 

p<0.05, ** p<0.01, *** p<0.001. 
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4.2.8 Neuropilin 1 is not required cell autonomously by hindbrain NPCs to 

regulate mitotic activity 

To determine whether loss of NRP1 from NPCs impairs NPC mitosis, I 

analysed the density of mitotic NPCs in the hindbrain VZ of embryos lacking NRP1 

in the neural lineage and compared this to mutant embryos lacking NRP1 globally. 

Prior work from my lab has shown that Nes-Cre; Nrp1c/- embryos lack NRP1 

expression specifically in hindbrain NPCs, and indeed across the whole 

neuroepithelium, yet retain it in both endothelial and microglial lineages (Fantin et 

al., 2013a). As a result, the hindbrain SVP forms normally (Fantin et al., 2013a). 

I used the Nes-Cre transgene to delete NRP1 from neural cells as its 

expression profile is ideally suited for studying hindbrain NPCs. Unlike the widely-

used Nestin-Cre transgene, Nes-Cre is expressed across the whole CNS by e9.5/25s 

(Petersen et al., 2002). In addition, despite expression of Nes-Cre in somites 

(Petersen et al., 2002), Nes-Cre; Nrp1c/- embryos are not developmentally delayed 

compared to wildtype littermates and possess an identical number of somites (data 

not shown). The Nes-Cre transgene also labels pericytes (Iwayama et al., 2015) but 

NRP1 expression has not been detected in these cells. 

Surprisingly, I did not detect differences in either the number of mitotic 

NPCs (left hand graph in Figure 4.7E) or the overall proportion of mitotic NPCs in 

anaphase (right hand graph in Figure 4.7E) between Nes-Cre; Nrp1c/- and wildtype 

littermates at any stages examined. For example, at 36s, when full Nrp1-/- mutant 

hindbrains demonstrate significantly higher levels of mitosis than in wildtype stage-

matched controls, the number of NPCs in mitosis and the proportion of NPCs in 

anaphase were normal in Nes-Cre; Nrp1c/- embryos (Figure 4.7C,E). The level of 

NPC mitosis did not differ in Nes-Cre; Nrp1c/- mutants at 42s or 51s either, whereas 

the number of pHH3+ NPCs was significantly lower at these stages approximately in 

full Nrp1-/- mutants (compare Figure 4.7E with Figure 4.4B). Additionally, the 

proportion of anaphase cells amongst the total cohort of mitotic NPCs was 

unchanged in Nes-Cre; Nrp1c/- mutants (right-hand graph in Figure 4.7E). 

Therefore, these data demonstrate that abnormal mitotic activity in NPCs in the 
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Nrp1-null hindbrain is not caused by a loss of cell autonomous NRP1 signalling in 

NPCs. 

4.2.9 Neuropilins 1 and 2 redundantly regulate hindbrain NPC mitotic activity 

Having established that GZ vasculature regulates timely NPC mitosis, I asked 

whether NRP1 additionally plays a role in hindbrain NPCs, for example by acting as 

a receptor for a specific ligand. In particular, both NRPs function in spinal cord 

NPCs as semaphorin receptors to maintain normal spindle orientation and 

additionally, compensate for one another (Arbeille et al., 2015). In analogy, both 

may regulate hindbrain NPCs similarly in the hindbrain, given its anatomical 

proximity to the spinal cord. Furthermore, as neither semaphorin (Vieira et al., 2007) 

nor VEGF-A (Fantin et al., 2014 and A. Fantin, unpublished observations) signalling 

through either NRP is important for hindbrain angiogenesis, any defects observed in 

semaphorin- or VEGF-A-specific NRP1 mutants would indicate that NRPs may 

transduce cell autonomous signalling in NPCs. 

To determine if NPC mitosis prematurely declines in the absence of 

semaphorin binding to NRP1 and/or NRP2, I analysed Nrp1Sema/Sema Nrp2-/- mutants. 

As the analysis of Nrp1 and Tie2-Cre; Nrp1c/- mutants had identified defects towards 

the end of the neurogenesis time course (46s and 49s respectively; Figure 4.4B and 

Figure 4.7D), I also analysed Nrp1Sema/Sema Nrp2-/- mutants at a late stage of 

hindbrain neurogenesis (49s). I observed that the number of NPCs in mitosis was 

decreased in Nrp2-/-
 hindbrains (Figure 4.8A, 49s Nrp2+/+ 128±8.1 pHH3+ VZ 

cells/0.25 mm2 vs. Nrp2-/- 107±14.8; p=0.057). However, dual loss of semaphorin 

signalling through both NRPs resulted in a significantly greater reduction in NPC 

mitosis (Figure 4.8A, 49s Nrp1+/+ Nrp2+/+ 128±8.1 pHH3+ VZ cells/0.25 mm2 vs. 

Nrp1Sema/Sema Nrp2-/- 78±9; p<0.001). These observations suggest that both NRPs act 

redundantly to maintain normal levels of NPC cell division at later stages of 

hindbrain development. 

In contrast to global or endothelial Nrp1 mutants, loss of NRP2 or compound 

deletion of semaphorin signalling through both NRPs did not significantly perturb 

the overall proportion of mitotic NPCs in anaphase (Figure 4.8B). However, I did 
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detect a small increase in the percentage of anaphase NPCs in Nrp2-/- embryos that 

was not statistically significant (Figure 4.8B, 49s Nrp2+/+ 27±3% anaphase NPCs 

cells/total pHH3+ NPCs vs. Nrp2-/- 33±4%; p=0.07). Unexpectedly, however, NRP2 

is not as widely expressed across the hindbrain neuroepithelium as NRP1 (Fantin et 

al., 2013a), and only appears to be present at the midline between 32-46s, as well as 

on axon fibres leaving the hindbrain at 46s (Figure 4.8C). Therefore, it is unclear 

how NRP2 can be important in maintaining hindbrain NPC mitosis given its limited 

expression pattern. 

Overall, these observations indicate that both NRPs act redundantly by 

transducing semaphorin signals to maintain NPC mitosis at 49s, although NRP2 may 

be more influential in NPCs than NRP1. Indeed, I have not tested whether VEGF-A 

signals through NRP2. Future work is also needed to establish whether semaphorin 

signalling through both NRPs or VEGF-A signalling through NRP2 are required by 

hindbrain NPCs prior to the end stages of hindbrain development. 

  



 159 

 

 

 

 

 

 

 

 

 

 

Figure 4.8 Semaphorin signalling through NRPs in NPCs regulates NPC 

mitosis. 

(A-B) Quantification of mitotic NPCs in wildtype (Nrp1+/+ Nrp2+/+), Nrp1+/Sema 

Nrp2+/-, Nrp1+/+ Nrp2-/- and Nrp1Sema/Sema Nrp2-/- hindbrains. The total number of 

pHH3+ NPCs per 0.25 mm2 area and the proportion of NPCs in anaphase are shown 

in (A) and (B), respectively. All graphs show the mean ± standard deviation of the 

mean, n≥2 for each time point and genotype. ns (not significant) p≥0.05, significant 

p<0.05. 

(C) Maximal projection (xy) of confocal tile scan z stacks of 10 μm transverse 

sections of wildtype hindbrains after labelling for NRP2. Arrow indicates that NRP2 

is expressed predominantly at the midline. Note that fluorescence in non-midline 

areas in top panel results from non-specific, background immunolabelling. Scale bar: 

100 μm. 
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4.2.10 Hindbrain NPCs express VEGFR2 in vitro but not in vivo 

I next asked whether VEGFR2 acts with NRP1 in partial redundancy to 

convey VEGF-A signals in hindbrain NPCs. By performing wholemount 

immunolabelling for SOX2+ NPCs, IB4+ endothelial cells and VEGFR2, I was able 

to define potential VEGFR2 expression in the VZ and SVP within the same confocal 

z stack obtained from a single hindbrain. At the ventricular surface, where SOX2+ 

NPCs reside, VEGFR2 expression is completely absent across the main period of 

hindbrain development (e9.5-12.5; top panels in Figure 4.9A). In contrast, the IB4+ 

SVP in the same hindbrains expresses VEGFR2 abundantly, as expected for actively 

sprouting and remodelling vasculature (Gerhardt et al., 2003) bottom panels in 

Figure 4.9A). 

To determine whether expression of Kdr, which encodes the VEGFR2 

protein, is a feature specific to hindbrain-derived, cultured NPCs, I performed PCR 

on cDNA generated from either hindbrain NPCs (in vivo) or neurospheres (NPCs 

propagated in vitro). CD133+ hindbrain NPCs were isolated via fluorescence-

activated cell sorting from e10.5 hindbrain (FACS; see Figure 5.5A for description 

of FACS isolation of NPCs) whilst neurospheres were generated by dissociating 

NPCs from e10.5 hindbrains and culturing them in neurosphere medium for 2 weeks 

to prevent contamination of endothelial cells (see 2.2.8 for full protocol). Kdr is not 

expressed in FACS-isolated hindbrain NPCs either, but upregulates in neurospheres 

(compare left and middle lanes in Figure 4.9B). These results agree with 

observations elsewhere in the developing mammalian CNS that VEGFR2 is not 

required by NPCs in vivo (Javaherian and Kriegstein, 2009, Haigh et al., 2003), but 

regulates neurosphere cultures in vitro (Wada et al., 2006). 
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Figure 4.9 VEGFR2 is expressed by hindbrain vessels and cultured hindbrain 

NPCs, but not by hindbrain NPCs in vivo. 

 (A) Maximal projection (xy) of confocal z stacks through mouse embryo hindbrains 

at the indicated stages after wholemount immunolabelling with the dual vessel and 

microglia marker IB4 (red) together with antibodies for SOX2 (NPC nuclei marker; 

green) and the VEGF-A receptor VEGFR2 (blue) imaged at the level of the VZ (top 

panels) and SVP in the same hindbrain for each stage (bottom panels). 

Abbreviations: VZ, ventricular zone; SVP, subventricular vascular plexus. Scale bar: 

100 μm. 

(B) RT-PCR for Kdr from cDNA isolated from either FACS-isolated NPCs (FACS 

NPCs) or neurospheres (NeSph), with a no template (water; H2O only) control. 

Molecular weight (MW) indicated on the left-hand side . 
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4.2.11 Microglia do not regulate hindbrain NPC mitosis 

Microglia have an evolutionarily conserved role in forebrain neurogenesis, 

begin entering the hindbrain during the peak period of neurogenesis at around e10.5 

and also express NRP1 (Fantin et al., 2010, Cunningham et al., 2013). Therefore, 

NRP1 may also regulate NPC mitosis through an additional, non-cell autonomous 

role in microglia. I therefore examined whether hindbrains lacking microglia possess 

similar defects in NPC mitosis as observed in full Nrp1-/- hindbrains by performing 

wholemount immunolabelling for pHH3 in both Pu.1-/- mutant and wildtype 

littermate embryos at the tail end of hindbrain neurogenesis. 

However, I did not detect any significant difference in the level of NPC 

mitosis between Pu.1-/- embryos and controls at 50s (Figure 4.10A, Pu.1+/+ 86±14.8 

pHH3+ VZ cells/0.25 mm2 vs. Pu.1-/- 93±15.9; p≥0.05). In addition, the proportion of 

mitotic NPCs in anaphase was normal in Pu.1-/- mutants (Figure 4.10B, 50s Pu.1+/+ 

28±4% anaphase NPCs cells/total pHH3+ NPCs vs. Pu.1-/- 29.5±4%, p≥0.05). Thus, 

it is unlikely that microglia are required to maintain NPC cell division to late stages 

of hindbrain neurogenesis. This analysis does not, however, exclude roles for 

microglia in other aspects of neurogenesis, or indeed potential regulation of NPC 

mitosis by hindbrain microglia at other stages. 
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Figure 4.10 Microglia do not regulate hindbrain NPC mitosis at 50s. 

(A-B) Quantification of mitotic NPCs in wildtype and Pu.1-/- hindbrains. The total 

number of pHH3+ NPCs per 0.25 mm2 area and the proportion of NPCs in anaphase 

are shown in (A) and (B), respectively. All graphs show the mean ± standard 

deviation of the mean, n≥2 for each time point and genotype. ns (not significant) 

p≥0.05. 
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4.3 Discussion 

The use of somite staging has been used historically for accurately defining 

periods of organogenesis and tissue morphogenesis during development (Theiler, 

1989). During my PhD, I have used it similarly for precisely matching mutant 

embryos with defects in blood vessel growth with appropriate controls. I have shown 

that hindbrain NPCs divide rapidly and over a short space of time, and the trend in 

NPC mitosis changes significantly over just a few hours (Figure 3.4). This highlights 

the need for stage matching, as any difference determined between wildtype and 

NRP1-null embryos, for example (Figure 4.1), may partially or completely result 

from the developmental delay, and thus hinder analysis of neural development. 

Therefore, by precisely staging mutant embryos and comparing them to stage-

matched wildtype animals from a different litter based on the number of somite pairs, 

I have eliminated any potential experimental bias arising from a delay in 

development. 

I considered the possibility that NRP1 affects somitogenesis and therefore 

precludes accurate stage matching. However, this is unlikely for two key reasons. 

Firstly, NRP1 is not expressed by the paraxial mesoderm that makes up the somite, 

but instead by the neural crest cells that migrate past and between the somites 

(Schwarz et al., 2009). Secondly, embryos lacking NRP1 in endothelial and 

microglial cells only (Tie2-Cre; Nrp1c/-) also possess a developmental delay in 

comparison to wildtype littermates. Therefore, it is likely that the delay results from 

severe cardiovascular defects observed in full and endothelial-specific Nrp1 mutants 

and not from a role in regulating somitogenesis (Plein et al., 2015, Kawasaki et al., 

1999). 

NRP1 is crucial for vessel outgrowth and fusion in both the developing hindbrain 

and postnatal retina (Raimondi et al., 2014, Fantin et al., 2015). In the former, I have 

demonstrated that it is required for the formation of the SVP that is ideally situated to 

supply the GZ (Figure 4.2). However, despite the fact that filopodial extensions 

from endothelial cells project to the layer of mitotic NPCs ( 

 

Figure 3.2), it is not clear why the SVP does not form as close to the 

ventricular surface. NPCs may balance the effect of expressing pro-angiogenic 
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VEGF-A by secreting factors that are inhibitory towards further vessel growth, like 

sFLT1. Alternatively, an unknown anatomical landmark, such as a limiting 

membrane, may physically restrict radial vessels from sprouting as far as the 

ventricular surface. This possibility seems less likely, however, as it could also 

perturb hindbrain INM. 

I have also shown that hindbrain GZ vascularisation occurs in a partially 

‘dose-dependent’ manner with respect to NRP1 expression. Thus, the GZ contains 

some sparse vasculature at 32s following only partial recombination of NRP1 in 

Tie2-expressing blood vessels (Tie2-Cre; Nrp1c/- embryos, Figure 4.7) but is 

completely avascular when NRP1 is constitutively lost (Nrp1-/- embryos, Figure 4.2; 

(Fantin et al., 2013a). Whilst we can exclude roles for NRP1 in transducing both 

SEMA3 (Vieira et al., 2007) and VEGF-A (Fantin et al., 2014) signals during 

hindbrain angiogenesis, it is possible that an unidentified ligand promotes GZ 

vascularisation in addition to ECM signalling (Raimondi et al., 2014). Furthermore, 

NRP1 likely functions in a co-receptor complex during SVP formation, but no co-

receptor has of yet been identified. 

It is unclear, however, whether the loss of GZ vasculature in particular has a 

significant effect on normal NPC behaviour. Despite showing delayed outgrowth of 

radial vessels, poor GZ vascularisation and a rudimentary vessel network, equal 

numbers of radial vessels ingress into the Nrp1-null hindbrain (Fantin et al., 2015) 

and the neuroepithelium contains patent vasculature (see Figure 4.2 and Figure 4.6). 

This vasculature is likely sufficient for tissue homeostasis, as cell survival is not 

compromised in Nrp1-/- embryos (Figure 4.3), indicating that defective angiogenesis 

does not render hindbrains ischaemic. Hindbrain NPCs in Nrp1-/- embryos may also 

receive sufficient blood flow for tissue oxygenation and/or potential angiocrine 

signalling, and impaired vascularisation of the GZ does not necessarily negate the 

delivery of either oxygen or secreted ligands that can diffuse long distances. This is 

exemplified by the long-range action of VEGF-A in both the embryonic (Ruhrberg et 

al., 2002) and postnatal CNS (Ruiz de Almodovar et al., 2010). Assessing the 

diffusible range of secreted factors, like with the small fluorescent molecule 

fluorescein, should help define whether vessel-derived cues are still able to reach the 
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entire neuroepithelium despite defects in angiogenesis. This method of defining the 

perfusable area around cerebrovasculature has been employed for studies of the SVZ, 

although the CSF there can also act as an additional route for the delivery of 

fluorescein to NSCs (Tavazoie et al., 2008). For these considerations, I have 

addressed the role of GZ vasculature in tissue oxygenation later in this thesis (see 

5.2.6). 

Perineural blood vessels are required for regulating cell division in NSCs and 

loss of paracrine signalling from cerebrovasculature impairs long-term adult 

neurogenesis (Ottone et al., 2014, Shen et al., 2008, Delgado et al., 2014, Andreu-

Agullo et al., 2009). My analysis of hindbrains that lack Nrp1 either globally or in 

endothelial cells only demonstrates that the precise timing of NPC mitotic activity is 

regulated by the SVP that occupies the GZ (Figure 4.4 and Figure 4.7). Yet, it is 

unclear what specifically causes the increase in pHH3+ NPCs following the loss of 

NRP1 between 32-36s. This increase does not appear to be the result of a rise in NPC 

cell division; instead, progenitors in the hindbrain appear to stall in anaphase. The 

increased time spent in mitosis, therefore, may directly precede a switch to 

neurogenic divisions that ultimately deplete the NPC pool. This ‘mitotic lag’ that has 

been reported to perturb NPC behaviour in the developing forebrain (Pilaz et al., 

2016). Prolonged mitosis in aRG results in the generation of neurons rather than 

APs, preventing any further expansion of the neural lineage. In this study, 

organotypic culture of forebrain sections was utilised to visualise NPC mitosis in real 

time (Pilaz et al., 2016). Unfortunately, however, immature blood vessels degenerate 

quickly ex vivo (Schwarz et al., 2004) and even in vivo postnatally (Licht et al., 

2015), preventing this form of analysis for examining vascular regulation of NPCs. 

Surprisingly, despite widespread expression across hindbrain NPCs, NRP1 

does not modulate NPC mitotic activity directly (Figure 4.7), as documented for 

other membrane-bound receptors like NOTCH1 or p75NTR (Shimojo et al., 2008, 

Ahmed et al., 1995). I have shown that NPC mitosis is only perturbed after dual loss 

of semaphorin signalling through both NRPs, suggesting that NRP2 may indeed 

offset any loss in function resulting from the elimination of SEMA-NRP1 signalling 

(Figure 4.8). Moreover, NRP2 itself may actually be indispensable, as the decrease 
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in mitosis observed in Nrp2-/- hindbrains at 49s would likely become statistically 

significant with a greater sample size (n=2). This is somewhat surprising, however, 

given that NRP2 only appears to be expressed prominently at the midline from 32-

46s and it is unclear how it can function in VZ NPCs given it is not expressed at the 

ventricular surface. 

NRP1 may be required for normal orientation of the mitotic spindle in spinal 

cord NPCs that likely develop similarly to hindbrain NPCs given their anatomical 

proximity to one another (Arbeille et al., 2015). Yet, it is unclear whether one or both 

neuropilins are required for this process in the spinal cord as spindle orientation was 

only studied in embryos lacking semaphorin binding to both NRP1 and NRP2 

(Arbeille et al., 2015). Whilst I have not examined mitotic spindle orientation of 

hindbrain NPCs in embryos selectively lacking Nrp1 in the neural lineage, I have 

studied the pattern of NPC mitosis in these embryos and observed that the pattern of 

cell division is unchanged. In contrast, loss of SEMA3B, which is proposed to bind 

either one or both of NRP1 and NRP2 in the spinal cord, results in the precocious 

decline of mitosis in the spinal cord VZ at e11.5, as well as the premature generation 

of Islet1/2+ motoneurons (Arbeille et al., 2015). Unfortunately, it has not been 

defined unequivocally whether SEMA3B signals through NRP1 and/or NRP2 in 

NPCs. By analysing NPCs in Nes-Cre; Nrp1c/- spinal cords, future work could 

determine whether SEMA3B binds to NRP1, and whether SEMA3B signals solely 

through NRP1 or if NRP2 acts redundantly with NRP1 to ensure correct spindle 

orientation. 

I have shown additionally that VEGF-A does not signal through the receptor 

tyrosine kinase VEGFR2, as VEGFR2 is not expressed by NPCs throughout the 

period of hindbrain neurogenesis (25-50s; Figure 4.9), despite being abundantly 

expressed by nearby endothelium. This finding is in agreement with the lack of 

VEGFR2 expression by non-endothelial cells in the embryonic forebrain (Javaherian 

and Kriegstein, 2009), suggesting that VEGF-A does not signal directly through its 

classical receptor in NPCs during development. Furthermore, conditional deletion of 

VEGFR2 in neural cells did not affect NPC proliferation in the forebrain of Nes-Cre; 
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Kdrc/- embryos, although efficient knockdown of VEGFR2 was not confirmed in 

these animals (Haigh et al., 2003). 

These observations are in stark contrast to studies performed on embryonic 

NPCs propagated in culture, that require VEGF-A/VEGFR2 signalling to maintain 

cell survival and ensure expansion of NPCs in vitro (Wada et al., 2006). In 

agreement, I have shown that only cultured ‘neurospheres’ derived from hindbrain 

NPCs, not FACS-isolated NPCs, express Kdr, indicating that VEGFR2 may only be 

expressed once progenitors have been isolated from their position in vivo and 

propagated in culture. Placing NPCs in culture may separate them from a vital 

signalling mechanism from the surrounding niche that maintains cell survival and 

would normally negate the need for additional neuroprotective VEGF-A signals. 

Taken together, these results suggest that cell autonomous VEGF-A/VEGFR2 pro-

survival signalling is likely to be a requirement of in vitro NPCs only. 

These findings also indicate that VEGFR2 is unlikely to function in a co-

receptor complex with NRP1 to convey VEGF-A signals in hindbrain NPCs. NRP1 

may regulate other aspects of NPC behaviour cell autonomously in hindbrain NPCs 

that I have not studied during my PhD and therefore, NRP1 may yet operate as a 

VEGF-A receptor. However, VEGF-A signalling through NRP1 in neural cells has 

only been demonstrated in post-mitotic neurons that are actively sprouting axons or 

undergoing neuronal migration (Schwarz et al., 2004, Erskine et al., 2011). 

INM progresses in phase with the NPC cell cycle and NPC nuclei travel 

further from towards the pial surface when G1 lengthens (Del Bene et al., 2008, 

Baye and Link, 2007). My analysis of the GZ in Nrp1-/- hindbrains shows that NPCs 

migrate further from the ventricular surface at 32s but I have not yet determined 

whether NRP1 maintains INM through a direct role in NPCs or by promoting the 

formation of the SVP (Figure 4.5). 

NRP1 may directly regulate INM by transducing chemorepulsive semaphorin 

signals to limit basal migration of NPC nuclei, similar to those that restrict the 

migration of the soma of post-mitotic neurons (Tamamaki et al., 2003). However, 

this would not explain why NPC nuclei migrate less towards the pial surface at 40s 
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in Nrp1-/- embryos, causing the GZ to become significantly thinner, if NRP1-induced 

chemorepulsion is a continued requirement. 

Alternatively, the SVP itself may regulate basally-directed INM. Firstly, the 

SVP could act as a physical barrier for NPCs undergoing INM, thus slowing the 

progression of NPC nuclei towards the pial surface. Indeed, it has been suggested 

previously that INM may be regulated by the physical restriction of migrating NPCs 

by surrounding cells (Taverna and Huttner, 2010). Secondly, the SVP may actually 

act as a migratory substrate for NPCs to enhance INM, similar to migrating 

neuroblasts along the RMS (Snapyan et al., 2009). However, this seems unlikely 

given that NPCs migrate further in Nrp1-/- hindbrains that lack vasculature. Live 

imaging of hindbrain NPCs undergoing INM could define whether the SVP directly 

regulates nuclear migration. However, as discussed previously, this is not yet 

attainable. 

RC2+ NPC processes extend normally between the ventricular and pial 

surfaces in almost all regions of the hindbrain in NRP1-null embryos, but are mildly 

disorganised and entangled in regions with abnormal or absent blood vessels (Figure 

4.6). However, I have not yet determined whether NRP1 regulates process 

organisation cell autonomously by enabling cell adhesion, or non-cell autonomously 

by promoting formation of the SVP that then acts a substrate for NPC anchorage. 

NRP1 itself is hypothesized to mediate cell adhesion in the developing avian 

CNS and could therefore be required for process attachment to hindbrain vasculature 

(Shimizu et al., 2000, Takagi et al., 1995). NRP1 is expressed along the length of 

NPC processes during hindbrain development (Fantin et al., 2013a) so may also be 

required for adhesion to other NPCs, or even to facilitate the radial migration of 

newly-generated neurons (Noctor et al., 2001). Analysis of process organisation in 

Nes-Cre; Nrp1c/- embryos should demonstrate whether NPCs use NRP1 to tether 

themselves to blood vessels or indeed, to each other. Radial vessels may also require 

NRP1 to maintain alignment with NPC processes, given that radial vessels do not 

track properly with processes in the basal compartment of the Nrp1-/- hindbrain 

(Figure 4.6). NPCs may therefore facilitate radial vessel outgrowth from the PNP 

through a role cell adhesion, in addition to their role in stabilising immature vascular 
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networks (Ma et al., 2013). However, the ligand(s) responsible for NRP1-mediated 

cell adhesion is not yet known (Raimondi et al., 2016). 

On the other hand, NRP1 may facilitate NPC attachment to hindbrain 

vasculature by promoting formation of the SVP. The disorganisation of processes in 

avascular regions of both Nrp1-/- and Tie2-Cre; Nrp1c/- hindbrains suggests that NPC 

processes may lose a vital anchorage point when angiogenesis is impaired, although I 

have not unequivocally established whether NPCs detach from blood vessels. As 

LAMA1 is still abundantly expressed by hindbrain blood vessels, NPCs may still be 

able to attach to the sparse vasculature that remains via laminin-integrin interactions, 

like those in the forebrain (Tan et al., 2016). 

My analysis of mitotic NPCs in Pu.1-/- hindbrains suggests that microglia are 

not essential for sustaining NPC mitosis until later stages of hindbrain development, 

despite expressing NRP1 (Fantin et al., 2010). NPC mitosis remains at normal levels 

at 50s in embryos lacking all cells from the myeloid lineage, in contrast to the 

decline in cell division observed in embryos lacking NRP1 globally or in endothelial 

cells only at a similar stage (compare Figure 4.4 and Figure 4.7 with Figure 4.10). I 

have not examined whether microglia are required for regulating NPCs at earlier 

stages, such as at e11.5 when they are most abundant in the hindbrain during the 

period of vascular anastomosis (Fantin et al., 2010).  

The SVP is poorly connected in the absence of microglia, as a result of 

reduced vessel fusion (Fantin et al., 2010), but this too does not appear to affect NPC 

mitosis at 50s. It seems more likely that the presence of endothelium in the GZ, 

rather than its correct organisation into a well-formed vessel plexus, is key to 

maintaining NPC mitosis into later stages of hindbrain development. Microglia 

themselves are sources of secreted factors, such as VEGF-C, but microglial VEGF-C 

has only been shown to play a role in postnatal retinal angiogenesis (Tammela et al., 

2011). As VEGF-C regulates NPCs elsewhere in the developing vertebrate CNS (Le 

Bras et al., 2006), it is possible that it may be required also in the hindbrain. 

However, VEGF-C secreted by microglia clearly does not regulate NPC mitosis at 

50s. 
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Specific roles for microglia also likely differ between the embryonic 

forebrain and hindbrain. Microglia actively maintain NPCs in both lissencephalic 

and gyrencephalic cortex during development, but may not possess the same function 

in the hindbrain that expands less and lacks BPs (Kwon and Hadjantonakis, 2007, 

Cunningham et al., 2013). In addition, microglia remain within the cortex long after 

birth (Cunningham et al., 2013) but depart from the hindbrain in mid-late gestation 

(A. Plein, unpublished observations), suggesting that microglia are required 

specifically by NPCs that are responsible for generating the cortex and keep 

expanding later into development (Fernandez et al., 2016). 

4.4 Summary 

NPC mitosis is regulated non-cell autonomously by NRP1, which promotes 

formation of GZ vasculature that sustains NPC cell division until later stages of the 

hindbrain neurogenesis time course. NPCs also undergo INM abnormally in Nrp1-

null hindbrains whilst NPC processes are disorganised in hindbrains that lack timely 

SVP formation. Conversely, NRP1 is not required cell autonomously by NPCs for 

maintaining the normal pattern of mitosis and may function redundantly with NRP2 

as a semaphorin receptor. These results indicate that GZ vascularisation is required 

to maintain normal levels of NPC proliferation and suggests that blood vessels in the 

embryonic CNS regulate NPCs through unidentified angiocrine signals. 
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Chapter 5 HINDBRAIN GERMINAL ZONE VASCULATURE 

REGULATES NEURAL PROGENITOR CELL SELF-

RENEWAL  

5.1 Introduction 

NPCs balance self-renewal with differentiation, and prolonged self-renewal is 

essential for sustaining progenitor numbers later into development. Accordingly, 

premature loss of NPC self-renewal at early stages of neurogenesis results in 

depletion of NPC populations thereafter, compromising growth of the 

neuroepithelium (Hatakeyama et al., 2004, Sansom et al., 2009). I have observed a 

premature decline in the number of mitotic NPCs in hindbrains with impaired SVP 

formation (Chapter 4). It is therefore conceivable that the pool of NPCs becomes 

prematurely depleted in the absence of sufficient GZ vasculature due to the reduced 

self-renewal of early-formed progenitors. Alternatively, or additionally, NPCs may 

lose their capacity for cell division following the loss or reduction of mitogenic 

signals originating from hindbrain blood vessels. I have therefore determined 

whether NPCs lose their capacity to self-renew and whether reduction in NPC self-

renewal impairs the overall growth of the hindbrain organ. 

My observation of mitotic stalling of NPCs in Nrp1-/- and Tie2-Cre; Nrp1c/- 

hindbrains raises the possibility that loss of GZ vasculature alters cell cycle 

behaviour in NPCs. I have therefore determined the proportion of NPCs within each 

major cell cycle phase in stage-matched control and Nrp1-/- hindbrains and compared 

their expression of the gene encoding the cell cycle regulator cyclin D1. 

Towards the end of my PhD research, it was demonstrated that 

vascularisation of the developing dorsal forebrain relieves local tissue hypoxia, 

which in turn allows aRG to differentiate into more fate-restricted BPs (Lange et al., 

2016). Given that both the outgrowth of radial vessels and overall vascularisation are 

impaired in both Nrp1-/- and Tie2-Cre; Nrp1c/- hindbrains, I have examined whether 

defects in NPC proliferation may stem from reduced oxygenation of the 

neuroepithelium.  
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In the adult CNS, NSCs receive substantial angiocrine signalling from 

adjacent cerebrovasculature. I have therefore performed an expression screen to 

determine whether genes regulating neurogenesis extrinsically are differentially 

expressed in Nrp1-/- hindbrains. Finally, I have determined whether hindbrain blood 

vessels express a range of molecules known to regulate NPCs in the developing 

CNS. 

5.2 Results 

5.2.1 Loss of germinal zone vascularisation reduces neural progenitor cell 

cycle re-entry 

Hindbrains lacking GZ vascularisation (in Nrp1-/- and Tie2-Cre; Nrp1c/- 

embryos) show a decline in mitotic activity after the time when the SVP is normally 

formed in wildtypes (Figure 4.4 and Figure 4.7). This finding raises the possibility 

that NPCs undergo a premature loss of proliferative capacity and that NPC stemness 

may be regulated by vessel derived signals, analogous to those originating from the 

CSF to regulate NPCs in the forebrain (Megason and McMahon, 2002). To 

determine whether GZ vasculature sustains NPC mitotic activity, I have determined 

the proportion of NPCs that undergo self-renewal in full and endothelial-specific 

Nrp1-null hindbrains at 32s when the SVP normally forms. 

I have defined NPC ‘self-renewal’ as the capacity for NPCs to re-enter the 

cell cycle to undergo further divisions. For this experiment, pregnant dams were 

administered 300 mg kg-1 of BrdU at approximately e9.5 before hindbrains were 

collected 24 hours later at the 32s stage (Figure 5.1A). BrdU would be incorporated 

into genomic DNA by all cell cycling NPCs at e9.5/25s, i.e. the majority of all 

hindbrain cells (note that most of the hindbrain is occupied by mitotic or S-phase 

NPCs in far left panel in Figure 3.5). I then immunolabelled 10 μm-thick transverse 

sections of stage-matched 32s stage-matched wildtype, Nrp1-/- and Tie2-Cre; Nrp1c/- 

hindbrains for BrdU and the proliferation marker Ki67. Ki67 is expressed in cells 

preparing to undergo cell division from roughly the end of G1 (Scholzen and Gerdes, 

2000). Accordingly, cells double-labelled with BrdU and Ki67 24 h after initial BrdU 

administration are actively cycling NPCs. In contrast, Ki67- BrdU+ cells are post-
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mitotic cells, most likely differentiated neurons. I did not expect to observe Ki67+ 

BrdU- cells, as all cycling NPCs should incorporate BrdU at e9.5 and ensure that all 

NPCs generated thereafter would be labelled with BrdU as well. Consistent with a 

loss of proliferative capacity later on in hindbrain development (Figure 4.4 and 

Figure 4.7), I detected significantly fewer Ki67+ NPCs (which were all also BrdU+) 

in both Nrp1 mutant strains compared to stage-matched controls (Figure 5.1C, 

Ki67+BrdU+ in all BrdU+ at 32s: Nrp1+/+ 84.5±5.9% vs. Nrp1-/- 59±6.3% vs. Tie2-

Cre; Nrp1c/- 72.5±2%; p<0.01 for both vs. wildtype). I observed a significantly lower 

proportion of double-labelled NPCs in full Nrp1-/- mutants compared to endothelial-

specific Nrp1 hindbrains (p<0.05), likely because vascular defects are more severe in 

full NRP1 mutants compared to Tie2-Cre; Nrp1c/- embryos. Therefore, 

vascularisation of the GZ at 32s ensures that NPCs continue to cycle. 

Interestingly, more single BrdU+ cells were present at the pial basement 

membrane in both types of Nrp1 mutants compared to controls, suggesting that 

NPCs exit the cell cycle and terminally differentiate earlier in hindbrains lacking GZ 

vasculature at or just before 32s (representative images shown in Figure 5.1B).  

To determine whether NPC cell cycle re-entry is impaired also at 40s and 

46s, I performed similar birth dating experiments in Nrp1-/- embryos, because their 

GZ vascularisation recovers less than that of endothelial-specific Nrp1 mutants at 

later stages. Thus, pregnant dams were administered BrdU at e10.5 and e11.5 and 

hindbrains were analysed 24 h later (embryos were analysed at 40s and 46s because 

of the developmental delay; Figure 5.2A). Interestingly, the proportion of Ki67+ 

BrdU+ cells in all BrdU+ cells was not different between wildtype and Nrp1-/- 

hindbrains at either stage (compare the size of yellow and red bars in Figure 5.2B at 

40s and 46s).  

Even though the proportion of cycling NPCs was unchanged at 40s and 46s, 

the total number of BrdU+ cells and Ki67+ NPCs in Nrp1-/- hindbrains was reduced in 

mutants compared to controls at 46s (Figure 5.2C,D, 46s Nrp1+/+ 1289±154 BrdU+ 

cells per section, 740±71 Ki67+ NPCs per section vs. Nrp1-/- 589±98 BrdU+ cells per 

section, 344±101 Ki67+ NPCs per section; p<0.01 for both values). Indeed, 

transverse sections of Nrp1-null hindbrains contained visibly fewer BrdU-labelled 
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cells and basal, abventricular regions specifically lacked BrdU+ cells (see Δ in 

representative images in Figure 5.2E). This suggests that fewer cell cycling NPCs 

are in S-phase at and following e11.5 (i.e. 24 h prior to analysis at 46s) to take up 

BrdU and agrees with the observation that fewer NPCs are in mitosis at this stage 

(Figure 4.4). 

 Taken altogether, these data indicate that the SVP is required to maintain 

NPC cell cycle re-entry at 32s and sustain the overall number of NPCs thereafter. 

Partial recovery of hindbrain vascularisation at 40s and 46s in Nrp1-null hindbrains 

may underlie the apparent restoration of normal cycling behaviour in NPCs that have 

escaped the earlier phase of increased cell cycle exit. Alternatively, later populations 

of NPCs may be less sensitive to signals provided by GZ vasculature than their 

earlier counterparts. In any case, this normalisation of cycling behaviour is unable to 

prevent depletion of the pool of cycling NPCs. 
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Figure 5.1 NPC cell cycle re-entry is impaired in hindbrains lacking GZ 

vasculature at 32s. 

(A) Schematic representation of the BrdU birth dating strategy. Embryos received 

BrdU at approximately e9.5 and were analysed at 32s. The blue line represents the 

general trend of NPC mitosis across the main phase of hindbrain neurogenesis. 

(B) 10 μm transverse sections from 32s stage-matched wildtype, Nrp1-/- and Tie2-

Cre; Nrp1c/-; Tie2-Cre hindbrains were labelled with antibodies for BrdU and Ki67. 

Dotted lines demarcate the basal hindbrain surface. Scale bar: 20 μm. Arrowheads 

indicate example of a Ki67-/BrdU+ cell. Abbreviations: P, pial surface; V, ventricular 

surface. 

(C) Proportion of Ki67+BrdU+ in all BrdU+ cells (see 2.2.4). Data are expressed as 

mean ± standard deviation of the mean; n≥3 for each genotype; * p<0.05, ** p<0.01.  
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Figure 5.2 The proportion of cycling NPCs is normal in the Nrp1-/- hindbrains at 

40s and 46s, but fewer cycling NPCs are present. 

(A) Schematic representation of the BrdU birth dating strategy. Embryos received 

BrdU at either approximately e10.5 or e11.5 and were analysed 24 h later at e11.5 or 

e12.5, respectively. Owing to the developmental delay, Nrp1-/- mutants collected at 

e11.5 and e12.5 corresponded to 40s and 46s, respectively. The blue line represents 

the general trend of NPC mitosis across the main phase of hindbrain neurogenesis. 
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(B-D) Proportion of either Ki67- BrdU+ (pink or red bars) or Ki67+ BrdU+ (yellow or 

amber bars) in all BrdU+ cells (B). Total number of BrdU+ cells following 24 h 

labelling at the indicated stages (C) and total number of Ki67+ cells at the indicated 

stages (D). Data are expressed as mean ± standard deviation of the mean; n≥3 for 

each genotype; ns (not significant) p≥0.05, ** p<0.01.  

(E) 10 μm transverse sections 46s stage-matched wildtype and Nrp1-/- hindbrains 

were labelled with antibodies for BrdU and Ki67. Dotted lines demarcate the basal 

hindbrain surface. Scale bar: 20 μm. Arrow indicates example of a Ki67- BrdU+ cell 

away from the VZ, likely to be a radially migrating neuron. Δ illustrates the lack of 

BrdU+ cells in the basal hindbrain at 46s. Abbreviations: P, pial surface; V, 

ventricular surface. 
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5.2.2 Loss of germinal zone vascularisation induces premature neuronal 

differentiation 

As the 32s NRP1-null hindbrain contains fewer cycling NPCs, I hypothesized 

that it contained more NPCs undergoing neurogenic divisions. I therefore 

immunolabelled transverse sections of 32s stage-matched wildtype, Nrp1-/- and Tie2-

Cre; Nrp1c/- hindbrains with the TUJ1 antibody for neuronal-specific III-tubulin, a 

common marker for differentiated neurons (Sullivan, 1988). To measure neuronal 

differentiation, I determined what percentage of the DAPI+ cross-sectional area of 

the 32s hindbrain was occupied by TUJ1 labelling. 

Inversely correlating with reduced NPC self-renewal, I observed significantly 

more TUJ1+ immunolabelling at 32s in both full and endothelial-specific Nrp1 

mutants (Figure 5.3A,B, 32s Nrp1+/+ 17.2±1.4% TUJ1+ area/DAPI+ area vs. Nrp1-/- 

23.5±0.8% vs. Tie2-Cre; Nrp1c/- 23.2±3.2%; Nrp1+/+ vs. Nrp1-/-, p<0.01 and Nrp1+/+ 

vs. Tie2-Cre; Nrp1c/-, p<0.05). Whereas TUJ1 immunolabelling was restricted to the 

basal surface in control hindbrains, I detected ectopic TUJ1 expression in apical 

regions and even at the level of the VZ in both full and endothelial-specific Nrp1 

mutants (see arrows in representative images in Figure 5.3A). It would also be 

interesting, in the future, to expand this analysis to examine the production of 

neurons with pan-neuronal markers for their cell bodies, such as NeuN, or for 

specific neuronal subtypes, such as ISL1 for motor neurons (see 5.3). 

Whilst hindbrains lacking GZ vasculature have significantly more TUJ1 

staining than controls at 32s, I found there to be significantly less TUJ1 expression in 

Nrp1-null hindbrains at both 40s and 46s (Figure 5.4A, 40s Nrp1+/+ 54.1±3.2% 

TUJ1+ area/DAPI+ area vs. Nrp1-/- 47.3±2%; 46s Nrp1+/+ 64.1±4.5% vs. Nrp1-/- 

49.3±2.5%; p<0.05 and p<0.01, respectively). Therefore, Nrp1-/- hindbrains show a 

precocious decline in the formation of TUJ1+ neurons. 

Furthermore, calculating the relative enrichment of TUJ1 in the hindbrain at 

46s compared to that at 32s indicates that neurogenesis slows in Nrp1-/- hindbrains 

between 32-46s. NRP1-null embryos are only labelled with twice as much TUJ1 at 

46s compared to 32s, in contrast to nearly four-fold enrichment in stage-matched 
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controls (Figure 5.4B, Nrp1+/+ 3.7±0.26 factor increase in TUJ1+ area/DAPI+ area 

from 32s to 46s vs. Nrp1-/- 2.1±0.1 factor increase; p<0.001). These data demonstrate 

the hindbrain SVP restricts neuronal differentiation of NPCs at 32s, and ultimately 

sustains neurogenesis to later stages of development.  

Immunolabelling was almost completely absent from the apical region of 

NRP1-null hindbrains at 46s, even though there is, surprisingly, widespread 

expression of TUJ1 along the entire apicobasal axis of the wildtype hindbrain 

(Figure 5.4C). Instead, large amounts of TUJ1+ cells appeared to accumulate 

midway along the apicobasal axis of the NRP1-null hindbrain, raising the possibility 

that neurons were unable to migrate to their correct position in the neuroepithelium. 

NRP1 may therefore be required for correct positioning of neurons in the hindbrain 

along the apicobasal axis. I have not yet examined whether this defect is 

recapitulated in hindbrains lacking NRP1 in the endothelial or neural lineage. 
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Figure 5.3 NPCs differentiate prematurely in the absence of GZ vasculature in 

Nrp1-/- and Tie2-Cre; Nrp1c/- hindbrains at 32s. 

(A) 10 μm transverse sections from 32s stage-matched wildtype, Nrp1-/- and Tie2-

Cre; Nrp1c/- hindbrains were labelled with TUJ1. Dotted lines demarcate the basal 

hindbrain surface. Scale bar: 20 μm. Arrow indicates example of ectopic TUJ1 

staining in the VZ. Abbreviations: P, pial surface; V, ventricular surface. 

(B) Quantification of TUJ1 staining, calculated as TUJ1+ area divided by the DAPI+ 

area (see 2.2.4). Data are expressed as mean ± standard deviation of the mean; n≥3 

for each genotype; ns (not significant) p≥0.05, * p<0.05, ** p<0.01.  
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Figure 5.4 Reduced neurogenesis in Nrp1-/- hindbrains at 40s and 46s. 

(A) Quantification of the area occupied by neurons, calculated as TUJ1+ area divided 

by the DAPI+ area. 

(B) Enrichment of TUJ1 staining from 32s to 46s, calculated as TUJ1 pixel intensity 

at 46s divided by TUJ1 pixel intensity at 32s.  

(C) Abnormal distribution of TUJ1 labelling in the Nrp1-null hindbrain. 10 μm 

transverse sections from hindbrains of 46s stage-matched wildtype and Nrp1-/- 

embryos were labelled with TUJ1. Dotted lines demarcate the basal hindbrain 

surface. Scale bar: 20 μm. Δ indicates lack of TUJ1 staining in the apical hindbrain 

of Nrp1-deficient hindbrains. Abbreviations: P, pial surface; V, ventricular surface. 

Data are expressed as mean ± standard deviation of the mean; n≥3 for each genotype; 

* p<0.05, ** p<0.01, *** p<0.001.  
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5.2.3 Cell cycle analysis of hindbrain NPCs by fluorescence-activated cell 

sorting (FACS) 

Cell cycle progression is modulated by both intrinsic and extrinsic factors in 

NPCs undergoing the transition from self-renewing to differentiative or neurogenic 

divisions (Calegari et al., 2005). Perturbing cell cycle progression, such as by 

prolonging G1, results in a premature switch to neurogenesis (Lange et al., 2009). I 

therefore asked whether progression through the cell cycle was regulated by signals 

derived from GZ vasculature and if the precocious neurogenesis I have observed in 

Nrp1-/- and Tie2-Cre; Nrp1c/- hindbrains correlates with specific perturbations of cell 

cycle kinetics in NPCs. To answer this question, I have used a FACS-based method 

to first determine the specific proportion of isolated hindbrain NPCs within each 

phase of the cell cycle at a given time point, as used previously (Morte et al., 2013). 

Secondly, following cell cycle analysis, I have quantified the relative expression of 

Ccnd1 in these NPCs by qRT-PCR to determine the likely expression levels of cyclin 

D1, which is responsible for the transition from G1 to S-phase in embryonic NPCs 

(Lange et al., 2009). 

I have purified hindbrain NPCs for prospective cell cycle and qRT-PCR 

analyses using FACS, to isolate NPCs from hindbrain tissue. Initially, I have 

excluded CD11b+ (ITGAM) macrophages and CD31+ (PECAM) endothelial cells 

(left-hand panel in Figure 5.5A) and then collected CD31- CD133+ NPCs (top right-

hand panel in Figure 5.5A; Figure 5.5B; (Denny et al., 2013). CD31-negative cells 

were excluded from the total CD133+ population, as endothelial progenitor cells have 

been reported to express CD133, and may, conceivably, also exist in the mouse 

hindbrain (Nguyen et al., 2009, Paprocka et al., 2011). NPCs were then analysed for 

cell cycle phase (Figure 5.5B). To collect NPCs for RNA extraction and qRT-PCR, I 

additionally screened CD133+ cells for expression of CD56 (NCAM; neural cell 

adhesion molecule) to exclude CD56hi cells (bottom right-hand panel in Figure 

5.5A; Figure 5.5B). Although CD56 expression is typical of migrating, post-mitotic 

neurons (Angata et al., 2007, Rieger et al., 2008), it is also expressed in the hindbrain 

at e9.5/25s when almost all cell types are likely to be proliferating NE (Pfaff et al., 

1996). Furthermore, expression of CD56 increases progressively with differentiation 

(Shin et al., 2002) and as a result, FACS does not reveal a specific CD56- CD133+ 
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population to classify as bonafide NPCs (see bottom right-hand panel in Figure 

5.5A). Therefore, I have collected CD133+ CD56low cells, likely to be NE and aRG, 

as the most accurate strategy for targeting NPCs. Whilst the sorting strategy 

identified a sufficiently pure population of CD133+ CD56low NPCs, the final yield of 

progenitors was poor and represented only 0.2-0.5% of all single cells. It would 

therefore be important to improve the FACS protocol for future studies (see 5.3). 

For the DNA content analysis, I homogenised hindbrains, generated single 

cell suspensions from each sample and incubated these homogenates with 10 μg/ml 

Hoechst 33342 to label DNA for 30 mins at 37oC in the dark. All Hoechst staining 

solution was then removed and cells were labelled with fluorescently-conjugated 

antibodies for FACS (as described above). Owing to the relatively low yield of NPCs 

isolated, I retrospectively decided to exclude CD56 from digital analysis of Hoechst 

labelled, CD133+ NPCs to increase the number of NPCs available for defining cell 

cycle progression. 

CD133+ NPCs with Hoechst labelling equalling an arbitrary ~2n value were 

defined as being in G1 phase (i.e. diploid), whilst NPCs with a Hoechst labelling 

intensity of roughly double (i.e. ~4n) were regarded as being in G2/M phase. NPCs 

with Hoechst labelling between these values (i.e. 2n<x<4n) were defined as being in 

S-phase (Goodell et al., 1996). From FACS profiles, I therefore quantified the 

relative proportion of NPCs in each phase of the cell cycle and compared the 

percentage of NPCs in G1, S- and G2/M phases in stage-matched control and Nrp1-/- 

hindbrains at either 32s or 36s to determine whether GZ vasculature regulates NPC 

cell cycle progression (see Figure 5.6B,C). 

Representative FACS plots taken of NPCs isolated from individual wildtype 

hindbrains at 32-38s exhibited substantial variation during development (Figure 

5.5C). The fraction of NPCs in G2/M was considerably greater than in G1 at 32s, but 

this pattern gradually reversed over time as the proportion of progenitors in G1 

increased substantially at 36s and 38s (compare left-hand panel with middle- and 

right-hand panels in Figure 5.5C). Accordingly, the fraction of NPCs in both S- and 

G2/M phases decrease with time, suggesting a significant shift in the relative 

duration of each cell cycle phase across only a few hours (32s ~e10.25; 38s ~e10.75). 
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Histograms displaying Hoechst labelling intensity were relatively ‘coarse’, a 

disadvantage of determining DNA content in a low yield of cells (Saade et al., 2013), 

and hindered clear definition of peaks belonging to each cell cycle phase (note the 

lack of smooth peaks corresponding to either S- or G2/M phases at all three time 

points in Figure 5.5C). Yet, FACS analysis of Hoechst-labelled NPCs demonstrates 

that the length of each cell cycle phase changes considerably over time and that 

FACS analysis may be used for comparing cell cycle progression between wildtype 

and hindbrains lacking GZ vasculature. 

These findings demonstrate that hindbrain NPCs can be purified by FACS 

and that their ploidy can be determined following DNA labelling with Hoechst 

33342. The ploidy, and therefore proportional occupancy of the different cell cycle 

phases, shifts over time amongst the population of NPCs, as the overall ratio of 

NPCs in G1 to those in S/G2/M increases from 32-38s. 
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Figure 5.5 FACS analysis of hindbrain NPCs. 
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(A) Strategy for isolating hindbrain NPCs by FACS. CD11b+ macrophages and CD31+ endothelial cells were excluded (left panel) and the 

double negative cells (boxed area in the left panel) were gated for either CD133+ (top right-hand panel) or CD133+ CD56low (bottom right-hand 

panel) to obtain NPCs. 

(B) Schematic representation of FACS workflow for isolating NPCs for cell cycle analysis and qRT-PCR. CD11b+ and CD31+ cells 

were excluded, Hoechst labelled CD133+ NPCs were analysed for cell cycle progression and then CD133+ CD56low cells were 

collected for qRT-PCR. 

(C) Hoechst 33342 labelling intensity was used to determine the relative distribution of NPCs in different cell cycle phases. Profiles for NPCs 

isolated from wildtype hindbrains at three developmental stages are shown. 
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5.2.4 Germinal zone vasculature regulates cell cycle progression in hindbrain 

NPCs 

I next employed FACS analysis to determine whether the fraction of NPCs in 

each cell cycle phase in Nrp1-null hindbrains was abnormal around the 

developmental time point when GZ vasculature is normally established. Thus, I 

analysed NPCs at 32s, when NPC self-renewal was lower in Nrp1-/- mutants (Figure 

5.1B,C). In addition, I studied hindbrain NPCs at 36s, when I observed a specific lag 

in mitosis during anaphase (Figure 4.4C). 

Surprisingly, I did not detect any changes to cell cycle progression in NPCs 

in Nrp1-/- hindbrains at 32s (Figure 5.6A,B) despite premature differentiation of 

NPCs (Figure 5.1Figure 5.3). Thus, the proportion of NPCs in G1 (Figure 5.6B, 

Nrp1+/+ 23.5±2.3% vs. Nrp1+/+ 26.0±2.4%; p≥0.05), S- (Figure 5.6B, Nrp1+/+ 

50.4±1.2% vs. Nrp1+/+ 49.5±1.1%; p≥0.05) and G2/M (Figure 5.6B, Nrp1+/+ 

26.2±1.5% vs. Nrp1+/+ 24.5±3.3%; p≥0.05) phases was similar between either 

genotype. The lack of cell cycle defects in Nrp1-/- hindbrains at this stage therefore 

suggests that CD133+ NPCs that remain following the period of cell cycle exit prior 

to 32s progress normally. 

In contrast, cell cycle progression of hindbrain NPCs at 36s was different in 

Nrp1-null hindbrains. Firstly, a significantly higher percentage of NPCs were 

retained in G1 phase, indicative of G1 lengthening (Figure 5.6A,C, Nrp1+/+ 

26.3±1.9% vs. Nrp1+/+ 50.0±10.4%; p<0.01). Secondly, I detected a smaller 

proportion of NPCs in S-phase, suggesting that S-phase is shorter in NPCs in the 

Nrp1-/- hindbrain (Figure 5.6A,C, Nrp1+/+ 45.8±2.6% vs. Nrp1+/+ 23.4±8.0%; 

p<0.01). Both these observations are consistent with changes in cell cycle 

progression that precede a switch from self-renewing to differentiative or neurogenic 

cell divisions in the forebrain (Arai et al., 2011, Calegari et al., 2005). The proportion 

of NPCs in G2/M, however, was unchanged (Figure 5.6A,C, Nrp1+/+ 27.9±2.7% vs. 

Nrp1+/+ 26.8±5.2%; p≥0.05), although the G2 and M phase or specific sub-phases of 

mitosis cannot be resolved due to the similar DNA content in all these phases. 
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Ccnd1 expression levels support the results obtained by FACS analysis. I 

found that at 32s, expression of Ccnd1 is normal between stage-matched control and 

Nrp1-/- hindbrains (Figure 5.6D, Nrp1-/- 1.12±0.24 factor fold change, p≥0.05). 

However, there is a significant downregulation of Ccnd1 expression in NPCs at 36s 

in Nrp1-/- hindbrains, raising the possibility that G1 phase is prolonged (Figure 5.6D, 

Nrp1-/- 0.02±0.003 factor fold change, p<0.05). Together, these observations indicate 

that the cell cycle slows in NPCs in Nrp1-/- hindbrains at 36s, with a specific 

lengthening of G1 and shortening of S phase phases. Delayed transition from G1 to 

S-phase may result from a substantial reduction in cyclin D1 expression. However, 

further experiments with additional markers are required to substantiate this 

possibility. 
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Figure 5.6 NPC cell cycle progression is perturbed at 36s, but not 32s, in Nrp1-/- 

hindbrains. 

(A) Representative FACS plots for cycling CD133+ NPCs assayed for DNA content 

using Hoechst 33342 labelling intensity. Profiles for NPCs isolated from Nrp1-/-and 

stage-matched control hindbrains at 32s and 36s are shown. ‘Gates’ used to define 

the proportion of NPCs in a specific cell cycle phase are shown as black boxes.  

(B,C) Quantification of the fraction of CD133+ NPCs in each phase of the cell cycle 

in stage-matched control and Nrp1-/- hindbrains at 32s (B) and 36s (C). Data are 
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expressed as mean ± standard error of the mean, n≥3; ns (not significant) p≥0.05, ** 

p<0.01. 

(D) Expression of Ccnd1 in CD133+ CD56low NPCs isolated from Nrp1-null and 

stage-matched control hindbrains at 32s and 36s. Expression levels were determined 

by qRT-PCR analysis, normalised to Actb and expressed as fold change compared to 

stage-matched wildtype hindbrains. Data are expressed as mean ± standard deviation 

of the mean, n≥3 for both genotypes; ns (not significant) p≥0.05, * p<0.05. 
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5.2.5 Germinal zone vasculature is essential for proper hindbrain growth 

In Figure 5.1 and Figure 5.3, I have shown that loss of GZ vasculature at 32s 

drives precocious cell cycle exit that depletes the pool of cycling NPCs and causes 

premature and ectopic neuronal differentiation. I further showed that smaller 

numbers of cycling progenitors were available at later stages of development in 

Nrp1-/- hindbrains (46s; Figure 5.2). In addition, levels of neurogenesis were 

significantly reduced towards the tail end of hindbrain development despite the 

initial increase in neuron generation at 32s (Figure 5.4). Taken together, these 

findings suggest that overall clone size of NPCs is reduced without proper GZ 

vascularisation. I therefore hypothesised that the overall radial growth of the 

hindbrain organ is impaired in Nrp1-/- mutants. 

As Nrp1-/- mutant embryos in the CD1 background do not survive beyond 

e12.5, they can only be analysed until the 46s stage. I therefore quantified the 

dimensions and overall cross-sectional area of transverse hindbrain sections labelled 

with DAPI at this stage. Interestingly, Nrp1-/- hindbrains grew normally along the 

proximodistal axis (Figure 5.7A,B, Nrp1+/+ 1979±80μm hindbrain width vs. Nrp1-/- 

2055±133μm; p≥0.05). This finding agrees with a normal overall differentiation 

pattern of various neuronal subpopulations in these mutants (Schwarz et al., 2004). 

In contrast, hindbrain growth along the apicobasal axis was significantly 

compromised in Nrp1-/- embryos (Figure 5.7A,C, Nrp1+/+ 418±6μm hindbrain 

height vs. Nrp1-/- 333±26μm; p<0.01). As apoptosis is not increased in Nrp1-/- 

hindbrains (Figure 4.3), this observation supports the idea that the radial expansion 

of individual clones is impaired following cell cycle exit of NPCs at 32s. Impaired 

hindbrain growth was also measurable as a reduction in the overall cross-sectional 

area of the NRP1-null hindbrain at 46s (Figure 5.7A,D, Nrp1+/+ 0.58±0.015mm2 

hindbrain cross-sectional area vs. Nrp1-/- 0.47±0.05 mm2; p<0.05).  

Together with the finding that Nes-Cre; Nrp1c/- mutants do not have any 

obvious defects in NPC mitosis, but Tie2-Cre; Nrp1c/- mutants recapitulate the self-

renewal defects observed in global Nrp1-null mutants, these findings suggest loss of 

GZ vascularisation impairs hindbrain growth. 
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Figure 5.7 Impaired GZ vascularisation compromises hindbrain growth. 

(A) Maximal projections of confocal tile scan z stacks of 10 μm transverse sections 

through 46s wildtype and Nrp1-null DAPI-stained hindbrains including arrows to 

illustrate measurements taken to determine hindbrain lateral width (red line), radial 

height (green line) and cross-sectional area (orange dotted outline). Scale bar: 100 

μm. 

(B) Quantification of lateral width, radial height and area of hindbrain (hb), 

expressed as mean ± standard deviation of the mean; n=3 for each genotype; ns (not 

significant) p≥0.05, * p<0.05, ** p<0.01.  
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5.2.6 The SVP does not regulate hindbrain NPCs by relieving tissue hypoxia 

It was recently shown that vasculature in the developing forebrain regulates 

the behaviour of aRG by relieving local hypoxia (Lange et al., 2016). As Nrp1-

deficient hindbrains are relatively avascular between 32-40s (Figure 4.2), I 

considered the possibility that insufficient oxygenation might also impair NPC self-

renewal and differentiation in the developing hindbrain. 

To determine whether the hindbrain of Nrp1-/- mutants is more hypoxic than 

in controls, I quantified the relative expression of hypoxia-induced genes Hif1a and 

Vegfa at 32s. I observed that the expression of both Hif1a (Figure 5.8A, 32s, Nrp1-/- 

5.9±1.9 fold change increase in mRNA; p<0.01) and Vegfa (Figure 5.8A, 32s, 

Nrp1-/- 2.7±1.4 fold change increase in mRNA; p<0.05) was significantly 

upregulated in Nrp1-null hindbrains. I further examined whether Nrp1-/- hindbrains 

were hypoxic at 32s by immunolabelling for the hypoxia-responsive glucose 

transporter GLUT1 in Nrp1-null hindbrains. As GLUT1 is also expressed by the 

SVP (see top left-hand panel in Figure 5.8C) during the formation of the BBB, I 

calculated neural GLUT1 expression by deducting the GLUT1 labelling of 

vasculature from total GLUT1 labelling in the neural parenchyma. In agreement with 

increased expression of hypoxia-induced Hif1a and Vegfa, I also observed increased 

expression of GLUT1 in the Nrp1-null hindbrain (Figure 5.8C,D, 32s Nrp1+/+ 

59.3±2.6 arbitrary units vs. Nrp1-/- 83.6±13.2; p<0.05). Together, these results 

indicate that Nrp1-/- hindbrains are more hypoxic than control hindbrains at the time 

when premature NPC cell cycle exit had been detected. 

In the developing forebrain, increasing atmospheric oxygen available to 

pregnant dams alleviates hypoxia in their embryos with impaired vascularisation and 

subsequently restores GLUT1 marker expression. Furthermore, increasing 

atmospheric oxygen also restored the differentiation of aRG to BPs to normal levels 

(Lange et al., 2016). To assess whether rescuing hindbrain oxygenation might also 

prevent precocious cell cycle exit in the Nrp1-null hindbrain, I housed pregnant dams 

in an 80% oxygen atmosphere from e9.5 before analysing embryos 24 h later 

(Figure 5.8B). This method restored the expression of GLUT1 to normal levels in 

Nrp1-/- hindbrains (Figure 5.8C,D, 32s Nrp1+/+ 20% O2  59.3±2.6 arbitrary units vs. 
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Nrp1-/- 80% O2  60.8±5.4; p≥0.05). Thus, tissue oxygenation had been normalised in 

the Nrp1-/- hindbrain, as observed in the forebrain study of GPR124 mutants (Lange 

et al., 2016). However, and in contrast to the forebrain study, rescuing hindbrain 

hypoxia did not rescue the neurogenesis defect in Nrp1-/- hindbrains. Thus, a similar 

proportion of NPCs still underwent precocious cell cycle exit (middle graph in 

Figure 5.8D, 32s Nrp1+/+ 20% O2 84.5±5.9% BrdU+ Ki67+ cells/all BrdU+ cells vs. 

Nrp1-/- 80% O2 69.2±3.1%; p<0.01) to undergo premature neuronal differentiation 

(right-hand graph in Figure 5.8D, 32s Nrp1+/+ 20% O2 17.2±1.45% TUJ1+ 

area/DAPI+ area vs. Nrp1-/- 80% O2 23.7±2.1%; p<0.01). Thus, whilst housing 

developing Nrp1-/- embryos in hyperoxia restores hindbrain oxygenation, this does 

not rescue defective NPC self-renewal. 
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Figure 5.8 The SVP does not regulate NPCs by relieving tissue hypoxia. 

(A) Increased expression of the hypoxia-regulated genes Hif1a and Vegfa in 32s 

Nrp1-null hindbrains. Expression levels were determined by qRT-PCR analysis, 

normalised to Actb and expressed as fold change compared to expression levels in 

stage-matched wildtype hindbrains. 

(B) Schematic representation of the hypoxia rescue experiment. Pregnant dams 

received an intraperitoneal BrdU injection when their embryos where at e9.5 and 

were then transferred from normoxia to an 80% oxygen atmosphere for 24 hours 

before analysis e10.5. Owing to the developmental delay, embryos collected at e10.5 

corresponded to 32s. 

(C) 10 μm transverse sections from hindbrains of 32s wildtype and Nrp1-/- embryos 

from dams housed in 20% oxygen and Nrp1-null embryos from dams in an 80% 

oxygen environment, labelled for GLUT1 (green) and IB4 (red). ‘Heatmap’ for 
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GLUT1 staining shown in lower panels. Scale bar: 25 μm. Arrows and wavy arrows 

indicate the GLUT1+ SVP and PNP, respectively. 

(D) Hyperoxia rescues oxygenation of Nrp1-null hindbrains (left-hand graph; 

arbitrary units, au). NPC self-renewal (percentage of Ki67+BrdU+ double-labelled 

NPCs) and neuronal differentiation (TUJ1+ hindbrain area), shown in middle and 

right-hand graphs, respectively). 

Data are expressed as mean ± standard deviation of the mean; n≥3 for each 

genotype and oxygen level; ns (not significant) p≥0.05, * p<0.05, ** p<0.01. 
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5.2.7 Differential gene expression in the neuropilin 1-null hindbrain 

My results thus far indicate that GZ vasculature is required to maintain NPC 

self-renewal and mitotic behaviour, and to sustain NPC mitosis in the long-term. 

NPCs in the developing CNS are regulated by a multitude of different extrinsic 

signals that make up the regulatory niche, as well as many intrinsic proteins and 

transcriptional regulators (described in 1.2). Both intrinsic and extrinsic factors may 

therefore be involved in the regulation of hindbrain NPCs by GZ vasculature and 

accordingly, may vary in abundance in mouse mutants displaying compromised CNS 

vascularisation. 

Owing to the potentially large number of candidate molecules available to 

interrogate in hindbrains with impaired angiogenesis, I decided to screen for the 

differential expression of potential genes of interest using a qRT-PCR array 

approach. A 96-well qRT-PCR array plate containing primer pairs for amplifying 84 

different neurogenesis-associated transcripts was used (full list of genes in Table 

2.7). In addition, array plates contained primers for ‘housekeeping’ genes used for 

normalising expression values, as well as those for experimental controls. 

The five housekeeping genes used in the array were Actb, B2m, Gapdh, Gusb 

and Hsp90ab1. Owing to the potential role of NRP1 in metabolism (J. Brash, 

unpublished observations), Gusb was not used for normalising gene expression 

levels in the array. In addition, expression levels varied between both samples for 

three of out the remaining four housekeeping genes available in the array (Actb, B2m 

and Gapdh). Expression levels of Hsp90ab1 (encoding Heat shock protein 90b1) 

were the most similar between both samples; thus, I used Hsp90ab1 as the 

housekeeping gene for normalising expression values across the qRT-PCR array. 

I extracted RNA and subsequently generated cDNA from the hindbrains of 

three Nrp1-/- embryos on a mixed JF1/CD1 genetic background, as well as from three 

wildtype littermates at 35s. The cDNA from several embryos was pooled in order to 

have sufficient template material for all wells containing primer pairs. Nrp1-/- 

embryos on the JF1 background survive longer during gestation (Schwarz et al., 

2004, Cariboni et al., 2011) and were not developmentally delayed at this time point, 
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thus preventing the need for stage-matching with non-littermate embryos. I have not 

yet demonstrated whether Nrp1-/- embryos on the JF1 genetic background possess 

similar angiogenesis defects to embryos on a CD1 background. However, I have 

performed qRT-PCR analysis for Vegfa (Figure 5.8A) and both Bdnf and Ntf3 

(Figure 5.10) in CD1 embryos to validate expression levels of these genes that are 

included in this qRT-PCR array (discussed below). 

The majority of transcripts screened for were not ‘differentially expressed’ 

(Table 8.1, 15/84 genes), as defined by whether the fold change in gene expression 

in mutant samples relative to controls was at least twice or less than half (2.0≤ or 

0.5≥) of that in control samples (Figure 5.9A). These thresholds were recommended 

by the array’s manufacturer as guidance for establishing candidate genes to further 

analyse. However, I found that 8/84 genes (Table 5.1) displayed near-threshold fold 

changes in gene expression and therefore included these in my study (Figure 5.9B-

D). I have classified all differentially expressed genes of interest (23/84 genes) into 

the following categories: those encoding VEGF-A or NRPs (Figure 5.9B), those 

encoding cytoplasmic or nuclear (i.e. ‘intrinsic’) molecules (Figure 5.9C) and those 

that encode membrane-bound or secreted (i.e. extrinsic) molecules (Figure 5.9D). 

Nrp1-null hindbrains were calculated to possess almost 20-times less Nrp1 

transcript, as expected in constitutive Nrp1 mutant embryos (Figure 5.9B, Nrp1-/-: 

0.05-factor fold change). The negligible amount of Nrp1 expression detected in 

Nrp1-/- hindbrain may result from small amounts of mRNA encoding mutant Nrp1 

that do not degrade as quickly through nonsense-mediated decay and are therefore 

amplified during qRT-PCR. In contrast to Nrp1, expression of Nrp2 increased 

suggesting that it may be upregulated to compensate for genetic deletion of Nrp1 

(Figure 5.9B, Nrp1-/-: 1.84-factor fold change). Vegfa expression increased greatly in 

Nrp1-/- embryos (Figure 5.9B, Nrp1-/-: 3.81-factor fold change) likely in response to 

tissue hypoxia, as mentioned previously (Figure 5.8). This suggests that Nrp1-/- JF1 

hindbrains also possess angiogenesis defects at 35s that impair oxygenation of the 

neuroepithelium. 

Expression of several transcripts that encode transcriptional regulators in 

NPCs were upregulated in Nrp1-/-
 hindbrains. For example, the expression of Notch 
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target genes Hes1 and Hey2 both increased (Figure 5.9C, Nrp1-/-: Hes1 2.2-factor 

fold change, Hey2 1.86-factor fold change), as well as expression of S100a6, a 

marker for undifferentiated, adult NSCs (Yamada and Jinno, 2014, Karsten et al., 

2003), which was also upregulated in NRP1-null samples (Figure 5.9C, Nrp1-/-: 

2.94-factor fold change). Pax5, which is typically expressed in early neuroectoderm 

(Pfeffer et al., 2002), increased as well (Figure 5.9C, Nrp1-/-: 1.9-factor fold 

change). Finally, one of the most enriched transcripts in NRP1-null hindbrains was 

the cytoskeleton-associated gene Flna, encoding Filamin A, which promotes NPC 

cell cycle progression (Figure 5.9C, Nrp1-/-: 3.2-factor fold change; (Lian et al., 

2012). 

Whilst these genes are commonly associated with the proliferation of NPCs 

and NSCs or the maintenance of their identity, several transcripts encoding factors 

promoting neuronal differentiation were also upregulated in Nrp1-/- hindbrains. 

Neurod1, the proneural TF Mef2c and the histone acetyltransferase ep300 were all 

enriched in Nrp1-/- hindbrains (Figure 5.9C, Nrp1-/-: Neurod1 1.91-factor fold 

change, Mef2c 2.2-factor fold change, ep300 1.86-factor fold change; Li et al., 2008, 

Chatterjee et al., 2013). In addition to its role in promoting neurogenesis, ep300 is 

involved in the NPC switch to forming astrocytes (Nakashima et al., 1999). Finally, I 

detected increased expression of Hdac4 (Figure 5.9C, Nrp1-/-: 2.45-factor fold 

change), which promotes the neuronal differentiation of cultured NSCs of the DG by 

inhibiting cell cycle progression (Micheli et al., 2016). 

Many transcripts coding for extrinsic signals were also upregulated in the 

Nrp1-null hindbrain. For example, I observed increased expression of neurotrophins 

Bdnf and Ntf3 in Nrp1-/- hindbrains at 35s, which potently induce NPC differentiation 

in the forebrain (Fukumitsu et al., 1998, Ghosh and Greenberg, 1995; Figure 5.9D, 

Nrp1-/-: Bdnf 2.92-factor fold change, Ntf3 2.48-factor fold change). Furthermore, 

expression of the neurotrophin glial cell line-derived neurotrophic factor (GDNF; 

Pozas and Ibanez, 2005) was increased in the Nrp1-null hindbrain (Figure 5.9D, 

Nrp1-/: 2.81-factor fold change). Moreover, I observed increased abundance of 

transcripts encoding the differentiative cue BMP4 (Figure 5.9D, Nrp1-/-: 2.08-factor 

fold change; Li et al., 1998). However, the Nrp1-/- hindbrain also contains greater 
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levels of Nog (Figure 5.9D, Nrp1-/-: 1.85-factor fold change), which codes for the 

BMP4 antagonist Noggin (Lim et al., 2000). Thus, the abundance of either secreted 

factor may increase to compensate for upregulated expression of the other and 

consequently, may nullify any effect resulting from such amplified expression. I also 

detected higher levels of Nrg1, coding for the differentiative factor neuregulin 1 

(NRG1; Figure 5.9D, Nrp1-/-: 2.52-factor fold change; Sato et al., 2015, Liu et al., 

2005b). 

Finally, I observed differential expression of mRNA encoding specific 

extracellular or membrane-bound proteins typically associated with migrating and 

post-mitotic neurons. For example, expression of the axon/neuron chemorepellant 

SLIT2 is more abundant in the NRP1-null hindbrain, potentially compensating for 

reduced NRP1-mediated repulsion of progenitors or neurons (Figure 5.9D, Nrp1-/-: 

2.96-factor fold change). The NRP1-null hindbrain is also enriched for Artn, 

encoding the GDNF family member artemin, which functions as a survival factor for 

post-mitotic neurons (Andres et al., 2001; Figure 5.9D, Nrp1-/-: 1.99-factor fold 

change), as well as for Adora1, which codes for the GPCR adenosine A1 receptor 

(Figure 5.9D, Nrp1-/-: 3.43-factor fold change). 

Lastly, the genes encoding Anaplastic lymphoma kinase (Alk) and the ECM 

protein Tenascin R (Tnr) were two of only three transcripts amongst the entire array 

to be noticeably downregulated in NRP1-null hindbrains, with the other being Nrp1 

itself (Figure 5.9D, Nrp1-/- Alk: 0.58-factor fold change, Tnr: 0.57-factor fold 

change). 

Taken together, these findings demonstrate that numerous transcripts 

associated with NPC stemness and differentiation are regulated, either directly or 

indirectly, by NRP1 in the mouse embryonic hindbrain. This analysis did not 

distinguish which cell types express which transcripts in the mouse hindbrain. 

Further validation is therefore needed to determine whether differential gene 

expression in Nrp1-null hindbrains results from loss of cell autonomous NRP1 

signalling in NPCs or endothelial cells, or from impaired GZ vascularisation. 
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Figure 5.9 Differential gene expression of neurogenesis-associated transcripts in 

Nrp1-null hindbrains at 35s. 

(A) Scatter plot indicating differentially and non-differentially expressed genes 

between wildtype and Nrp1-/- hindbrains, normalised to Hsp90ab1. Yellow and blue 

dots represent genes that are up- and downregulated in Nrp1-null hindbrains, 

respectively. Black dots are non-differentially expressed genes (i.e. those that are not 

>2x or <0.5x expressed in Nrp1-null hindbrains. Middle diagonal line represents 

equal gene expression levels between both genotypes, whilst parallel, flanking 

diagonal lines demark the >2x and <0.5x thresholds. 
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(B-D) Differentially expressed transcripts encoding VEGF-A and NRP proteins (B), 

cytoplasmic or nuclear proteins (C) or membrane-bound or extracellular proteins 

(D). Yellow and blue dotted lines denote the demark the >2x and <0.5x thresholds. 
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Table 5.1 Differentially expressed genes in qRT-PCR array. 

Gene Description Fold change 

(Nrp1-/- / Nrp1+/+) 

Adora1 Adenosine A1 receptor 3.43 

Alk Anaplastic lymphoma kinase 0.58 

Artn Artemin 1.99 

Bdnf Brain derived neurotrophic factor 2.92 

Bmp4 Bone morphogenetic protein 4 2.08 

Ep300 E1A binding protein p300 2.42 

Flna Filamin, alpha 3.20 

Gdnf Glial cell line derived neurotrophic factor 2.81 

Hdac4 Histone deacetylase 4 2.45 

Hes1 Hairy and enhancer of split 1 (Drosophila) 2.20 

Hey2 Hairy/enhancer-of-split related with YRPW motif 2 1.86 

Mef2c Myocyte enhancer factor 2C 2.03 

Neurod1 Neurogenic differentiation 1 1.91 

Nog Noggin 1.85 

Nrg1 Neuregulin 1 2.52 

Nrp1 Neuropilin 1 0.05 

Nrp2 Neuropilin 2 1.84 

Ntf3 Neurotrophin 3 2.48 

Pax5 Paired box gene 5 1.90 

S100a6 S100 calcium binding protein A6 (calcyclin) 2.94 

Slit2 Slit homolog 2 (Drosophila) 2.96 

Tnr Tenascin R 0.57 

Vegfa Vascular endothelial growth factor A 3.81 

Hsp90ab1 Heat shock protein 90 alpha (cytosolic), class B member 

1 1 
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5.2.8 Increased neurotrophin expression in the neuropilin 1-null hindbrain 

The qRT-PCR array suggested that transcript levels for a number of extrinsic 

signalling molecules were upregulated in Nrp1-/- hindbrains, including Bdnf and Ntf3 

(Figure 5.9D). As Bdnf and Ntf3 encode BDNF and NT3, which both drive 

neurogenesis during development (see 1.2.3.7), I considered them as candidate 

mediators of the precocious neuron production seen in hindbrains lacking GZ 

vasculature.  

My initial quantification of Bdnf and Ntf3 expression utilised cDNA pooled 

from three separate Nrp1-/- animals, preventing statistical comparison between 

genotypes as only one sample was analysed. Furthermore, these embryos were on a 

JF1 genetic background, in contrast to the preceding analysis that I have performed 

exclusively on embryos from a CD1 background. I therefore compared the 

expression of both genes in the latter strain at the point at which many NPCs have 

already undergone cell cycle exit in Nrp1-/- embryos at 32s in the Nrp1-/- CD1 

hindbrain. 

I found that hindbrains from Nrp1 mutants contained significantly more Bdnf 

(Figure 5.10, Nrp1-/-: 2.89±0.61-factor fold change; p<0.01) and Ntf3 (Figure 5.10, 

Nrp1-/-: 5.71±1.56-factor fold change; p<0.01). Thus, expression of both 

neurotrophins is significantly upregulated during the period of precocious cell cycle 

exit and neuronal differentiation. Furthermore, increased expression of both Bdnf and 

Ntf3 directly precedes the premature decline of NPC mitosis from 40s. Therefore, the 

increased abundance of neurotrophins may be partly or completely responsible for 

reduced NPC self-renewal in hindbrains that lack GZ vasculature. Whilst this 

analysis validated the qRT-PCR array, it did not determine which cell type(s) express 

both neurotrophins at greater levels. 
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Figure 5.10 Increased expression of Bdnf and Ntf3 in the Nrp1-null hindbrain at 

32s. 

Quantification of Bdnf and Ntf3 expression in stage-matched control and Nrp1-/- 

hindbrains at 32s. Data are expressed as mean ± standard deviation of the mean; n≥3 

for each genotype; ** p<0.01. 
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5.2.9 Potential angiocrine molecules regulating NPCs 

I next asked whether hindbrain endothelial cells express either Bdnf or Ntf3 as 

angiocrine signals, as well as Serpinf1 (which encodes the neurotrophin PEDF) and 

two isoforms of nitric oxide synthase (Nos1 and Nos3) that regulate neurogenesis in 

both the adult and embryonic neurogenic niches (Lameu et al., 2012, Delgado et al., 

2014, Andreu-Agullo et al., 2009). I also determine whether endothelium in the 

hindbrain also expresses the Notch ligands DLL1, JAG1 and JAG2, which are 

required for maintaining NPC stemness and may also regulate hindbrain NPCs 

through progenitor-vessel contacts (Figure 3.6Figure 3.8). 

For this experiment, endothelial cells were isolated by FACS by purifying 

YFP+ endothelium from the hindbrains of Tie2-Cre; RosaYFP embryos whilst 

excluding YFP+/CD11b+ double-positive macrophages. I then quantified the 

expression of transcripts encoding the candidate molecules mentioned using qRT-

PCR and normalised these values to expression of Actb. I then compared the 

expression of each gene in endothelial cells at 35s to transcript levels in the whole 

hindbrain, to assess the relative angiocrine contribution of each molecule. 

To acquire sufficient RNA for performing qRT-PCR on endothelial cells, I 

pooled cDNA from three Tie2-Cre; RosaYFP hindbrains, thus limiting analysis of 

gene expression levels to technically one sample only. The expression value 

calculated from pooled endothelial cells was then compared to the average 

expression levels in cDNA obtained from pooling three whole hindbrain samples to 

analyse semi-quantitatively which signals were likely to be expressed by 

endothelium. 

In addition to endothelial DLL4, which regulates tip cell specification 

(Hellstrom et al., 2007), Dll1 and Jag1 are all expressed abundantly by endothelium 

(Figure 5.11). Jag2, conversely, is not expressed by endothelial cells (Figure 5.11). 

Hindbrain endothelial cells also do not express Bdnf, Ntf3 and Serpinf1, as well as 

nNOS (Nos1; Figure 5.11). In contrast, hindbrain endothelium may represent a 

source of NO, which is involved in BDNF and NT3 signalling, as I detected 

expression of Nos3, (i.e. eNOS; Figure 5.11). Thus, whilst endothelial cells in the 
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developing hindbrain at 35s do not express neurotrophins that promote neuronal 

differentiation, cerebrovasculature may instead modulate NPC behaviour through 

NO production, as well as through Notch ligands that promote stemness. 
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Figure 5.11 Screening candidate molecules for angiocrine signalling. 

Comparison of expression levels of potential angiocrine signals in endothelial cells 

with whole hindbrain. Expression was determined by qRT-PCR using cDNA pooled 

from endothelial cells isolated from 35s Tie2-Cre; RosaYFP mice and comparing to 

cDNA pooled from three whole wildtype hindbrains. Values above bars denote fold 

change expression of specific transcripts in endothelial cells only. 
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5.3 Discussion 

I have shown that in the absence of GZ vasculature, 25% more hindbrain 

NPCs have exited the cell cycle by 32s, and that the neuroepithelium contains 

significantly more TUJ1+ neurons at that stage (Figure 5.1 and Figure 5.3; 

illustrated in Figure 5.12). Taken together, these findings demonstrate that blood 

vessels in the hindbrain promote NPC self-renewal. Numerous other niche signals in 

the developing CNS maintain stemness and self-renewal in a similar manner. For 

example, impaired FGF signalling from forebrain NPCs (and potentially the CSF: 

(Greenwood et al., 2008) results in premature NPC differentiation at the expense of 

expanding the NPC pool (Vaccarino et al., 1999). 

The birth dating approach that I have employed labelled NPCs between 25-

32s and illustrates the immediate effects of impaired GZ vascularisation on NPCs in 

the hindbrain. Thus, delayed ingression of radial vessels from the PNP at 25s or a 

failure to form an SVP by 30s result in the NPC self-renewal defects that I have 

described in both full and endothelial-specific Nrp1 mutant embryos. Many of the 

BrdU+ Ki67- cells that were generated excessively in hindbrains lacking GZ 

vasculature were already positioned near or at the pial surface, suggesting that the 

majority of cell cycle exit may have taken place early on. Performing birth dating 

experiments prior to 32s could help distinguish at what stages NPCs leave the cell 

cycle in the absence of hindbrain vascularisation. 

Quantification of the total number of BrdU+ cells indicated a small but 

insignificant increase in the number of labelled hindbrain cells at 32s (Figure 5.2). 

This correlated with a slight increase in mitosis in the VZ that did not result from an 

increased number of NPCs undergoing a lag during anaphase, as I had observed at 

the 36s stage (Figure 4.4). These observations therefore indicate that, despite the 

large number of NPCs that have exited the cell cycle by 32s, a proportion of NPCs in 

Nrp1-/- hindbrains may have expanded in the absence of SVP formation. This could 

represent a compensatory mechanism, whereby one subset of NPCs expands in 

response to premature cell cycle exit of another NPC subtype. Alternatively, 

different subtypes may respond differently to vascular cues. Unfortunately, I cannot 
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yet determine whether specific NPC subpopulations respond differently to vascular 

cues, as little is known about NPC subtypes found in the hindbrain (in contrast to the 

greater understanding of forebrain progenitors).  

Interestingly, I detected increased expression of the Notch target genes Hes1 

and Hey2 in 35s Nrp1-null hindbrains (Figure 5.9). As they promote NPC stemness 

in the forebrain, they may similarly contribute to increased NPC proliferation in the 

hindbrain, or reflect an attempt to further promote NPC expansion to compensate for 

loss of NPCs at 32s. Alternatively, increased expression of Hes1 and Hey2 may 

reflect an adaptive response to compromised CNS vascularisation in Nrp1-null 

embryos (Fantin et al., 2015), as both genes are required for embryonic angiogenesis 

(Fischer et al., 2004, Kitagawa et al., 2013). It would therefore be interesting to 

determine which cell type in the in Nrp1-null hindbrain expresses increased Hes1 

and Hey2 levels. 

Ultimately, the net effect of GZ vasculature on the total cohort of hindbrain 

NPCs is that it sustains self-renewal and prevents neuronal differentiation, as 

demonstrated by a reduced proportion of cycling NPCs and increased TUJ1 labelling 

in Nrp1-/- and Tie2-Cre; Nrp1c/- embryos at 32s. 
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Figure 5.12 Working model for the role of blood vessels in hindbrain 

neurogenesis. 

Upper and lower panels illustrating the hypothetical behaviour and organisation of 

hindbrain NPCs in wildtype (Nrp1+/+) and Nrp1-/- hindbrains from 25-50s, 

respectively. Vasculature ensures that differentiative factors do not accumulate early 

in hindbrain development (at 35s) to preserve NPC self-renewal at early stages and 

therefore enable neurogenesis from a sufficiently large NPC pool later on. Key: 1, 

AP undergoing INM; 2, AP contacting vascular ECM; 3, AP without vessel contact; 

4, post-mitotic neuron; 5, ectopically positioned neuron; 6, blood vessel; 7, NPC self-

renewal; 8, neuronal differentiation; 9, oxygen; 10, stemness-promoting factor; 11, 

differentiative factor; 12, unknown vessel-derived signal. 
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The shift from self-renewing to either differentiative or neurogenic divisions 

is typically accompanied by concomitant changes in cell cycle progression, as is 

commonly observed in tissue culture models of NPCs and other types of stem cells. I 

have therefore combined Hoechst labelling with FACS analysis to determine the 

ploidy of cycling hindbrain CD133+ NPCs and thereby assign the proportion of 

NPCs in each cell cycle phase at several stages from 32s onwards (Figure 5.5). 

However, my FACS analysis may not have permitted a precise definition of 

cell cycle kinetics for several reasons. Firstly, the FACS plots acquired from 

wildtype hindbrains at 32 and 36s did not resemble typical Hoechst labelling 

histograms acquired by others from similar analysis of NSCs (Morte et al., 2013, 

Roccio et al., 2013). Secondly, the sorting strategy I used did not provide a high 

enough yield of NPCs at either 32s or 36s for pronounced ‘peaks’ corresponding to 

the ‘2n’ and ‘4n’ values for DNA content. Without prior knowledge of whether all 

NPC subtypes in the developing hindbrain express CD133, my targeting may have 

excluded other progenitor classes whose cell cycle progression may also be 

modulated by cerebrovasculature. Thirdly, given the different cell cycle kinetics 

reported for self-renewing NPCs in the forebrain and spinal cord (Calegari et al., 

2005, Saade et al., 2013), it is not obvious which brain region I should base my 

interpretation of the hindbrain FACS plots on to interpret the changes in cell cycle 

phase length I have observed. For example, the ratio of NPCs in G1 compared to G2 

appears to increase over time in the hindbrain, suggesting a lengthening of G1 

similar to that observed in the developing forebrain (Calegari et al., 2005). However, 

the proportion of NPCs in S-phase did not change from 32s to 36s (i.e. with 

development), in contrast to both forebrain and spinal cord NPCs where S-phase 

decreases in length (Arai et al., 2011, Saade et al., 2013). Further characterisation of 

cell cycle progression in hindbrain NPCs is therefore required before I would be able 

to accurately interpret FACS plots to identify cell cycle perturbations in hindbrains 

lacking GZ vasculature. 

Bearing these limitations in mind, I have begun to compare cell cycle 

progression of CD133+ hindbrain NPCs in Nrp1-mutant and control embryos by 

FACS (Figure 5.6). I did not observe a difference in the proportion of NPCs in each 
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cell cycle phase in Nrp1-/- mutants at 32s, nor did I detect any difference in the 

expression of cyclin D1. This finding suggests that a proportion of NPCs, 

presumably those that had not exited the cell cycle by that stage, continued to cycle 

normally at least for some time.  

In contrast to findings at 32s, I observed both an increase in the proportion of 

NPCs in G1 and a decrease of those in S-phase in CD133+ NPCs from 36s Nrp1-

mutant compare to control hindbrains. The lengthening of G1 and shortening of S-

phases agreed with a significant reduction in NPC-expressed Ccnd1 at 36s, which 

encodes cyclin D1 that normally promotes the transition from G1 to S-phase and is 

linked to NPC division mode (Lange et al., 2009). These observations at 36s agree 

with the precocious decline in mitotic and cycling NPCs that occurs thereafter 

(Figure 4.4 and Figure 5.2). Unfortunately, FACS analysis was not suitable to 

confirm the mitotic lag that takes place in anaphase at this stage (Figure 4.4), as 

quantifying Hoechst labelling intensity cannot differentiate between different stages 

of mitosis, nor can it distinguish between cells in G2 and M, when cells possess the 

same amount of DNA. 

As I observed changes in cell cycle progression in the absence of GZ 

vasculature at 36s, but not at 32s, it may be worthwhile to perform another analysis 

at a stage just preceding 32 to examine whether cell cycle changes precede cell cycle 

exit of those cells that were no longer captured by the CD133 sorting strategy. 

Separately, I am not confident in my quantification of Ccnd1 expression by 

NPCs following FACS (Figure 5.6). The reduction in expression at 36s in Nrp1 

mutants is so great that it would likely prevent any future cell division from 

occurring, and that is clearly not the case, as NPC mitosis in Nrp1-null hindbrains 

continued after this stage (Figure 4.4). 

In summary, my FACS analysis reveals interesting changes to cell cycle 

kinetics in NPCs across time, as well as in Nrp1-null embryos with defective GZ 

vascularisation. However, the strategy for studying NPC cell cycle requires 

optimisation and would benefit considerably from a better understanding of 

hindbrain NPC subtypes to enable more effective NPC targeting and to distinguish 
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NPC subtypes during cell cycle analysis. In an alternative and complementary 

approach, determining cell cycle kinetics could be performed in situ by using 

cumulative BrdU labelling (Calegari et al., 2005) or a transgenic cell cycle reporter 

mouse strain (Abe et al., 2013) to relate information on cell cycle progression to 

NPC subtypes and their anatomical position. 

Even though the molecular mechanism by which hindbrain vascularisation 

regulates NPCs is not yet defined, the long-term effects of poor GZ vascularisation 

are considerably clearer. At 46s, less than half the number of Ki67+ NPCs remains in 

Nrp1-/- hindbrains (Figure 5.2). Moreover, the reduction in BrdU+ labelled cells at 

46s, 24 h after a BrdU injection, points to further slowing in the generation of 

cellular progeny. 

Defects in NPC mitosis and self-renewal at early stages should affect 

hindbrain development more so than defects that occur later on in development. This 

is because a reduction in the pool of APs, such as NE and aRG, reduces the number 

and size of the neural lineages that derive from them. For example, premature 

differentiation of the ‘early’ NPC pool compromises the growth of the 

neuroepithelium (e.g. Kang et al., 2009), which is analogous to the reduction in 

hindbrain growth that I have observed. In contrast, depletion of later forming NPCs 

may impair the formation of a specific neuronal subtype but overall growth of the 

CNS is unlikely to be affected (e.g. (Tan et al., 2016). 

My analysis of NPC self-renewal at later stages shows that the proportion of 

NPCs undergoing cell cycle re-entry normalises in Nrp1-null embryos. Whilst there 

is a delay in radial vessel ingression and also impaired GZ vascularisation until at 

least 40s, the hindbrain contains a reasonable complement of endothelial cells at 46s, 

albeit in the form of abnormal, glomeruloid vessel structures. It is conceivable that 

these endothelial cells may be functionally competent to restore any angiocrine 

signalling or structural support that was initially missing in the poorly vascularised 

Nrp1-/- hindbrain at 32s. Alternatively, different NPC subtypes may possess varying 

responsiveness to vessel-derived cues, with some subsets resistant to poor GZ 

vascularisation compared to other, earlier populations that rely more on vascular 

regulation. This would be comparable to the importance of Wnt signalling in 
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maintaining the self-renewal of APs that are generated earlier on in development, but 

not BPs that lack contact at the apical surface of the neuroepithelium (Oliver et al., 

2003, Kenney et al., 2003). Ultimately, however, re-equilibrating levels of cell cycle 

re-entry in mid-late hindbrain development does not balance the effect of losing early 

NPCs to terminal differentiation, as the pool of cycling Ki67+ NPCs is irreversibly 

depleted at 46s. 

The variable responsiveness of NPC subpopulations to vessel-derived signals 

is highlighted by recent findings of NPCs committed to a cortical interneuron fate in 

the ventral forebrain (Tan et al., 2016), as well as NPCs that are regulated by tissue 

oxygenation in the dorsal forebrain (discussed below; (Lange et al., 2016). Nearly all 

progenitor processes that do not terminate at the pial surface in the medial ganglionic 

eminence project instead onto an SVP that runs through the neuroepithelium, and 

belong to interneuron-fated NPCs (Tan et al., 2016). Progenitor-vessel association is 

required for sustaining the division of this specified cohort of NPCs, yet NPCs do not 

appear to attach similarly to vessels in the dorsal forebrain and the incidence of 

vessel-anchored NPCs in ventral tissue varies with time (Tan et al., 2016). Thus, 

these observations suggest that specific subpopulations of NPCs in the developing 

brain exhibit a contrasting and spatiotemporal dependency on vascular regulation.  

TUJ1+ labelling at 46s shows an unusual distribution of differentiating or 

post-mitotic neurons in Nrp1-null hindbrains (Figure 5.4). Firstly, the apical 

hindbrain is almost completely devoid of TUJ1 staining. Indeed, the enrichment of 

TUJ1 immunolabelling from 32s to 46s is significantly reduced in Nrp1-/- embryos 

compared to stage-matched controls. Secondly, TUJ1+ neurons appear to accumulate 

in the medial region of the hindbrain. 

The lack of TUJ1 immunolabelling in the apical hindbrain at 46s, as well as 

the reduced enrichment of TUJ1+ neurons, indicate a slowing of neurogenesis, 

raising the question of which cell type normally occupies the region that completely 

lacks neurons in Nrp1 mutants. I have not characterised the pattern of gliogenesis in 

the embryonic hindbrain in either wildtype or Nrp1-null hindbrains and one 

interesting possibility is that this region may contain prematurely-generated glia that 

are produced in place of neurons and/or displace TUJ1+ neuronal processes. As 
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astrogliogenesis, for example, begins from e9.5 onwards in the developing spinal 

cord (Deneen et al., 2006), this region in the Nrp1-/- may contain ectopically 

generated astrocytes following a precocious switch to gliogenesis. 

Several signals promote the switch from neural to glial identity in the 

mammalian neurogenic niche. For example, in utero injection of TGF-β1 into the 

cortical ventricle induces precocious astrogliogenesis at the expense of neurogenesis 

in the mouse embryonic forebrain (Stipursky et al., 2014). I did not detect any 

significant difference in Tgfb1 expression in Nrp1-null embryos at least at 35s 

(Table 8.1), although it possible that alternative TGFβ1 ligands promote glial 

commitment in NPCs. Alternatively, premature neurogenesis at 32s in Nrp1-null 

hindbrains may itself contribute to ectopic gliogenesis in the hindbrain thereafter, 

similar to a mechanism where neuron-derived cytokines promote glial specification 

in the developing cortex (Barnabe-Heider et al., 2005). 

A large number of TUJ1+ neurons accumulate roughly halfway along the 

apicobasal axis and appear to have stalled during radial migration away from the VZ 

(Figure 5.4). This raises the possibility that NRP1 may be required cell 

autonomously to direct neuronal migration towards the pial surface by either hapto- 

or chemotaxis, akin to its role in guiding interneurons to the correct cortical layer 

(Tamamaki et al., 2003). This idea is supported by the distinct lack of BrdU+ labelled 

cells present in the basal hindbrain at 46s following a 24 h injection, suggesting that 

neurons formed later into hindbrain development are unable to perform radial 

migration. On the other hand, it would be interesting to study whether the 

accumulation of neurons takes place at the level of the rudimentary vessel plexus that 

forms at 46s in Nrp1-null hindbrains as this might suggest that hindbrain vasculature 

regulates neuronal migration by acting as a source of chemotactic cues. 

I have demonstrated that NPCs in hindbrains lacking GZ vasculature undergo 

precocious cell cycle exit at 32s and changes in cell cycle kinetics at 36s. However, 

unlike in the forebrain (Lange et al., 2016), these defects do not stem from prolonged 

tissue hypoxia. Expression of the hypoxia-regulated markers Hif1a, Vegfa and 

GLUT1 is upregulated during reduced hindbrain vascularisation in Nrp1-/- mutants, 

but relieving hypoxia fails to restore the balance between self-renewal and 
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neurogenesis (Figure 5.8). It is possible that this difference in vascular roles in 

regulating neurogenesis in the hindbrain and forebrain stems from their different 

NPC subtypes. Thus, TBR2+ BPs are abundant in the developing forebrain (Sessa et 

al., 2008), and prolonged hypoxia specifically impairs differentiation of APs into 

TBR2+ BPs (Lange et al., 2016). However, TBR2+ NPCs are absent from the 

hindbrain and spinal cord (Kwon and Hadjantonakis, 2007). Furthermore, I have 

observed a contrasting defect in NPC self-renewal to that demonstrated in the 

Gpr124-null forebrain (Lange et al., 2016), as defective hindbrain vascularisation 

instead results in increased neurogenesis (Figure 5.1 andFigure 5.3). As restoring 

oxygenation does not explain the role of GZ vasculature in vascular regulation of 

hindbrain NPCs, it will be important to identify alternative mechanisms by which 

blood vessels communicate with NPCs. 

qRT-PCR analysis in Nrp1-null JF1 hindbrains at 35s demonstrated that the 

expression of a number of secreted ligands is upregulated in the 35s Nrp1-null 

hindbrain compared to control hindbrains (Figure 5.9). Although I have not 

characterised potential angiogenesis defects in vivo in Nrp1-null JF1 hindbrains at 

35s, it seems likely that they have a similar vascular phenotype as mutants on a CD1 

or C57/Bl6 background, which were used in all experiments. In agreement, I 

detected similarly increased Vegfa levels in Nrp1-null hindbrains in CD1 and JF1 

embryos, suggesting prolonged hypoxia due to vascular insufficiency (Figure 5.8 

andFigure 5.9).  

A caveat in the array of gene expression in the Nrp1-null hindbrain is that it 

did not allow me to assign transcripts with altered expression levels to specific cell 

types, as at least some of the genes were expressed either by NPCs, neurons or non-

neural cells such as endothelial cells. In any case, it was unlikely that the expression 

of differentiative factors that contributed to precocious neural differentiation was 

controlled cell autonomously in neural cells by NRP1, as I did not detect any defects 

in NPC mitosis in Nes-Cre; Nrp1c/- hindbrains, but saw defects in NPC mitotic 

patterns and increased premature cell cycle exit in Tie2-Cre; Nrp1c/- hindbrains 

(Figure 4.7 andFigure 5.1). However, the increase in the expression of extrinsic 
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signalling ligands in the absence of GZ vasculature in Nrp1-null hindbrains also 

suggests that upregulated molecules were not endothelium-derived.  

To tackle the challenge of identifying which cell types express the genes 

whose expression changes after NRP1 loss, I have begun to examine the 

transcriptome of FACS-isolated endothelium at 35s. This analysis indicates that 

upregulated differentiative factors such as BDNF or NTF3 (Figure 5.10) are not 

obviously expressed by endothelium, but are generated elsewhere in the 

neuroepithelium (Figure 5.11). Thus, the most parsimonious explanation for the 

altered patterns of gene regulation is that hindbrain vasculature inhibits the 

expression of genes that orchestrate the switch from self-renewing to differentiative 

cell divisions in a timely manner.  

The upregulation of BDNF and NT3 expression in Nrp1-/- mutant hindbrain is 

of particular interest, given that both factors are potent differentiative and pro-

survival factors during development, and I have observed increased neural 

differentiation marker expression, as well as decreased apoptosis (Figure 4.3 and 

Figure 5.4). Moreover, NT3 promotes cell cycle arrest in cortical NPCs 

(Lukaszewicz et al., 2002), which agrees with the observation that G1 lengthening 

takes place in Nrp1-/- embryos at 36s, when Ntf3 expression is considerably 

upregulated (Figure 5.6). Yet, neither BDNF nor NT3 form part of the endothelial 

secretome, suggesting that their increased abundance in the NRP1-deficient 

hindbrain results from losing vascular repression of their transcription. As CNS 

endothelium represents the main cell type of Nos3 (eNOS) expression in the adult 

brain (Zhang et al., 2014) and hindbrain endothelial cells likely express eNOS 

(Figure 5.11) and therefore secrete NO, vessel-derived NO may form part of a 

regulatory framework that controls neurotrophin abundance or activity to modulate 

NPC self-renewal and commitment. 

However, I cannot exclude that increased expression of differentiative factors 

such as BDNF and NT3 is an indirect consequence of precocious neurogenesis, 

rather than reflect the loss of repression in Nrp1-deficient hindbrains lacking proper 

vascularisation. Feedback mechanisms involving NT3 secretion by newly formed 

neurons, like those functioning in the developing forebrain, for example 
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(Parthasarathy et al., 2014), may also operate in the hindbrain following ectopic 

neurogenesis. In this context, it is unclear what restricts expression of these pro-

differentiation factors at e8.5 or e9.5, when the neuroepithelium expands rapidly 

without undergoing neurogenesis, even though GZ vasculature is lacking by default 

in both wildtype and mutant embryos at these stages. 

In addition to paracrine interactions, contact-dependent signals between 

vessels and NPCs may also regulate neurogenesis in the hindbrain, as there is clear 

vessel-progenitor contact (Figure 3.6 -Figure 3.8). For example, hindbrain 

vasculature may regulate NPC stemness through the expression of Notch ligands 

(Figure 5.11) that interact in trans with Notch receptors on NPCs, similar to JAG1 

that promotes NSC quiescence in the adult brain (Ottone et al., 2014). Endothelial 

DLL1 may also maintain progenitor identity and proliferation by activating Notch-

driven Hes family gene expression in NPCs.  

5.4 Summary 

In this chapter, I have examined the role of hindbrain blood vessels in the 

regulation of NPC self-renewal and neurogenesis. Delayed formation of GZ 

vasculature results in precocious cell cycle exit and neuron formation in Nrp1-null 

hindbrains, which ultimately depletes the pool of cycling NPCs at later stages in 

development, impairs long-term neurogenesis and attenuates hindbrain growth. NPC 

cell cycle kinetics are also affected in hindbrains lacking GZ vasculature. Unlike in 

the developing forebrain, GZ vasculature does not regulate NPC self-renewal via a 

role in tissue oxygenation; instead, it may do so by restricting the expression of 

factors known to potently induce neuronal differentiation in the developing CNS, as 

well as through contact-dependent regulation of NPC stemness. 
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Chapter 6 FINAL CONCLUSIONS AND FUTURE WORK 

6.1 Summary of Conclusions and Final Remarks 

During my PhD, my aims have been to understand the potential roles of 

VEGF-A and vasculature-derived signals in regulating mammalian NPCs during 

embryogenesis. 

My characterisation of hindbrain neurogenesis has shown that it occurs in 

close spatial proximity to sprouting blood vessels, and that NPC cell division 

accelerates once hindbrain progenitors reside within a highly vascularised GZ. My 

research has also demonstrated that NPCs extend processes that contact the SVP and 

associated ECM, which agrees with similar observations of forebrain NPCs made by 

another group during my PhD. I have confirmed progenitor-vessel contact in the 

hindbrain using mosaic labelling of NPCs with the Sox1-iCreERT2 transgene. 

My analysis of mouse mutants lacking Nrp1 both globally and selectively in 

endothelial cells has demonstrated that NRP1 regulates normal mitotic behaviour of 

NPCs by promoting vascularisation of the hindbrain GZ. Conversely, I have also 

shown that NPC-expressed NRP1 is not required for sustaining NPC cell division. 

This finding, paired with the lack of VEGFR2 expression in NPCs, indicates that 

VEGF-A is unlikely to signal directly to NPCs in the same manner as in the adult 

brain and challenges the belief that it does so during development. 

I have provided novel evidence that CNS vasculature maintains NPC self-

renewal, delays the switch to neurogenesis and sustains the pool of NPCs until later 

stages of hindbrain development. In contrast to work carried out in the forebrain 

towards the end of my research project, hindbrain vasculature does not regulate 

neurogenesis by relieving hypoxia in the neuroepithelium. Instead, it likely does so 

by restricting the abundance of pro-differentiative factors that accumulate at the time 

when most NPCs exit the cell cycle prematurely. Therefore, my work demonstrates 

that vascular signals represent a vital component of the neurogenic niche that 

regulates embryonic NPCs and ensures sufficient CNS growth. 
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During my PhD, I have used my growing knowledge of the role of NRP1 to 

contribute to a textbook chapter concerning its function as a neural surface antigen 

(Tata, 2015), whilst I have also authored a peer-reviewed review article concerning 

the mechanisms underlying CNS vascularisation (Tata et al., 2015; see APPENDIX). 

Furthermore, I have recently published my findings regarding the role of GZ 

vasculature in embryonic neurogenesis in Proceedings of the National Academy of 

Sciences (Tata et al., 2016; see APPENDIX). In addition, I have significant data 

presented herein that is not included in the aforementioned manuscript and I aim to 

expand upon this work with additional experiments (see 6.2) to produce a second 

primary research article concerning the specific mechanisms underlying angiocrine 

regulation of NPCs. Finally, and independently of my work on mammalian 

neurogenesis, I have contributed significantly to a collaborative study with another 

laboratory (Dr. Quenten Schwarz, U. South Australia) addressing the development 

and innervation of the adrenal primordia, from which a manuscript is currently in 

preparation 

6.2 Future work 

6.2.1 The spatial relationship between neurogenesis and angiogenesis 

Having demonstrated that hindbrain NPCs divide within a vascularised 

compartment, future work could address whether mitotic NPCs are preferentially 

positioned near vasculature, as has been shown for perivascular forebrain BPs 

(Javaherian and Kriegstein, 2009). In addition, ultrascopic analysis of NPC contact 

with vessels using electron microscopy would determine whether NPCs attach 

themselves to vasculature using cell-cell junctions required for physical anchorage. 

Furthermore, immunolabelling for Notch and Integrin expression at these contact 

sites would identify if NPCs receive cell contact-dependent regulation from blood 

vessels.  

6.2.2 Role of NRPs and VEGF in NPCs 

NRP1 is not required for regulating NPC mitosis, but is expressed widely 

across the hindbrain neuroepithelium, posing the question of its specific role in 
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hindbrain progenitors. Given its importance in neurons elsewhere in the CNS (Chen 

et al., 2008) and apparent neuronal positioning defects in Nrp1-null mutants, analysis 

of neuronal migration in Nestin-Cre; Nrp1c-/- embryos that selectively lack NRP1 in 

neurons would determine whether it is required for radial migration across the 

hindbrain. Studying the role of NRP2 in NPCs would also reveal if it too is required 

during neurogenesis, given its potential role in maintaining NPC mitosis at later 

stages of development. Additionally, future work is also warranted to unequivocally 

determine whether VEGF-A signalling regulates hindbrain NPCs. Current evidence 

supports the idea that VEGF-A signals directly to forebrain-derived NPCs in vitro 

(Javaherian and Kriegstein, 2009, Wada et al., 2006). However, similar evidence is 

not yet available for hindbrain-derived NPCs. My in vivo evidence suggests that 

VEGF-A signalling through NRP1 in NPCs is not required to regulate NPC 

proliferation, but I have not yet determined whether NRP2 might compensate for 

NRP1 in this process. This could be investigated in mutants that lack VEGF 

signalling through NRP1 (Nrp1D320K/D320K; Gelfand et al., 2014) on an Nrp2-null 

background. Moreover, exposing neurospheres derived from hindbrain NPCs to 

exogenous VEGF-A could confirm whether VEGF-A regulation by VEGFR2 is 

restricted to an in vitro context, given that VEGFR2 expression by NPCs was not 

observed in vivo. Finally, future experiments should address whether an alternative 

VEGF implicated in neurogenesis, VEGF-C, regulates hindbrain NPCs in the manner 

demonstrated already in mammals and amphibians (Le Bras et al., 2006). 

6.2.3 Neural lineage progression in the hindbrain 

The generation of specific neuronal subtypes, as well as glia, in the hindbrain 

remains poorly characterised and may possess a temporal correlation to 

angiogenesis. Comparing the birth time of various neurons and glia with the period 

of CNS vascularisation could identify specific neural lineages that are selectively 

regulated by vascular-derived signals, akin to interneurons in the forebrain (Tan et 

al., 2016). Future work must also identify the trend of cell cycle kinetics during the 

switch from self-renewing to differentiative cell divisions, given the differing 

patterns observed in other areas of the CNS (Saade et al., 2013, Calegari et al., 

2005). Cell cycle reporter mouse strains (Abe et al., 2013) could be used to define 
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cell cycle progression in specific NPC subtypes, as well as in characterising the 

effect of angiocrine factors on NPC behaviour (see below). 

6.2.4 Angiocrine signalling from embryonic CNS vasculature 

The expression of several secreted ligands is upregulated in Nrp1-/- 

hindbrains with defective angiogenesis. As these hindbrains contain a smaller 

complement of endothelial cells compared to those in wildtype embryos, these 

factors likely derive from non-endothelial cell types and suggest that hindbrain blood 

vessels play an inhibitory role in regulating the expression of potential differentiative 

factors. Establishing the transcriptome of hindbrain endothelial cells, such as with 

RNAseq performed on FACS-isolated endothelium, will therefore provide insight 

into the likely signalling molecules generated by blood vessels in the developing 

CNS. From this knowledge, future work can then address which non-endothelial 

niche signals may be regulated by vessel-derived factors, as highlighted by 

differential gene expression in poorly vascularised Nrp1-/- hindbrains. Additionally, 

this line of inquiry may uncover new vascular signals that were not assayed for in the 

qRT-PCR experiments described in this thesis. 

6.2.5 Functional analysis of vascular regulation of NPCs 

Conditional deletion of candidate signalling molecules from endothelial cells 

only should confirm the role of vascular cues in sustaining NPC mitosis and self-

renewal. Furthermore, endothelial-specific mouse mutants can then be applied to 

studying the role of vascular regulation in neural lineage and cell cycle progression, 

INM and transcriptional programs in NPCs. Assaying the role of vascular cues on 

cultured neurospheres in vitro could also complement experiments performed on 

mouse embryonic tissue. Finally, future work should examine whether mechanisms 

of vascular regulation of NPCs are conserved elsewhere in the nervous system, such 

as in the forebrain, and even whether the same regulatory mechanisms function in 

other species. These experiments will therefore determine how vascular regulation 

helps orchestrates overall CNS development as a vital component of the neurogenic 

niche.  
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Chapter 8 APPENDIX 

Table 8.1 Fold change enrichment for all transcripts assayed for in qRT-PCR array. 

Gene Description Fold change 

(Nrp1-/- expression / 

Nrp1+/+ expression) 

Ache Acetylcholinesterase 1.1155 

Adora1 Adenosine A1 receptor 3.4339 

Adora2a Adenosine A2a receptor 1.6057 

Alk Anaplastic lymphoma kinase 0.5815 

Apbb1 Amyloid beta (A4) precursor protein-binding, family B, 

member 1 0.8717 

Apoe Apolipoprotein E 1.7154 

App Amyloid beta (A4) precursor protein 1.0137 

Artn Artemin 1.9914 

Ascl1 Achaete-scute complex homolog 1 (Drosophila) 0.9387 

Bcl2 B-cell leukemia/lymphoma 2 1.3072 

Bdnf Brain derived neurotrophic factor 2.9168 

Bmp2 Bone morphogenetic protein 2 1.6923 

Bmp4 Bone morphogenetic protein 4 2.0833 

Bmp8b Bone morphogenetic protein 8b 1.7442 

Cdk5r1 Cyclin-dependent kinase 5, regulatory subunit 1 0.9553 

Cdk5rap2 CDK5 regulatory subunit associated protein 2 1.6612 

Chrm2 Cholinergic receptor, muscarinic 2, cardiac 0.6375 

Creb1 CAMP responsive element binding protein 1 1.5247 

Cxcl1 Chemokine (C-X-C motif) ligand 1 0.7974 

Dcx Doublecortin 0.8322 

Dlg4 Discs, large homolog 4 (Drosophila) 1.6348 

Dll1 Delta-like 1 (Drosophila) 1.135 

Drd2 Dopamine receptor D2 1.7685 

Dvl3 Dishevelled 3, dsh homolog (Drosophila) 1.0508 

Efnb1 Ephrin B1 1.3287 

Egf Epidermal growth factor 1.2943 

Ep300 E1A binding protein p300 2.4189 

Erbb2 V-erb-b2 erythroblastic leukemia viral oncogene homolog 

2, neuro/glioblastoma derived oncogene homolog (avian) 1.068 

Fgf2 Fibroblast growth factor 2 1.195 
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Flna Filamin, alpha 3.2048 

Gdnf Glial cell line derived neurotrophic factor 2.8084 

Gpi1 Glucose phosphate isomerase 1 1.6666 

Grin1 Glutamate receptor, ionotropic, NMDA1 (zeta 1) 0.9433 

Hdac4 Histone deacetylase 4 2.4491 

Hes1 Hairy and enhancer of split 1 (Drosophila) 2.2017 

Hey1 Hairy/enhancer-of-split related with YRPW motif 1 0.9759 

Hey2 Hairy/enhancer-of-split related with YRPW motif 2 1.8598 

Heyl Hairy/enhancer-of-split related with YRPW motif-like 1.3584 

Il3 Interleukin 3 0.7974 

Mdk Midkine 1.5134 

Mef2c Myocyte enhancer factor 2C 2.0329 

Mll1 Myeloid/lymphoid or mixed-lineage leukemia 1 1.2592 

Mtap2 Microtubule-associated protein 2 1.1272 

Ndn Necdin 0.8983 

Ndp Norrie disease (pseudoglioma) (human) 1.0356 

Neurod1 Neurogenic differentiation 1 1.9075 

Neurog1 Neurogenin 1 1.2998 

Neurog2 Neurogenin 2 0.9155 

Nf1 Neurofibromatosis 1 1.1321 

Nog Noggin 1.848 

Notch1 Notch gene homolog 1 (Drosophila) 0.9562 

Notch2 Notch gene homolog 2 (Drosophila) 1.4488 

Nr2e3 Nuclear receptor subfamily 2, group E, member 3 0.7974 

Nrcam Neuron-glia-CAM-related cell adhesion molecule 0.9857 

Nrg1 Neuregulin 1 2.5214 

Nrp1 Neuropilin 1 0.0518 

Nrp2 Neuropilin 2 1.8358 

Ntf3 Neurotrophin 3 2.4795 

Ntn1 Netrin 1 0.7171 

Odz1 Odd Oz/ten-m homolog 1 (Drosophila) 0.6482 

Olig2 Oligodendrocyte transcription factor 2 0.883 

Pafah1b1 Platelet-activating factor acetylhydrolase, isoform 1b, 

subunit 1 0.8977 

Pard3 Par-3 (partitioning defective 3) homolog (C. elegans) 1.5146 

Pax3 Paired box gene 3 0.9914 

Pax5 Paired box gene 5 1.8993 
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Pax6 Paired box gene 6 0.8065 

Pou3f3 POU domain, class 3, transcription factor 3 0.6706 

Pou4f1 POU domain, class 4, transcription factor 1 1.4447 

Ptn Pleiotrophin 1.1291 

Rac1 RAS-related C3 botulinum substrate 1 1.2656 

Robo1 Roundabout homolog 1 (Drosophila) 1.7707 

Rtn4 Reticulon 4 1.3123 

S100a6 S100 calcium binding protein A6 (calcyclin) 2.9448 

S100b S100 protein, beta polypeptide, neural 0.9592 

Shh Sonic hedgehog 0.8864 

Slit2 Slit homolog 2 (Drosophila) 2.9609 

Sod1 Superoxide dismutase 1, soluble 0.9813 

Sox2 SRY-box containing gene 2 1.0999 

Sox3 SRY-box containing gene 3 0.685 

Stat3 Signal transducer and activator of transcription 3 1.0148 

Tgfb1 Transforming growth factor, beta 1 1.2092 

Th Tyrosine hydroxylase 1.5681 

Tnr Tenascin R 0.5717 

Vegfa Vascular endothelial growth factor A 3.811 

Actb Actin, beta 1.6562 

B2m Beta-2 microglobulin 1.2698 

Gapdh Glyceraldehyde-3-phosphate dehydrogenase 1.9558 

Gusb Glucuronidase, beta 330.8235 

Hsp90ab1 Heat shock protein 90 alpha (cytosolic), class B member 1 1 

MGDC Mouse Genomic DNA Contamination 0.7974 

RTC Reverse Transcription Control 0.7323 

RTC Reverse Transcription Control 0.6401 

RTC Reverse Transcription Control 0.7487 

PPC Positive PCR Control 0.8012 

PPC Positive PCR Control 0.776 

PPC Positive PCR Control 0.7459 
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Table 8.2 Number of embryos analysed. 

Figure Genotype Developmental stage (sample size) 

4.2B Nrp1+/+ 32s (6), 36s (3), 40s (4) 

Nrp1-/- 32s (4), 36s (4) 40s (5) 

4.3 Nrp1+/+ 32s (3), 40s (4), 46s (3) 

Nrp1-/- 32s (3), 40s (3) 46s (3) 

4.4B-D Nrp1+/+ 25s (4), 32s (3), 36s (3), 40s (3), 42s (3) 46s (5) 

Nrp1-/- 25s (3), 32s (6), 36s (3), 40s (4), 42s (6), 46s (3) 

4.5B Nrp1+/+ 32s (4), 36s (3), 40s (4) 

Nrp1-/- 32s (3), 36s (4), 40s (5) 

4.7D Nrp1c/+ 36s (3), 42s (5), 45s (6), 49s (3) 

Tie2-Cre; Nrp1c/- 36s (5), 42s (3), 45s (7), 49s (7) 

4.7E Nrp1c/+ 36s (3), 42s (6), 51s (3) 

Nes-Cre; Nrp1c/- 36s (3), 42s (4), 51s (3) 

4.8 Nrp1+/+Nrp2+/+ 49s (4) 

Nrp1+/Sema Nrp2+/- 49s (6) 

Nrp1+/+ Nrp2-/- 49s (2) 

Nrp1Sema/Sema Nrp2-/- 49s (3) 

4.10 Pu.1+/+ 50s (3) 

Pu.1-/- 50s (3) 

5.1C Nrp1+/+ 32s (3) 

Nrp1-/- 32s (3) 

Tie2-Cre; Nrp1c/- 32s (5) 

5.2B-D Nrp1+/+ 32s (3), 40s (3), 46s (3) 

Nrp1-/- 32s (3), 40s (3), 46s (3) 

5.3A Nrp1+/+ 32s (3) 

Nrp1-/- 32s (3) 

Tie2-Cre; Nrp1c/- 32s (5) 

5.4A Nrp1+/+ 32s (3), 40s (3), 46s (3) 

Nrp1-/- 32s (3), 40s (3), 46s (3) 

5.6B,C Nrp1+/+ 32 (5), 36s (10) 

Nrp1-/- 32 (5), 36s (3) 

5.6D Nrp1+/+ 32 (4), 36s (8) 

Nrp1-/- 32 (5), 36s (3) 

5.7 Nrp1+/+ 46s (3) 
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Nrp1-/- 46s (3) 

5.8A Nrp1+/+ 32s (4) 

Nrp1-/- 32s (4) 

5.8D Nrp1+/+ 20% O2 32s (3) 

Nrp1-/- 20% O2 32s (3) 

Nrp1-/- 80% O2 32s (3) 

5.9 Nrp1+/+ 35s (3 embryos pooled) 

Nrp1-/- 35s (3 embryos pooled) 

5.10 Nrp1+/+ 32s (4) 

Nrp1-/- 32s (5) 

5.11 Wildtype 35s (3 embryos pooled) 

Tie2-Cre; RosaYFP 35s (3 embryos pooled) 
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