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Abstract  

 

The paired-box protein PAX6 is a transcription factor that acts as a master regulator 

during neurodevelopment. In mice, it is expressed by neural progenitors in the cortical 

ventricular zone (VZ) where it regulates neurogenesis and fate specification. The 

complex processes of neurodevelopment are also regulated by morphogens such as 

Sonic Hedgehog (Shh) that promotes ventralization of the ventral telencephalon 

(vTel), through diffusion to form a concentration gradient. 

 

Strikingly, when Pax6 is deleted, a subset of cortical progenitor cells that would 

normally become glutamatergic commit into a GABAergic fate, expressing ventral 

markers such as Gad67, Gsx2 and Dlx1. Previous studies have shown that when wild-

type cortical cells are treated with substances that activates Shh signalling, they can be 

made to express genes such as Gsx2 which are associated with the generation of 

interneurons. Based on these findings, we asked what makes cortical progenitor cells 

change their fate when Pax6 is deleted? This study aimed to investigate the sensitivity 

of cortical progenitor cells in Pax6 mutant mice to Shh signalling. 

 

In the present study, we used Pax6-floxed (Pax6fl/fl) mutant mice expressing a 

tamoxifen-inducible form of Cre recombinase under the control of the Emx1 locus 

(Emx1-CreERT2) and an EGFP reporter construct. Cultured cortical progenitors were 

exposed to increasing concentrations of Shh agonist, developed for the protein 

Smoothened (SAG), which is a key part of the activation of Hedgehog signalling 

pathway. Statistical analysis was done using two-way ANOVA. Significant increases 
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of Gsx2+, Dlx1+ Olig2+ cells were observed in parallel with the increase of Shh 

agonist concentrations. We also investigated the possibility that these cells matured 

into interneurons (INs) after exposure to SAG, if they do have electrical properties 

akin to specific type of INs. 

 

Our finding suggests that morphogens such as Shh exert a ventralizing effect on 

cortical progenitors, and Pax6 is required to resist such an effect in order to safeguard 

glutamatergic fate. These cells also have the potential to develop into a subtype of IN 

when exposed to SAG.  
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Lay summary 

 

The cerebral cortex is the largest part of the mammalian brain that has a complex 

neuronal network responsible for higher cognitive function. One of the principal 

aspects about the cortex is the main type of cells in it and this can be classified based 

on the neurotransmitters they produce and use. There are excitatory glutamatergic 

neurons that produce excitatory neurotransmitters such as glutamate to fire an action 

potential that passes down to excite the next neuron. On the contrary, there are 

inhibitory GABAergic interneurons that produce inhibitory neurotransmitters such as 

gamma-aminobutyric acid (GABA) to inhibit the firing in the neurons they are 

communicating to. The second criteria is the origin of interneurons which is different 

than that of the glutamatergic neurons. While glutamatergic neurons originating from 

dorsal telencephalon, GABAergic interneurons derive from ventral telencephalon.  

 

Pax6 is a powerful regulator that is present in the cortex at the outset of cortical 

development. One of its roles is to modulate the production of glutamatergic neurons. 

It ensures the right number of glutamatergic neurons are being produced at the at the 

right time, in the right place. Previous studies have reported that when Pax6 is 

removed, a few ventral markers that are usually expressed by GABAergic neurons 

were detected in the cortex. These markers are associated with signalling molecule 

Shh, which is responsible for the patterning of the ventral telencephalon. We wonder 

if the emergence of GABAergic neurons in the absence of Pax6 has something to do 

with Shh signalling activity in the cortex. 
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To explore this, we tested if the cortical cells were sensitive to Shh signalling activity. 

We do this by culturing these cells that are taken from genetically engineered mice 

that has lost Pax6, and treat them with increasing dosage of SAG, a protein that would 

activate Shh signalling in culture. These cells showed expression of ventral marker 

Gsx2, Olig2 and Dlx1 in a dosage-dependent manner. We also investigated if these 

cells have the potential to become interneurons that would display firing activity 

similar to specific type of interneurons found in the mouse cortex. We concluded that 

Pax6 is required to protect cortical cells against Shh signalling in order to generate 

glutamatergic neurons in the developing mouse cortex. These cells can also develop 

into interneuron with firing activity resembling a specific type of it in the cortex.  
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CHAPTER 1: INTRODUCTION 

 

1.1 Forebrain development 

 

The complex network of the forebrain gives rise to many of the distinctive and higher 

cognitive processes in humans. Any disorders happened through developmental 

processes would affect cognitive abilities and cause neurodevelopmental problems in 

the future (Reiner et al., 2016; Tan & Shi, 2013). Since the mechanisms involved 

in forebrain development are highly conserved, numerous studies have utilised animal 

models such as mice, to decipher the mechanisms by which this complex organ 

develops. This thesis therefore emphasises on the development of the mouse 

embryonic forebrain. 

 

A neural tube, an epithelium that is polarised in apico-basal arrangement, is formed 

after neural induction when the neural plate folds and organises itself around a lumen, 

or primordial ventricle (Lancaster & Knoblich, 2014). The rostro-caudal and dorso-

ventral neuroepithelium axes is then shaped by morphogen such as Wnt and Shh via 

graded distribution during gastrulation (Figure 1.1), (Levine & Brivanlou, 2007). 

 

The forebrain arises from the most rostral region of the neural plate. It then segregates 

into telencephalon and diencephalon in which the former can be exclusively identified 

by the expression of Foxg1 but not in the latter (Danesin & Houart, 2012; Wilson & 

Houart, 2004).  
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Figure 1.1 Regionalization of the embryonic forebrain. Morphogen gradients such as Wnt and Shh 

regionalise the rostro-caudal and dorso-ventral axis respectively (Petros et al., 2011)  



3 
 

Both of these forebrain subdivisions have reciprocal connection, as the diencephalon 

(thalamus) receives sensory information, which is relayed to the telencephalon 

(cerebral cortex) to be processed, and the feedback is subsequently transmitted back 

to the thalamus, forming a thalamo-cortico-thalamic loop (Antón-Bolaños et al., 

2018). These interconnections are crucial to forebrain function, which is partially 

governed by the cerebral cortex's intricate neural networks. The two main classes of 

neurons in the cortex which is the glutamatergic excitatory neurons and GABAergic 

inhibitory neurons, make up the majority of the circuits and work together to produce 

the two main types of cortical neurons upon which these neural networks are based. 

 

Cortical function depends on the balance between these two classes of neurons, as 

disruption could cause cognitive impairment and other neurodevelopmental 

abnormalities like autism (Choi et al., 2017; Geschwind & Levitt, 2007). Strikingly, 

these two classes of cortical neurons are generated in different regions of the 

telencephalon.  The dorsal telencephalon produces glutamatergic excitatory neurons 

that migrate radially to the cortical plate, while the ventral 

telencephalon generates GABAergic inhibitory neurons that migrate tangentially to 

the cortex, resulting in intricate functional connectivity (Gelman & Marín, 2010). 
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1.1.1 Generation of two major classes of cortical neurons: glutamatergic neuron 

and GABAergic interneuron 

 

The cerebral cortex is the most intricate region of the dorsal telencephalon, comprising 

of a diversed population of neurons that are spatially and temporally organised into six 

cortical layers based on their birthdate (Gaspard & Vanderhaeghen, 2011). This 

intricate cryoarchitecture began as a basic apico-basal polarised pseudostratified 

neuroepithelium (NE) that was organised around the primordial ventricle radially 

(Suzuki & Vanderhaeghen, 2015). 

 

The building block of the developing cortex and the source of neuronal diversity are 

known as cortical progenitors. The cortical progenitors are comprising of apical and 

basal progenitors. They can be distinguished on the basis of their cellular features and 

expression of distinct molecular markers (Manuel et al., 2015). 

 

For instance, apical progenitors like NE cells and radial glia cells (RGCs) reside and 

proliferate at the cortex's apical side (close to the ventricles), generating the ventricular 

zone (VZ). The expression of Sox2 and Pax6, markers for neural progenitors, is 

another characteristic of these cells (Azzarelli et al., 2015). Before neurogenesis 

begins, NE cells divide symmetrically to create a progenitor pool. Around E10.5, these 

cells then change into radial glia cells, which are recognised by an apical and a basal 

process. The basal processes span the width of the cortex and serve as a scaffold 

for neurons to migrate. Radial glia cells can divide asymmetrically to create basal 
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progenitors, in addition to symmetrical division to preserve the progenitor population 

(Figure 1.2) (Noctor et al., 2004). 

 

A 

B 

 

 

Figure 1.2 The complex and organised cytoarchitecture of the cerebral cortex. (A) Cortical 

progenitors such as apical and basal progenitors organised into VZ and SVZ, respectively (Romero et 

al., 2018). (B) These cortical progenitors give rise to diverse cortical neurons by undergoing 

symmetrical and asymmetrical cell division. Symmetrical divisions involve radial glia cells (RGCs) 

dividing into two identical daughter RGCs, enlarging the proliferative pool (Panel 1). Alternatively, 

RGCs can either progress to form neurons directly (Panel 3) and progress to the cortical plate (CP) or 

indirectly through the intermediate production of apical progenitors located in the subventricular zone 

(SVZ) (Panel 2). Figure adapted from (Martynoga et al., 2012). Green = RGCs, Red = IPCs and Blue = 

Neurons. 

Panel 1 Panel 2 Panel 3 
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The subventricular zone is formed by basal progenitors, which are intermediate 

progenitors (IPs) that live on the cortex's basal side (SVZ). They primarily divide 

symmetrically, express the transcription factor Tbr2, lack an apical process, and give 

birth to glutamatergic neurons (Taverna et al., 2014). Dorsal telencephalon (dTel) is 

the only location where cortical glutamatergic neurons are produced. Early born 

neurons make up the deep layers (VI-V) of the cortex, which are grouped in six layers, 

while late-born neurons make up the higher layers (III and II) of the cortex. Cajal-

Retzius cells that migrated from the cortex's periphery make up Layer I, which 

develops the earliest among other layers at mouse embryonic day (E) 10. 

 

Contradictory to glutamatergic excitatory neurons, which are produced in the 

dTel, GABAergic interneurons (INs) are produced in three spatially distinct progenitor 

areas of the ventral telencephalon (vTel). These areas include the medial ganglionic 

eminence (MGE) (Ang et al., 2003; Lavdas et al., 1999), the caudal ganglionic 

eminences (CGE) (Nery et al., 2002) and the preoptic area (POA) (Gelman et al., 2011; 

Gelman et al., 2009). Apart from these, progenitors in the lateral ganglionic eminence 

(LGE) produce striatal projection neurons and olfactory bulb interneurons (Stenman 

et al., 2003). Although these two types of neurons have identical molecular profile to 

GABAergic INs generated in CGE, they will not eventually migrate to the cortex. A 

huge portion of IN classes originated from progenitors in MGE and POA express 

neurotransmitters paravalbumin (PV) and somatostatin (SST) (D. Gelman et al., 2011; 

Marín & Müller, 2014). In contrast, neurogliaform cells and IN expressing 

neuropeptide Y (NPY) are specifically differentiated from the progenitors found in the 

POA (Gelman et al., 2009). Cortical INs such as vasoactive intestinal polypeptide 
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(VIP) produced by CGE express cholecystokinin (CCK), as well as other atypical cell 

types like single bouquet cell (Butt et al., 2005). Progenitors in the vTel are therefore 

spatially differentiated and transcriptionally engineered to produce a variety of INs, 

compared to cortical progenitors, which are considerably more uniform across the 

dTel. These INs will eventually migrate tangentially into the dTel and also their final 

destinations in the brain, where they form a complex neural circuitry with neurons in 

the cortex. 

 

Identical VZ and SVZ niches are used to arrange progenitors in the vTel, similar to 

those in the dTel. The progenitors in the vTel have a bipolar cellular structure similar 

to that of the radial glia cells in the dTel, where the apical process touches the 

ventricular surface and a basal process that extends further than VZ. Most radial glia 

cells proliferate in the VZ during the outset of ventral telencephalic neurogenesis, 

where they go through interkinetic nuclear migration (IKNM) and proliferate at the 

ventricular surface (Brown et al., 2011; Pilz et al., 2013). Some radial glia cells start 

to divide asymmetrically in the vTel as development moves towards E11–E12, 

resulting in the generation of ventral telencephalic intermediate progenitors (IPs) 

(Brown et al., 2011). At the basal end of the VZ, IPs are mitotically active and move 

away from the ventricular surface, thereby marking the emergence of the SVZ. During 

the mid-neurogenesis phases between E13 and E14, the SVZ of the vTel gradually 

increases in size as well as in mitotic cell population, replacing the VZ as the primary 

site for progenitor proliferation (Fentress et al., 1981; Pilz et al., 2013). 
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1.1.2 Paired-box genes 

 

The paired-box gene family is identified by paired-box (PB) domain, which is a 128-

amino acid sequence that is evolutionarily conserved (Bopp et al., 1986). This family 

in the mammalian genome consists of nine genes (Pax1-9) (Chalepakis et al., 1992; 

Tremblay & Gruss, 1994). These genes are expressed at early stages of embryonic 

development, including Pax2 in the neural tube (Schwarz et al., 1999) Pax3 and Pax7 

in the spinal cord (Mansouri et al., 1996). Pax2 is also associated with the formation 

of interneuron subtypes in the spinal cord (Del Barrio et al., 2013). Pax3 

also contributes to the formation of early brain regions (Terzić & Saraga-Babić, 1999). 

Pax5 is responsible to repress some immune cell lineages (Yan et al., 2008). This gene 

family tends to be expressed more rostrally in the developing brain (Mansouri et al., 

1996). Pax6 is another example of the paired-box gene family. 

 

1.1.3 Pax6: a key transcription factor in cortical development 

 

Another member of the Paired-box (Pax) gene family, Pax6, is a key transcription 

factor that is highly conserved. This gene encodes for the paired domain and the 

homeodomain, two DNA-binding proteins (Osumi et al., 2008). Pax6 and Pax6(5a) 

are the two canonical isoforms of Pax6 gene (Manuel et al., 2015). Although other 

isoforms such as p32 and p43, have been discovered, they are present in considerably 

limited proportions and are primarily in the cytoplasm (Carriere et al., 1993; Pinson et 

al., 2006). Pax6 is expressed in a remarkably dynamic manner throughout 

developmental process, such as in the eye, spinal cord, olfactory system, forebrain and 
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pancreatic system (Ypsilanti & Rubenstein, 2016). Aniridia is a congenital human 

disorder characterised by the lack of the iris that is thought to be caused by a mutation 

of Pax6. This abnormality is homologous with the small eye (Sey) mouse, which has 

a point mutation in the Pax6 gene that causes Pax6 loss of function. Mouse with this 

mutation is known as the Pax6-/- mouse (Georgala et al., 2011; Hill et al., 1991). In 

addition to lacking eye and nasal features, Pax6-/- mice have a wide range of 

telencephalic conditions that cause them to die at birth, including 

defects in neurogenesis, patterning, cell proliferation and neural migration (Estivill-

Torrus et al., 2002; Georgala et al., 2011; Quinn et al., 2007; Simpson et al., 2009; 

Stoykova et al., 2000). 

 

Expression of Pax6 in cortical progenitors begins at E8 and is spatiotemporally 

regulated throughout telencephalic development (Osumi et al., 2008). Pallial-

subpallial boundaries or PSPB, segregating the dorsal (pallium) and ventral 

(subpallium) telencephalic regions, are formed by its particular expression in the dorsal 

region of the telencephalon (Zaki et al., 2003). Pax6 expression changes from a 

gradient distribution during early corticogenesis, exhibiting high levels of 

expression rostro-laterally and low levels of expression caudo-medially, to a more 

widespread pattern in late corticogenesis (Figure 1.3), (Manuel et al., 2015). 
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and Pax6. Gsx2 is expressed in the ventral telencephalon (Corbin et al., 2000), whilst 

Pax6 is expressed in the dorsal telencephalon (Manuel et al., 2015). Distinct cortical 

neuron populations are produced in these regions (Wonders & Anderson, 2006). Cell 

population expressing Gsx2/Dlx1/Nkx2.1 leads to the production of interneurons, 

whereas Emx1/Pax6-expressing populations contributes to generation 

of glutamatergic excitatory neurons (Figure 1.4,) (Manuel et al., 2015). Graded 

distribution of Sonic hedgehog (Shh), Fibroblast growth factor 8 (Fgf8), and Bone 

morphogenetic protein (Bmp) morphogens generates the ventral-to-dorsal 

telencephalon patterning (Agirman et al., 2017; Franco & Müller, 2013). The lineages 

of radial glia progenitors (RGPs) in the dorsal telencephalon, progresses from the 

expression of Pax6 in RGPs to Ngn2 in RGPs to Tbr2 in IPs (Manuel et al., 2015) 

whilst expression of Pax6 is downregulated (Englund et al., 2005). This highlights the 

crucial role of Pax6 in regulating cortical progenitor proliferation, that is essential for 

normal development of the cortex.  

 

1.1.4 Pax6 suppresses cortical progenitors proliferation 

 

Figure 1.5 gives a brief outline of the cell cycle. The synthesis phase (S), during which 

DNA is replicated, separates the two growth stages (G1 and G2). As the cell develops, 

it enters the M phase, where daughter cells are generated. A large number of cell 

cycle regulators, including cyclins, control the process (Satyanarayana & Kaldis, 

2009). This entails cells departing (postmitotic) or re-entering the cell cycle (daughter 

progenitor cell). Postmitotic cells exit the cell cycle and lost the capacity to multiply 

and produce new cells (Beattie & Hippenmeyer, 2017). 
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stage. Pax6cKO is a Pax6 conditional mutant mouse model that allows for acute 

removal of Pax6 in a particular area. This manipulation enables the identification of 

Pax6's more immediate effects at a particular time and location in the cortex. Since the 

embryos of this model survive after birth, the post-natal functions of Pax6 may be 

investigated. 

 

The BrdU labelling index (LI) of the cortical progenitors increases throughout early 

development of the cortex when Pax6 is constitutively lost, indicating either that the 

cells are undergoing fast proliferation or that the length of S-phase has escalated 

relative to the overall length of the cell cycle (Warren et al., 1999). It was discovered 

later that constitutive loss of Pax6 at E10.5 and E12.5 resulted in a decline in the total 

cell cycle time (Tc) after quantification was done on the cell cycle kinetics of 

the cortical progenitors in Pax6-/- at various stages of corticogenesis (Estivill-Torrus et 

al., 2002). This indicates rapid cell proliferation. This was followed by the increase in 

post-mitotic cells that express Tuj1 suggesting precocious differentiation. Conversely, 

at E15.5 higher Tc was observed indicating constitutive Pax6 loss at a later stage of 

corticogenesis caused cell proliferation rate to decrease. The distinct effects of Pax6 

mutation at various embryonic stages imply that Pax6's function in regulating 

proliferation of cortical progenitor is context dependent. 

 

The Tc Pax6-/- mice at E12.5 however, has recently been reevaluated, taking into 

consideration the gradient pattern of Pax6 expression, which is high rostro-laterally 

and low caudo-medially. According to this analysis, Pax6 deletion only had an impact 

on progenitors in the rostro-lateral region of the cortex, and their Tc was significantly 
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decreased than that of controls (Mi et al., 2013). Similar results were also observed in 

Pax6 cKO mice, indicating that Pax6's repressive role over proliferation of cortical 

progenitors is governed spatiotemporally. More recent evidence demonstrated 

that removal of Pax6 induces upregulation of cell cycle genes Cdk6, which speeds up 

the G1 phase leading to rapid cell proliferation, partly caused by Pax6 control over 

cell cycle genes (Mi et al., 2013, 2018).  

 

 

 

Figure 1.5 Phases of the cell cycle. Growth phase indicated by G1 and G2, mitosis phase (M) and 

synthesis phase (S) where DNA is copied. Transcription factors such as Pax6 modulate the length of 

the cell cycle during brain development. Pax6 extends G1 phase by decreasing cyclin dependent kinase 

6 (Cdk6) levels (Mi et al., 2018).  

 

1.1.5 Morphogen: Sonic Hedgehog 

 

Sonic Hedgehog (Shh) is one of the three vertebrate genes homologues (Indian, Desert 

and Sonic) to Drosophila morphogen hedgehog (Ingham & McMahon, 2001). It plays 

a significant part in controlling embryonic morphogenesis (Mohler & Vani, 1992; 

Tashiro et al., 1993). Shh plays a role in the arealization of the developing central 
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nervous system in mammals. Its significance in the induction of the floor plate and 

various ventral cell types inside the neural tube is one of its most characterized roles. 

It is produced in the notochord (Litingtung & Chiang, 2000). During cortical 

neurogenesis, Shh can be found in Cajal Retzius cells, tangentially migrating 

interneurons, VZ/SVZ and cerebrospinal fluid (CSF) (Komada et al., 2008; Yabut & 

Pleasure, 2018). Higher concentrations of Shh are found in the most ventral aspects of 

the neural tube and notochord, while lower concentrations are found in the more dorsal 

regions of the neural tube (Ribes & Briscoe, 2009). Shh loss results in 

severe embryonic phenotype with morphological anomalies such as the most severe 

condition of holoprosencephaly, cyclopia, as well as other morphological defects that 

are deadly (Roessler et al., 1996). Additionally, several carcinomas have been linked 

to increased Shh activation (Katoh & Katoh, 2005; Oro et al., 1997; Peng & Joyner, 

2015). Furthermore, components in the Hedgehog pathway have been investigated as 

a potential candidate for chemotherapeutic drugs (Dormoy et al., 2012; Kieran, 2014; 

Robinson et al., 2015). Overall, Shh is the vertebrate Hedgehog pathway's well-studied 

ligand due to its significance in a variety of processes in developmental and diseases. 

 

Shh molecules can bind to the Patched homologue 1 (Ptch1) and Patched homologue 

2 (Ptch2), which are transmembrane receptor proteins on the target cell's surface (Fuse 

et al., 1999; Motoyama et al., 1998). Among these two receptors, only Ptch1 is 

expressed by cells in the developing central nervous system (Carpenter et al., 1998). 

Ptch1 modulates the position of the G protein-coupled receptor Smo (Ruiz-Gómez et 

al., 2007) within the cell, inhibiting its activity within a cell (Taipale et al., 2002). Smo 

is found on vesicle membranes in the cytoplasm when Shh is not present. These 
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vesicles move to the primary cilium and fuse with the cell membrane, when Shh binds 

to Ptch1. This causes an accumulation of Smo at the primary cilium, where Smo is 

found active during Shh pathway activation (Corbit et al., 2005). 

 

Gli2 and Gli3, members of the Gli family transcription factors, engage with active Smo 

in order to modulate the expression of Shh target genes. Although the processes behind 

the interactions among Gli2, Gli3, and Smo are not clearly understood, it is known that 

Gli2 and Gli3 are phosphorylated when Shh is absent due to inactivation of Smo. This 

enables the proteolytic cleavage of Gli2 and Gli3, leading to the formation of their 

repressor forms, known as Gli2R and Gli3R, which diffuse into the nucleus and inhibit 

the transcription of Shh target genes. This phosphorylation is suppressed when Shh 

binds to Ptch1 and Smo is active at the primary cilium, leaving Gli2 and Gli3 in their 

activator forms known as Gli2A and Gli3A. This will then trigger the transcription 

process of Shh target genes (James Briscoe & Thérond, 2013) (Figure 1.6). 

 

The expression of various transcription factors inside tissues affected by morphogen 

activity facilitates the response to the secreted morphogenetic signal. In order to 

respond to the secreted morphogens, tissues within the signal domain must be 

competent to respond to it. Additionally, cells can react differently to 

various concentrations of a morphogen signal. The level of concentration must reach 

a certain threshold, and a cell must be exposed to the morphogen for a certain amount 

of time to allow for the activation or inhibition of the morphogen's target genes (Ashe 

& Briscoe, 2006; Rogers & Schier, 2011). This phenomenon, often referred to as 

graded signalling, is a unique hallmark of Shh signalling that has been thoroughly 
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investigated and measured in a variety of experimental tissues and embryonic regions 

(James Briscoe, 2009; McGlinn & Tabin, 2006; Patten & Placzek, 2000). 

 

The effects of graded Shh signalling at different points along the Shh morphogen 

gradient have perhaps been studied most comprehensively in the spinal cord. Graded 

Shh signalling promotes the differentiation of various neuronal progenitor pools 

(Balaskas et al., 2012; Briscoe & Ericson, 1999; Cohen et al., 2013). Motor neurons 

are produced at high concentrations, ventral neurons at low concentrations, and floor 

plate cells are initiated at very high concentrations.  Shh naive neural plate explants 

exposed to various concentrations of Shh protein induced differentiation of distinct cell 

types (Briscoe et al., 1999; Jessell, 2000). Shh is produced in the ventral region of 

the notochord and floor plate cells throughout the development of the spinal cord. This 

generates many types of interneuron progenitors that express ventral genes. 

Additionally, this determines the motor neuron progenitors’ identity and yields 

five neuron classes (Jessell, 2000). Cellular differentiation is halted when Shh 

signalling is suppressed (Ericson et al., 1997; Martí & Bovolenta, 2002). These 

findings shows that different cell fates can be induced by different levels of Shh 

concentrations. 

 

Recently, several small molecule activators of the Shh pathway have been identified 

(Chen et al., 2002; Frank-Kamenetsky et al., 2002). These molecules feature properties 

that make them attractive as potential therapeutic agents including low-nanomolar 

potencies and favourable pharmacokinetic profiles in targeted tissues. Importantly, the 

Hh-pathway agonists can activate Shh signalling pathway in a variety of in vitro and 
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in vivo assays (Frank-Kamenetsky et al., 2002; Harper et al., 2004; Shin et al., 2019; 

Stanton & Peng, 2009). One of these compounds, a chlorobenzothiophene-containing 

molecule, Smoothened agonist (SAG) was recently synthesized and was shown to be 

able to bind directly to Smo and activate Shh signalling pathway (Chen et al., 2002; 

Frank-Kamenetsky et al., 2002; Shin et al., 2019).  
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1.2         Gsx2, Olig2 and Dlx1 in the developing brain and spinal cord 

 

Gsx2, Olig2 and Dlx1 are genes that involves in building up the essential components 

of a complex regulatory network in the developing brain and spinal cord. These genes 

play crucial roles in the specification and differentiation of various neural cell types, 

including neurons and glia in the brain and spinal cord.   

 

Gsx2, also known as Gsh-2, is a member of the GSX homeobox gene family. It has 

been shown to play important roles in early neurodevelopment and has been implicated 

in the specification of neural stem cells (NSCs) into various neural lineages (Pei et al., 

2011). Specifically, Gsx2 acts as a key player in the specification of dorsal spinal cord 

interneurons, where it regulates the balance between dorsal and ventral interneuron 

subtypes (Mizuguchi et al., 2006). In the developing embryo, Gsx2 is expressed in the 

lateral ganglionic eminence of the ventral telencephalon (Pei et al., 2011). It plays a 

crucial role in specifying the fate of neural progenitor cells and differentiating them 

into specific neural cell types, such as glutamatergic neurons (López-Juárez et al., 

2013) and oligodendrocytes (Liu & Zhang., 2011). 

 

Olig2, also known as oligodendrocyte-specific bHLH factor, is expressed in NSCs and 

has a crucial role in the development of oligodendrocytes, the myelinating glial cells 

of the CNS (Rowitch & Kriegstein, 2010). In the developing brain, Olig2 is expressed 

in the ventral part of the forebrain and hindbrain (Jakovcevski, 2005). In the spinal 

cord, Olig2 has been shown to be involved in the regulation of the balance between 

oligodendrocyte progenitor cells (OPCs) and NSCs (Liu et al., 2011). Olig2 is also 
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involved in the specification of interneurons in the ventral telencephalon (Miyoshi et 

al., 2007) and motor neurons (Sagner et al., 2018). In addition to its role in the 

differentiation of oligodendrocytes and motor neurons, Olig2 has been implicated in 

the regulation of other genes involved in neural development. For example, Olig2 has 

been shown to regulate the expression of the Nkx2.2 gene, which is involved in the 

differentiation of interneurons in the spinal cord (Sun et al., 2003). 

 

Dlx1, also known as distal-less homeobox 1, is a member of the Dlx gene family. This 

gene plays important roles in various aspects of neural development, including the 

specification of neural cell types and the formation of neural circuits (Petryniak et al., 

2007). Dlx1 has been implicated in the specification of dorsal spinal cord interneurons 

(Nery et al., 2002). In the developing brain, it is expressed in the ventral telencephalon, 

mostly in the medial ganglionic eminence (Wonders & Anderson, 2006). Dlx1 has 

been shown to regulate the development of several different cell types in the 

developing brain, including interneurons and pyramidal neurons. For example, it has 

been shown to regulate the development of interneurons in the cortex by controlling 

the expression of specific transcription factors such as Nkx2.1 (Lim et al., 2000). 

Additionally, it has also been reported to play a role in the development of pyramidal 

neurons in the hippocampus via the expression of genes such as Prox1 (Miyoshi et al., 

2015). Dlx1 has also been demonstrated to interact with Olig2 in the spinal cord, where 

it plays a role in specifying the identity of different populations of interneurons 

(Wonders & Anderson, 2006). 
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In the developing brain and spinal cord, Gsx2, Olig2 and Dlx1 interact with each other 

and other signalling pathways to control the specification and differentiation of neural 

cells. For example, Shh signalling has been shown to regulate the expression of these 

genes, among others, in the spinal cord (Ribes & Briscoe., 2009). A study 

demonstrated that Shh regulates the proliferation and migration of progenitor cells by 

controlling the expression of Pax6 and Gsx2 (Zhang et al., 2020). When these cells are 

exposed to Shh, Pax6 expression is downregulated, allowing for the subsequent 

expression of Gsx2. The presence of Gsx2 creates an environment where other 

interneuronal genes such as Dlx1 can be expressed, thus allowing for the development 

of distinct progenitor cells. Another study showed that Shh signalling regulates the 

expression of Olig2 and Dlx1, which are essential for the formation of neural structures 

(Ortega et al., 2013). Furthermore, Shh signalling has been shown to regulate the 

expression of Olig2 in the dorsal spinal cord, where it plays a role in the specification 

of motor neuron precursors (Sagner et al., 2018). In the ventral spinal cord, Shh 

increases the expression of Olig2 to promote the differentiation of interneurons (Oishi 

et al., 2022).  

 

In conclusion, Gsx2, Olig2 and Dlx1 are among the crucial genes involved in the 

development of the brain and spinal cord. They interact with each other and with other 

signalling pathways, such as Shh, to control the specification and differentiation of 

neural cell types, which eventually form the complex regulatory networks required for 

proper CNS development.  
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1.3 Single cell RNA-sequencing (scRNA-seq) of Pax6cKO population  

 

In development, sequencing the RNA of individual cells allows us to understand the 

existence and behaviour of different cell types and cluster them according to similarity 

in gene expression profile. In our lab, scRNA-seq was performed on Pax6cKO cell 

population at E13.5 and E14.5 to explore the lineage progression of cortical cells 

following Pax6 removal (data and analysis by Kai Boon Tan, CDBS, University of 

Edinburgh). Cells were sorted with FACS to specifically obtain only GFP+ cells from 

the population and analysed for the transcriptomic information. The clusters generated 

were then used to explore differences in the type and diversity of clusters between 

Pax6cKO cell population and Pax6 control. Data dimensionality reduction was 

performed to project high-dimensional data to low-dimensional space for downstream 

analysis of scRNA-seq (Xiang et al., 2021). This resulted in uniform manifold 

approximation and projection (UMAP) that presented transcriptional profile of cells in 

two-dimensional clusters.  

 

Comparison of transcriptional profiles by UMAP dimensionality reduction revealed 

distinct but partially overlapping transcriptomic landscapes in Pax6cKO and control 

samples. Tamoxifen-induced Pax6 deletion at E9.5 caused ectopic activation of 

various ventral genes at E13.5-E14.5, including Gsx2, Dlx1/2/5/6, Gad1/2, Nrxn3, Arx, 

Sp9 as well as Olig2, which normally expressed in progenitors that generate cortical 

interneurons and oligodendrocytes. UMAP plot of the scRNA-seq data from Pax6cKO 

and control cells at E13.5 and E14.5 are shown in Figure 1.7.   
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Figure 1.7 UMAP representation of single-cell transcriptomic landscape of control and Pax6cKO 

cortical cells revealing the transcriptional organization of cells according to cell identity . (A) At 

E13.5, a large population of cells emerged from RGPs annotated as atypical radial glia progenitor 

(aRGP), demonstrating a subtle change in transcriptome. (B) As the mutant cells progress into E14.5, 

the developmental trajectory was perturbed with several additional aberrant populations, including 

ectopic GABAergic progenitor cells (eGC-P) and ectopic GABAergic neuronal cells (eGC-N). 

Abbreviations:- aP: atypical progenitor; aRGP: atypical radial glial progenitor; CRC: Cajal-Retzius cell; 

DLN-L5: layer 5 deep-layer neuron; DLN-L6: layer 6 deep-layer neuron; DML-IP: dorsomedial-like 

intermediate progenitor; DML-SLN: dorsomedial-like intermediate superficial layer neuron; eGC-N: 

ectopic GABAergic neuronal cells; eGC-P: ectopic GABAergic progenitor; IP: intermediate progenitor; 

RGP: radial glial progenitor; SLN-L2/3: layer 2 and 3 superficial layer neurons; SLN-L4: layer 4 

superficial layer neurons.  
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1.4 Cerebral organoids 

1.4.1 Cerebral organoids: A three-dimensional embryonic stem cell model for 

cortical development 

 

Embryonic Stem (ES) cells are stem cells that possess unique feature of pluripotency 

and self-renewal. ES cells can differentiate into any of the three germinal layers' cell 

types, such as neuroectodermal cells. Either direct differentiation of 2-dimensional 

(2D) monolayer culture or the conventional 3-dimensioal (3D) culture technique can 

be utilised to conduct classic neural differentiation. The generation of neural rosettes, 

a collection of neural precursor cells shaped in a rosette conformation, has been 

reported using 2D differentiation culture techniques (Gaspard et al., 2008). The neural 

rosettes have been reported to successfully recapitulate tissue development 

spatiotemporally, mimicking the features of the cerebral cortex, but because they are 

attached to plastic surfaces, they failed to demonstrate cell-cell or cell-basement 

membrane interactions. This contradicts the endogenous biological system, which 

could hinder the 2D model's capability to serve as a medium to study brain 

development (Hwang et al., 2008; Van den Ameele et al., 2014). 

 

The advancement of 3D culture techniques has facilitated the development of cerebral 

organoids. Possess striking similarities to embryonic cortex, cerebral organoids are 

neural-like tissues developed from pluripotent stem cells in a 3D in vitro culture 

(Lancaster et al., 2013; Qian et al., 2016; Renner et al., 2017). They produce neuron 

populations that are more complexly organised and diverse in comparison to 2D 

culture, more precisely recapitulating the cerebral cortex (Eiraku et al., 2008; Nasu et 
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al., 2012). The cerebral organoids therefore serve as an alternative to understand the 

complex molecular mechanisms involved in brain development, thanks to their 

potential to reproduce the cellular heterogeneity and cryoarchitecture of early 

corticogenesis in vitro. The use of more advanced methods to study the development 

of cerebral organoids in real-time are made possible by this interesting feature. For 

instance, CRISPR/Cas9 technique which is relatively simple to perform can be 

utilised for genetic modifications in the cerebral organoid. 

 

One area where cerebral organoid technology could prove invaluable is furthering our 

understanding of forebrain development. The assessment of well-characterised 

phenotypes of known mutations provides a simpler measure of organoids’ ability to 

replicate in vivo processes. Pax6 is a good place to start due to the large body of 

literature showing its key role in neurodevelopment.  

 

1.4.2        Cortical development in mouse cerebral organoids 

 

Mouse embryonic stem cells can generate cerebral organoids 

which resembles embryonic mouse development of the cortex. The cells self-organize 

into structures mimicking neuroepithelium (NE) encircling a lumen around day three 

of culture. This tissue exhibits apico-basal polarity, which is shown by the expression 

of N-cadherin, aPKC, and ZO-1, markers of the apical area and laminin of the basal 

area (Figure 1.8A) (Eiraku et al., 2008; Nasu et al., 2012). By day eight, the 

development progresses with the expression of telencephalic marker Foxg1 by the NE-

like structures (Figure 1.8B). This exhibit striking similarities to the developing 
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cerebral cortex because they are made up of cells that express cortical progenitor 

markers and are organised in the similar fashion as in vivo. 

 

For example, Reelin, a marker used to identify Cajal-Retzius cells that make up the 

first layer of the cortical plate (Figure 1.8C), is expressed by cells inside the outermost 

region of the NE. In addition, cells at the apical area of the NE express Pax6, which is 

a marker of the apical progenitors, creating a layer that replicates the ventricular zone 

(VZ). Furthermore, a layer that resembles the subventricular zone (SVZ) was produced 

on top of this layer. This is evident by the expression of basal progenitor marker Tbr2, 

by cells at the basal areas. Following this, neuronal cells that express Tbr1, a deep 

layer neuron marker, begin to develop (Figure 1.8D). Moreover, live imaging 

recordings reveal that apical progenitors which express Pax6 migrate apico-basally, 

which is the characteristic of interkinetic nuclear migration (IKNM) during cortical 

development (Nasu et al., 2012). 

 

Cerebral organoids develop polarised NE structures at day eight, which are 

spatially arranged similar to its in vivo counterparts. The NE structures comprise 

of cells that express primary cortical progenitor markers. This indicates that early 

stages in development of the cerebral cortex is guided by a cell-intrinsic mechanism. 

Overall, the remarkable similarity between the cerebral organoid system and 

embryonic development of the cortex is regarded as a valuable instrument to explore 

the regulatory mechanisms of cortical development genes, such as Pax6.  
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1.5 Cortex-specific Pax6 conditional knock-out model 

 

To overcome the drawbacks in Pax6 constitutive loss-of-function mouse (Pax6-/-) in 

vivo, a Pax6 conditional knock-out (Pax6cKO) mouse which deletes Pax6 specifically 

at the cortex is adopted (Mi et al., 2013). Using the inducible Cre-Lox recombinase 

technology, Pax6 is deleted in Pax6cKO mouse with spatiotemporal control. The Cre 

recombinase is coupled with a mutated oestrogen receptor (CreERT2) that responds to 

tamoxifen and its metabolite, 4-OHT (Hayashi & McMahon, 2002). Additionally, the 

Emx1 promoter controls the CreERT2, which drives Cre activation specifically in the 

cortex and restricts Pax6 removal to this area (Figure 1.9A) (Kessaris et al., 2006). As 

a result, tamoxifen induces Cre to catalyse recombination of loxP sites flanking a stop 

sequence. This will then activates the downstream EGFP in the RCE:loxP allele 

(Figure 1.9B) (Sousa et al., 2009), and loxP sites flanking exons 5, 5a, and 6 of Pax6 

(Figure 1.9C) (Simpson et al., 2009). This leads to the deletion of Pax6 in a cortical-

specific area, which can be tracked by GFP expression that reports on Emx1-driven 

Cre activity. 

 

In our lab, the cortex-specific Pax6cKO mice were derived from Pax6cKO mice 

maintained on a CD1 background from the parental crossings of Pax6fl/fl; Emx1-

CreERT2; RCE males with Pax6fl/+ females. Based on Mendelian inheritance, 50% of 

the cell lines were expected to carry the Emx1-CreERT2 allele, with half of them 

homozygous for the floxed Pax6 allele (Emx1-CreERT2; Pax6fl/fl, 25%) and another 

half heterozygous for the floxed Pax6 allele (Emx1-CreERT2; Pax6fl/+, 25%). The 

former serves as the experimental lines while the latter as the control.  
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1.6 Thesis’ research background and aim 

1.6.1 Background 

 

Pax6 plays critical roles in neuronal fate determination of progenitor cells in the dTel. 

Two major classes of neuron in the cortex, namely GABAergic INs and glutamatergic 

neurons, account for the majority of cells in the cortex. The former, which are 

generated in the vTel, will later migrate to the dTel and make up the complex neuronal 

network with the latter, which are generated locally. In small eye Pax6 homozygous 

mutant mice (Pax6Sey/Sey), a proportion of progenitors in the dTel switch into ventral 

fate. This is evident by the expression of GABAergic markers including Gad67, Dlx1, 

Mash1 and Gsx2, which are primarily found in the vTel (Kroll & O’Leary, 2005). 

Subsequently, dorsal markers such as Neurog2 and Emx1 were downregulated (Kroll 

& O’Leary, 2005; Stoykova et al., 2000). In addition, these aberrant INs are descended 

from the Emx1-lineage in the dTel, according to genetic fate-mapping studies (Kroll 

& O’Leary, 2005). This contradicts previous research that suggested GABAergic INs 

would migrate abnormally into the dTel (Warren et al., 1999). 

 

Similarly in the Price lab, with the Pax6-floxed (Pax6fl/fl) mutant mice (Simpson et al., 

2009) possessing a tamoxifen-inducible from of Cre recombinase (CreERT2) under the 

control of the Emx1 locus (Kessaris et al., 2006) coherent results were demonstrated 

with ectopic expression of Gad67, an enzyme responsible for GABA synthesis and 

normally expressed by INs. Bulk-RNAseq analysis in the lab (data not shown) 

indicated that in Pax6cKO embryos, there was upregulation of genes associated with 

interneuronal fate (Gad67, Dlx1, Ascl1). This was unexpected because GABAergic 



32 
 

INs are known to be born in the GE and migrate to the cortical plate. Altogether, a 

subset of progenitors of approximately 30% in the dorsal telencephalon have a greater 

tendency of adopting GABAergic fate when Pax6 is deleted, whereas some 

progenitors are unaffected regardless of the absence of Pax6.  

 

Interestingly, a number of studies has reported that non-physiological elevation of Shh 

signalling can induce fate conversion in wild-type cortical progenitors, causing the 

cells to express GABAergic markers (Corbin et al., 2000; Gaiano et al., 1999; Gulacsi 

& Lillien, 2003; Quinn et al., 2009; Rallu et al., 2002; Shikata et al., 2011; Yabut et 

al., 2015). In addition, one of these studies reported that more INs were produced when 

they were cultured together with ventral telencephalic cells carrying endogenous Shh 

(Gulacsi & Lillien, 2003). Conversely, the GABAergic cell population decreased in 

size when these cells were exposed to Shh inhibitor. Altogether, this indicates that 

cortical progenitors might be vulnerable to Shh activity in the cortex.  

 

Given that Shh is a pivotal player in GABAergic IN specification in the GE, we 

speculate that the exposure to Shh activity in the brain could contribute to the 

emergence of GABAergic INs in cortical progenitor cells when Pax6 is absent. In a 

broader perspective, this could probably mean that in order for the cortex to develop 

normally, Pax6 has to suppress GABAergic fate in the cortical progenitors by 

repressing pro-GABAergic cues namely Shh signalling during forebrain development. 
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1.6.2 Aim of thesis 

 

The purpose of this research project was to understand the role of Pax6 expression in 

cortical progenitors at a key moment in the process of progenitor lineage 

differentiation (Figure 1.10). I was particularly interested to know if deleting Pax6 in 

these cells would increase their sensitivity to Shh, one of the extracellular signals found 

in the cortex, which would shift development of this lineage towards GABAergic fate, 

instead of committing into glutamatergic excitatory neurons. I also wanted to 

investigate if the fate change could be manifested in the interneuron phenotypes. In 

order to achieve this, I used lineage-tracing of the Emx1-expressing dorsal RGPs. My 

hypothesis is that dorsal RGPs may shift fate from glutamatergic to GABAergic in 

response to Shh when Pax6 is deleted. This  would suggest that Pax6 may protect 

glutamatergic fate by suppressing response to pro-GABAergic cues from the 

ventricular system such as Shh for the cortex to develop normally and its absence will 

lead to the emergence of GABAergic cells. Also, Shh has the ability to induce cortical 

progenitors to express interneuronal markers in vitro.  

 

Below is the brief outline of what is investigated in the three result chapters: 

 

Chapter 3 describes the utilisation of mouse cerebral organoids in investigating the 

sensitivity of cortical progenitors to Shh pathway activation. It aims to understand 

whether these organoids are responding to endogenous Shh in culture. Also being 

discussed in this chapter is whether in the absence of Pax6, the cortical progenitors are 
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more vulnerable hence manifesting higher number of cells expressing GABAergic 

marker representing the ventral GE subregions. 

 

Chapter 4 explores the ability of dorsal cortical progenitors to respond to exogenous 

Shh in 2D culture pharmacology experiment. It aims to test the hypothesis that Shh can 

induce Pax6-expresing and non-expressing cells to express ventral telencephalic 

markers in concentration-dependent manner, with probability of observing greater 

responses in Pax6cKO cells. Here, I quantified the number of cortical progenitor cells 

expressing Gsx2, Olig2 and Dlx1 and the results were presented by comparing the EC50 

from dose-response analysis between the control and Pax6cKO.  

 

Chapter 5 investigates the potential of Pax6-deficient dorsal cortical progenitors to 

generate interneurons when Shh pathway is activated. It aims to explore what these 

cells mature into and if they embark on a path of interneuron phenotypes. Do they have 

electrical properties akin to specific types of cortical interneuron? Cells in culture were 

analysed via in vitro whole cell electrophysiology to screen for their electrical 

properties. Upon identification of an unexpected cell firing pattern, 

immunohistochemistry and RNA-seq were used to investigate what cell type this could 

be.  
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Figure 1.10 Thesis visual hypothesis. (A) Pax6 ensures that dorsal RGPs only produce principal cells 

(PCs, orange) and not interneurons (yellow). This is done by antagonizing extrinsic molecular cues such 

as Sonic Hedgehog (Shh). (B) Pax6 absence may lead to the emergence of interneurons in the cortex by 

extrinsic signal induction of alternative genetic fates. 
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CHAPTER 2: MATERIALS & METHODS 

 

2.1 EXPERIMENT 1: ORGANOID 

2.1.1 Serum-free embryoid bodies with quick reaggregation (SFEBq) protocol 

 

The serum-free embryoid bodies with quick reaggregation (SFEBq) protocol, which 

adheres to the fundamental principles of telencephalic development, is one of the 

earliest reported methods for creating cerebral organoids (Eiraku et al., 2008; Seto & 

Eiraku, 2019). This method involves culturing an optimal amount of aggregated cells 

in a medium that does not contain serum. Since local cell-cell interaction affects 

cellular differentiation potential and specification, a small set of ES cells is crucial at 

the beginning of the process (Valamehr et al., 2008). The reason these cells were 

grown in a medium lack of serum is because some traditional medium that comes 

with serum in it comprises of ill-defined substances in varied compositions that 

can cause ES cells to spontaneously differentiate (Ying et al., 2003). Besides, serum-

free media activates the default pathway, facilitating neural induction in cerebral 

organoids (Watanabe et al., 2005). 

 

The Knock-out Serum Replacement (KSR) medium is a serum-free media that has 

successfully demonstrated to effectively maintain cell development in culture. In 

addition, this medium can promote telencephalic differentiation without simultaneous 

formation of mesodermal and endodermal tissues (Watanabe et al., 2005). In order to 

safeguard the cells from caudalizing signals (Wnt), the media is also supported with 

exogenous signalling molecules IWP2. This signalling molecule is a Wnt inhibitor that 
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drives the cells toward telencephalic specification. This resembles the concept of in 

vivo telencephalic development, which requires morphogens from the surrounding 

areas to regulate patterning of the telencephalon. After neural induction, NE structures 

were developed from the aggregates structurally supported by the extracellular matrix 

(ECM) as the membrane foundation for structural stability (Nasu et al., 2012). 

 

This approach was further developed to sustain tissue growth by substituting KSR 

with a defined chemical media. This is due to the varying batches of KSR supplement 

that may affect the efficacy of cortical differentiation. Nevertheless, 

previous studies reported that cerebral organoid heterogeneity continues even in the 

same batch of KSR, indicating that there may be intrinsic factors influencing the batch 

variance (Lancaster et al., 2017; Renner et al., 2017). However, this system is versatile 

since it may be used to define forebrain regions by regulating exogenous signalling 

molecules. Caudalizing signals like Wnt for instance, can be suppressed to drive the 

cells towards telencephalic fate. On the other hand, ventral telencephalic fate can be 

induced by exposing the cells to exogenous Shh signalling (Nasu et al., 2012). This 

technique was used to explore our research questions. 

 

2.1.2 Cell lines 

 

MM4: Existing WT ES cell line derived from WT mouse, containing two normal 

functioning Pax6 alleles (Pax6+/+) (Quinn et al., 2010). 
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Pax6Sey/Sey: Derived from Pax6Sey/Sey mouse, lacking both Pax6 alleles (Pax6-/-). Cells 

were derived from Pax6SeyEd heterozygote crosses, referred to as Pax6Sey; also called 

SeyEd (Quinn et al., 2010).  

Pax6loxP/loxP;Emx1-CreERT2;RCEGFP (Pax6cKO): Homozygous Pax6 floxed 

(Pax6fl/fl) mutant mouse cell line genetically engineered with tamoxifen-inducible Cre-

recombinase under the control of transcription factor Emx1 which is specifically 

expressed by dTel progenitors (Emx1-CreERT2) (Kessaris et al., 2006). RCEGFP-

reporting allele (Srinivas et al., 2001) was used to report the deletion of Pax6 solely 

restricted to Emx1-expressing cells in the dTel. 

Pax6loxP/+;Emx1-CreERT2; RCEGFP: Heterozygous Pax6 floxed (Pax6fl/+) mouse cell 

line where deletion occurs only at one copy of Pax6, serves as the control to Pax6fl/fl.  

 

2.1.3 Derivation of Pax6cKO embryonic stem cells 

 

Pax6cKO ES cell lines were established by previous student, Farhana Ferdaos, 

following published protocol (Czechanski et al., 2014). They were derived from 

blastocysts obtained from the parental cross of a male mouse carrying Emx1-CreERT2 

allele (Kessaris et al., 2006), green fluorescent protein (GFP) reporter allele (Sousa et 

al., 2009) and homozygous for a conditional (floxed) Pax6fl allele (Simpson et al., 

2009), with a female mouse heterozygous for Pax6fl allele.  

 

2.1.4 Maintenance of ES cell lines 
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All cell lines were cultured in a standard ES medium, GMEM (BHK-21) basal medium 

supplemented with 1 mM Sodium Pyurvate, 2 mM Glutamax, 1X non-essential amino 

acid, 0.1 mM β-mercaptoethanol, 10% fetal calf serum (FCS) and 1:1000 Leukemia 

Inhibitory Factor (LIF). The cells were incubated at 37°C in 50% CO2. All cell culture 

reagents were obtained from Invitrogen, Thermoscientific, unless stated otherwise. 

The Pax6cKO cell lines were maintained in the same medium supplemented with 0.5 

µM PD 0325901 (Axon Medchem). 

 

Cultures were maintained in T25 flask (Corning) coated with 0.1% gelatin. Porcine 

gelatin (1%) was prepared by dissolving 1g gelatin (Sigma) in 100 ml 1X PBS 

(Phosphate buffer saline) on a hotplate on medium setting. Prior to use, 0.1% gelatin 

was prepared by diluting 5 ml of 1% gelatin in 45 ml PBS. 

 

Every other day the cells were passaged by trypsinisation with Tryple (trypsin 

replacement). Prior to trypsinisation, medium was aspirated and the cells were washed 

twice with PBS, followed by addition of 1 ml Tryple into T25 flask. After cells 

detached, 9 ml fresh medium was added and the cells were further disassociated by 

gentle trituration. The cell suspension was split in 1:10, where 1 ml of the cell 

suspension was pipetted into a new flask, and 4 ml of fresh medium was added. 

 

Cells were cryopreserved by preparing cell suspension, followed by centrifugation at 

250 x g for 5 minutes. The supernatant was discarded, and the cell pellet was 

resuspended in 1 ml freezing medium, which is the standard ES medium supplemented 

with additional 10% FCS and 10% DMSO. The cells were transferred into a cryovial, 
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slowly frozen at -80°C. To revive the cryopreserved cells, they were thawed in 

waterbath (37°C) and resuspended in 9 ml medium, followed by centrifugation at 250 

x g for 5 minutes. The supernatant was decanted and the cell pellet was resuspended 

in a fresh ES medium before plated in a gelatin-coated flask. Medium was changed the 

day after. 

 

2.1.5 Cerebral organoid culture 

 

Cerebral organoids were generated from all cell lines, using a modified SFEBq 

method. Instead of using chemically defined medium, this study used neural induction 

medium known as knockout serum replacement (KSR) medium in the beginning of 

cerebral organoids culture. ES cells were disassociated into single cells and 

resuspended in KSR medium, containing GMEM (BHK-21) medium supplemented 

with 10% KSR, 1 mM sodium pyruvate, 0.1 mM non-essential amino acid, 0.1 mM β-

mercaptoethanol and 2.5 µM IWP2 (Sigma). A total of 5000 cells were plated into 

each well of U-shaped 96-well plates (Sumitomo Bakelite). This procedure was 

counted as day zero. After an overnight culture, the cells formed an aggregate. The 

aggregates were then embedded with 200 g/ml Matrigel (Corning), then incubated at 

37°C, 5% CO2. Matrigel was thawed on ice for at least 1 hour before use and kept on 

ice during usage. 

 

On day five, organoids were transferred into 50 mm bacterial-grade petri dishes (Fisher 

Scientific) in 10 ml cortical maturation medium (CMM), containing DMEM/F-12 

medium supplemented with 1X N2 supplement and 1X GlutaMAX. Medium was 



42 
 

changed every other day by removing half of the medium and replenished with an 

equal volume of fresh CMM. 

 

2.1.6 Deletion of Pax6 and treatment with Sonic Hedgehog agonist 

(Smoothened) 

 

To delete Pax6, organoids were treated with 1 µM 4-OHT, the active metabolite of 

tamoxifen on day six of culture, for 24 hours. The next day, medium was changed 

before Smoothened Agonist (SAG) was introduced into the culture. Organoids were 

treated with 5 nM SAG and incubated for 24 hours. Cerebral organoids are ready to be 

collected for analysis on day eight. 

   

2.1.7 Preparation of histology work for cerebral organoids 

 

Organoids were collected and transferred into 12 well plates (Greiner) using a 1 ml 

plastic Pasteur pipette. They were washed twice with PBS and fixed with 4% 

paraformaldehyde (PFA) for 15-20 minutes, at room temperature on a shaking 

platform. Finally, the organoids were rinsed with 1X PBS for 10 minutes, and the 

washes were repeated twice. The organoids were stored at 4°C in PBS until further 

use.  

 

Organoids were then cryoprotected by immersing them in 30% sucrose at 4C, on a 

rocking platform, overnight. Then, the sucrose was replaced with embedding medium 

(50:50 mixture of 30% sucrose:OCT medium) and left at 4C, on a rocking platform 
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for 1 hour. Organoids were then transferred into embedding mould and left undisturbed 

for 5-10 minutes, to allow them to settle to the bottom of the mould. The remaining 

embedding medium was removed using p200 pipette and the organoids were arranged 

to the middle of the mould. The mould was then placed on a piece of dry ice to fix its 

position and was quickly filled with the embedding medium. Finally, organoids in the 

mould were frozen in dry ice and cryosectioned at 10 µm, in a frozen microtome 

chamber (SakuraTek). Cryosections were collected on superfrost slides and stored at -

20°C. 

 

2.1.8 Immunohistochemistry 

 

Cryosection slides were brought to room temperature at least 30 minutes prior to 

immunostaining and then washed with PBS for 20 minutes, three times. If required, 

antigen retrieval step was performed by resting the slides in 10 mM citrate buffer for 

5 minutes, followed by heating with microwave for 20 minutes, starting at high power. 

The buffer was checked every 5 minutes and the power was changed to medium/low 

when citrate buffer was boiling. Then, the slides were left to room temperature 

(approximately 20 minutes) before washing with 1X PBS, once. Next, the slides were 

blocked in 20% donkey serum in PBS for 2 hours and then incubated with primary 

antibody overnight, at 4°C. Primary antibodies were diluted in 10% donkey serum and 

the concentration used can be referred to Table 1. 

 

The next day, cells were washed with 1X PBS for 5 minutes, three times. Secondary 

antibodies (1:200) diluted in 10% donkey serum in 1X PBS were then added and left 
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at RT for 1hr. Cells were washed with 1X PBS for 5 minutes. Finally, the slides were 

stained in DAPI diluted in 1X PBS (1:10000), followed by three times washes in 1X 

PBS, 10 minutes each and finally mounted with Vectashield hard set (Vectorlabs) to 

preserve fluorescence. Steps involved in experiment 1 is simplified in Figure 2.1. 

 

 

Table 2.1. Primary antibodies used. 

  

Antibodies Host Species Dilution Source Antigen 

retrieval 

GFP Donkey Chicken 1:1000 Abcam No 

GFP Donkey Goat 1:400 Abcam No 

Gsx2 Donkey Rabbit 1:500 Merck 

Millipore 

No 

N-cadherin Donkey Mouse 1:400 Cell 

Signalling 

Yes 

Olig2 Donkey Rabbit 1:100 Merck 

Millipore 

No 

Tbr1 Donkey Rabbit 1:200 Abcam No 

Tbr2 Donkey Rabbit 1:200 Abcam No 

TuJ1 Donkey Mouse 1:500 Biolegend No 

TuJ1 Donkey Chicken 1:500 Novus 

Biologicals 

No 
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2.2 EXPERIMENT 2: PRIMARY CELLS  

 

2.2.1 Cells 

 

Pax6loxP/loxP;Emx1-CreERT2;RCEGFP(Pax6cKO): Homozygous Pax6 floxed 

(Pax6fl/fl) mice cell line genetically engineered with tamoxifen-inducible Cre-

recombinase under the control of transcription factor Emx1 which is specifically 

expressed by dTel progenitors (Emx1-CreERT2) (Kessaris et al., 2006). RCEGFP-

reporting allele (Srinivas et al., 2001) was used to report the deletion of Pax6 solely 

restricted to Emx1-expressing cells in the dTel. 

Pax6loxP/+;Emx1-CreERT2; RCEGFP: Heterozygous Pax6 floxed (Pax6fl/+) mutant 

mouse cell line where deletion occurs only at one copy of Pax6, serves as the control 

to Pax6fl/fl.  

 

2.2.2 Animals 

 

All experimental procedures involving mice were regulated by the University of 

Edinburgh Animal Welfare and Ethical Review Body in accordance with the UK 

Animals (Scientific Procedures) Act 1986. The alleles used – floxed Pax6loxP; Emx-

CreERT2 and R26R CAG-boosted enhanced green fluorescent protein (EGFP) Cre 

reporter (RCE:LoxP) – have been described previously in Chapter 1. Deletion of Pax6 

in the cortex was induced by tamoxifen at E9.5 via gavage. Mice with tamoxifen-

induced cortex-specific Emx-CreERT2-driven deletions in both copies of Pax6 are 

referred to as Pax6 conditional knock-out (Pax6cKO) mice. Heterozygote littermates 
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with deletion in just one copy of Pax6 allele served as controls. These mice have brains 

with normal Pax6 protein levels and no detectable developmental abnormalities due 

to feedback mechanisms allowing the normal allele to compensate (Mi et al., 2013). 

 

2.2.3 Derivation of Pax6cKO cortical cells 

 

At E13.5, plugged mice were euthanized with overdose anaesthesia (i.e. isoflurane). 

Death was confirmed by cervical dislocation. Subsequently, embryos were removed 

from placentas, placed in ice-cold Earle’s Balanced Salt Solution (EBSS) (Gibco) and 

examined for the presence of green fluorescence under a fluorescence 

stereomicroscope. Embryos with GFP+ cortex were then dissected under the 

stereomicroscope and transferred to a glass petri dish (Fisher Scientific) for tissue 

dissociation. The tails from the embryos were collected for genotyping to confirm 

Pax6 deletion.  

 

A few drops of ice-cold EBSS were dropped into the petri dish containing collected 

tissue. Tissue was then chopped into fine pieces using a 45 blade (Altomed). The 

chopped tissue was then treated with papain solution from the papain dissociation kit 

(Worthington) at 37C for 10min. Later, the suspension was gently triturated using a 

glass Pasteur pipette (BrainBits FPP) to speed up tissue digestion. This was followed 

by another 10min 37C incubation. Following tissue digestion, the suspension was 

sieved through a 40m cell strainer (pluriSelect) to remove cell clumps that were 

undigested. The suspension was centrifuged for 5 mins at 300g, and the supernatant 

containing papain was decanted. The cell pellet was resuspended in 1mL ice-cold 
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resuspension reagent containing albumin ovomucoid inhibitor (AOI) to prevent further 

digestion. The cell suspension was gently layered onto 750L albumin ovomucoid 

inhibitor for 6 mins with density gradient centrifugation at 70g. Next, the supernatant 

was decanted, and the cell pellet was resuspended in 2i/LiF medium. This medium was 

made up with Advanced DMEM/F-12/Neurobasal medium (1:1), N2 supplement 

(100X), B27 supplement (50X), Pen-Strep (1:1) and 1X GlutaMAX. Cortical cells 

suspension was cultured in a 24-well plate. For each of the embryo, cortical cells were 

cultured in 2 wells at a density of 150,000 cells per well. They were plated on 0.01% 

poly-L-ornithine and 1 mg/ml laminin-coated 13mm circular cover slips. 2i/LiF 

medium was added into each well to make up a total amount of 1 ml suspension. This 

step is considered as day 0. 

 

2.2.4 Genotyping 

 

The tails from the embryos were taken to detect the alleles of interest. For the detection 

of the floxed Pax6 allele, PCR reaction was performed in a final volume of 25µl 

containing 1.5µl of extracted DNA, 0.5mM primer mix (Simpson et al., 2009) (forward 

primer: 5’-AAA TGG GGG TGA AGT GTG AG-3’; reverse primer: 5’-TGC ATG 

TTG CCT GAA AGA AG-3’), 0.5mM dNTPs mix, 1X PCR reaction buffer and 5U/µl 

Taq DNA Polymerase (Qiagen). PCR was performed with 35 cycles and a Tm of 95°C. 

The PCR product was subsequently run in a 2% agarose gel. The wild type allele 

results in a fragment of 156bp and the floxed allele fragment was 195bp, therefore two 

bands indicated the heterozygous condition and one strong 195bp band identified the 

homozygous floxed allele condition (Pax6cKO). 
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2.2.5 Treatment with Sonic Hedgehog agonist (Smoothened) 

 

At Day in Vitro (DIV) 1, cells were treated with increasing concentrations of Sonic 

Hedgehog agonist or Smoothened agonist (SAG). The concentrations are 1.25nM, 

2.5nM, 5nM, 10 nM, 20nM, 40nM, 80nM and 160nM diluted in the final concentration 

of DMSO: 0.025%, 0.05%, 0.1%, 0.2%, 0.4%, 0.8%, 1.6% and 3.2% respectively. 

Control cells were exposed with the same concentrations of DMSO used in their 

counterpart. Another set of mutant and control cells were treated with DMSO only, to 

monitor if there is any response caused by the vehicle. Cells were incubated for 72h in 

37°C incubator. Cells were then fixed with 4% PFA and taken for immunostaining/in 

situ hybridisation or kept in 4°C fridge. 

 

2.2.6 Immunocytochemistry 

 

24-well plates were brought to room temperature at least 30 minutes before 

immunostaining. Cells were permeabilized with PBSTx 0.5% for 15 minutes and 

washed with PBSTx 0.1% for 5 minutes, three times. This was followed by blocking 

with 20% donkey serum in PBSTx 0.1% for 1hr and incubation with primary 

antibodies in 10% donkey serum at 4°C overnight. The next day, cells were washed 

with PBSTx 0.1% for 5 minutes, three times. Secondary antibodies (1:200) diluted in 

10% donkey serum in PBSTx 0.1% were then added and left at RT for 1hr. Cells were 

washed with PBSTx 0.1% for 5 minutes. Finally, cells were counterstained with DAPI 

(1:10000), followed by 3 times washes with PBSTx 0.1%. Coverslips were then 
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mounted with Vectashield Hardset (Vectorlabs) to preserve fluorescence and flipped 

onto a glass slide.  

 

2.2.7 Fluorescent In Situ Hybridisation 

 

Expression of Dlx1 was examined by fluorescent in situ hybridisation, following 

protocol as described (Caballero et al., 2014). 

 

2.2.7.1 Preparation of DIG-labelled probe 

 

Plasmid encoding Dlx1 sequence was grown and purified following instructions of 

Midiprep kit (Qiagen). 10 µg of the plasmid was then digested with BamHI restriction 

enzyme at 37°C for 1 hr. The size of the digested plasmid was then checked by agarose 

gel electrophoresis (1%) at 75V for 1 hr. The linearized plasmid was then purified 

using a gel extraction kit (Qiagen) and the concentration was determined by nanodrop. 

The cut and cleaned plasmid (3 µg) was then labelled with DIG label mix nucleotides 

(Roche) with T7 polymerase and incubated at 37°C for 2 hours. The labelled probe 

was then precipitated overnight at -20°C with LiCl (0.1 vol) and 100% ice-cold ethanol 

(2.5 vol). Finally, the probe was pelleted at 12000 x g at 4°C for 20 minutes and the 

supernatant was decanted prior to resuspending it in 25 µl RNase-free water. 

 

2.2.7.2 Hybridisation procedure 
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Coverslips were warmed to RT for 30 minutes. A humidified box was prepared by 

lining with tissues soaked in 50% formamide, 0.5X salt (10X, prepared as in Section 

2.6.3.5) and ddH2O topped up to 80 ml. The box was then warmed in a 70°C incubator. 

Dlx1 probe was diluted in hybridisation buffer (1:1000) and denatured at 95°C for 10 

minutes, followed by incubation on ice for 5 minutes. The probe was then added to the 

cells and incubated in the humidified box at 70°C, overnight. 

 

Next day, coverslips were washed with wash buffer (pre-warmed) at 70°C for 15 

minutes and the washes were repeated twice, 30 minutes each. Then the coverslips 

were washed with TNT buffer (pH 7.5) twice, 30 minutes each. Finally, cells were 

blocked with TNB buffer prior to incubation with sheep anti DIG-POD (1:1000) in 

TNB buffer at 4°C, overnight. 

 

On the third day, the coverslips were washed with TNT buffer (pH 7.5), 3 times, 5 

minutes each. Biotin-tyramide (1:200) was then added to the cells at RT, for 10 

minutes. The coverslips were washed with TNT buffer (pH 7.5), 3 times, 5 minutes 

each and ABC solution (Vectorlabs) was added to the coverslips at RT for 30 minutes. 

The coverslips were washed with TNT buffer (pH 7.5), 3 times, 5 minutes each and 

Cy3 (1:200) was added to the coverslips at RT for 10 minutes. Then the coverslips 

were washed with TNT buffer (pH 7.5), three times, 5 minutes each and proceeded 

with immunostaining for the detection of GFP (as in Section 2.2.6). 
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2.2.7.3  Preparation of solutions 

2.2.7.3.1 Hybridisation solution 

 

The following reagents were mixed and stored at -20°C.  

 

 Final concentration      Volume (ml) 

 ______________________________________________________________ 

 10%   10X salt     2 

 10%   Dextran sulfate 50%    2 

 1%   100X Denhardts    0.2 

 1 mg/ml  50 mg/ml tRNA    0.4 

 50%   Deionized formamide    10 

    ddH2O      5.4 

 ______________________________________________________________ 

 TOTAL        20 

 ______________________________________________________________ 
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2.2.7.3.2 Wash buffer 

 

Final concentration      Volume (ml) 

 ______________________________________________________________ 

 50%   Formamide     150 

 1X   20X SCC     15 

 0.1%   Tween 20     0.3 

    ddH2O      135 

 ______________________________________________________________ 

 TOTAL        300 

 ______________________________________________________________

    

2.2.7.3.3 TNB buffer 

 

Final concentration      Volume (ml) 

 ______________________________________________________________ 

 10%   1M Tris-HCl pH 7.5    0.5 

 3%   5 M NaCl     0.15 

 5mg/ml  Blocking reagent    25 mg 

    ddH2O      4.35 

 ______________________________________________________________ 

 TOTAL        5 

 ______________________________________________________________  
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2.2.7.3.4 TNT pH 7.5 

 

Final concentration      Volume (ml) 

 ______________________________________________________________ 

 10%   1M Tris-HCl pH 7.5    100 

 3%   5M NaCl     30 

 0.25%   Tween 20     2.5 

    ddH2O      867.5 

 ______________________________________________________________ 

 TOTAL        1000 

 ______________________________________________________________ 

 

2.2.7.3.5 10X salt 

 

Following reagents were mixed and autoclaved: 

 ______________________________________________________________ 

 Tris-HCl       11.2 g 

 NaCl        91.2 g 

 Tris Base       1.1 g 

 NaH2PO4.2H2O (MW 156)     6.2 g 

 NaH2PO4 (MW 177)      5.7 g 

 0.5M EDTA       80 ml 

 ddH2O        Top up to 800 ml 

 ______________________________________________________________ 
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2.2.7.3.6 20X SSC 

 

Following reagents were mixed, pH adjusted to 5 and autoclaved: 

 ______________________________________________________________ 

 NaCl        175.3 g 

 Sodium citrate       88.2 g 

 ddH2O        Top up to 800 ml 

 ______________________________________________________________ 

 

2.2.7.3.7 Tris-HCl pH 7.5 

 

1.57.6 g Tris-HCl was added into 1L ddH2O, pH adjusted to 7.5 and autoclaved. 

 

2.2.7.3.8 5M HCl 

 

1.46.1 g NaCl was added to 500 ml ddH2O and autoclaved. 

 

2.2.8 EdU labelling and detection 

 

For quantification of EdU cells, 10 mM EdU was added to the culture medium at DIV1 

before treatment with SAG. Cells were then left until DIV3 and fixed with 4% PFA 

and proceeded with histology. EdU was detected during immunocytochemistry using 

the Click-IT reaction, following instructions of Click-IT EdU Alexa Fluor 647 Imaging 

Kit (Thermo Fisher Scientific). 
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2.2.9 Imaging and analysis for quantification of Gsx2, Olig2 and Dlx1 

expressions at DIV4 

 

Images of the immunofluorescence and in situ hybridisation samples were taken using 

Leica DM5500B epifluorescence microscope with a DFC360FX camera. They were 

taken at x20 magnification and were imported to software programme FIJI ImageJ for 

cell counting. Images were taken from random areas of the coverslip by dividing the 

coverslip into 25 areas. Using random number generator, 5 areas were selected and 

cells were counted in that areas.  Gsx2, Olig2 and Dlx1 were the three ventral markers 

quantified in this experiment. Cells that are both blue (DAPI+) and green (GFP+) were 

analysed for co-localization with the three markers individually, which identified by 

red (Gsx2+), magenta (Olig2+) and red (Dlx1+). The “Cell counter” plug-in in the 

software was used to count these cells. Collection and recording of raw data were done 

through Excel (Microsoft). Statistical analysis and graphing were done via the use of 

PRISM (GraphPad) V9.0.  

 

2.2.10 Electrophysiology 

2.2.10.1       Cell culture 

 

Two primary cell cultures were used for electrophysiological analysis, one from this 

experiment and the other is from embryonic E17.5 mouse pup cortices. The former 

was treated with 5 nM SAG at DIV1 and left to mature until at least DIV15 while the 

latter, untreated, used as control.  The control cells were supplied by Sean McKay 

(CDBS, University of Edinburgh). 
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2.2.10.2 Whole cell electrophysiology 

 

400uM acute coronal slices were used. Current clamp whole cell recordings 

(Multiclamp 700A amplifier, Molecular Devices) were taken at RT and the recording 

chamber perfused with external HEPES-buffered solution at a rate of 0.5 ml/min.  

External HEPES-buffered solution contained 2.8 mM KCl, 150 mM NaCl, 10 mM 

HEPES, 10 mM glucose, 2 mM CaCl2, 1mM MgCl2. Recordings were carried within 

3 hours of transfer of coverslip to the recording chamber. 5-7MOhm borosilicate glass 

electrodes used for recording were filled with internal solution containing: 135 mM 

KMeSO4, 8 mM NaCl, 10 mM HEPES, 0.5 mM EGTA, 4 mM Mg-GTP, 0.5 mM Na-

GTP (pH 7.3, 285 mOsm). GFP cells were selected for recording (X-cite series 120Q 

illumination) and images captured (Olympus U-TLUIR, QCapture software). 

Incremental square 20/25pA current steps were injected into the cell for 500ms to 

generate APs. AP features were extracted in Signal software using a custom script. 

Phase plots and analysis were done in R statistical programming language (RStudio). 

 

2.2.10.3 Unsupervised Hierarchical clustering 

 

Data was scaled and Ward’s linkage method was used to minimize the within-cluster 

variance (Wards, 1963) using R statistical programming. Features used for clustering 

include AHP amplitude, AP halfwidth, AP threshold, input resistance, capacitance, 

number of spikes (500ms, double rheobase current), first-spike latency, first to second 

AP adaptation ratio and first to last AP adaptation ratio. 
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2.2.10.4 Allen Atlas data 

 

Cell type data was extracted from Allen Brain Atlas database using the Allen Atlas 

Software Development Kit (Allen SDK) which can be found here: 

http://alleninstitute.github.io/AllenSDK/cell_types.html. Data was explored and plotted 

using a Python script written by Tiago Marcos (CDBS, University of Edinburgh). The 

Seaborn module was used for visualization (Waskom, 2021). 

 

2.2.10.5 Mouse E17.5 Cortical Cultures 

 

CD1 mouse pups were sacrificed by decapitation and heads collected in a medium 

containing: 81.8 mM Na2SO4, 30 mM K2SO4, 5.84 mM MgCl2, 0.252 mM CaCl2, 1 

mM HEPES, 20 mM D-glucose, 0.001% Phenol Red. Carefully, cortices were 

removed and digested with papain (10 enzymatic units/ml) for 40 minutes. Cortices 

were homogenized and plated in sterile plates at a density of 128 mouse cortex/well 

for 2 hours. The plating medium was then replaced with growth medium (NBA, 

glutamine, B-27, 1% rat serum, 1% antibiotic-antimycotic agent) and 1ml growth 

medium supplemented with 9.6 μM cytosine β-Arabinofuranoside hydrochloride was 

added (DIV 4) to individual wells to prevent proliferation of glial cells. Cells were 

used between DIV7 and DIV15. Cell cultures done by Sean McKay (CDBS, 

University of Edinburgh). Steps involved in experiment 2 is simplified in Figure 2.2. 
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CHAPTER 3: USING MOUSE CEREBRAL ORGANOIDS TO 

EXPLORE PAX6 FUNCTION IN FOREBRAIN DEVELOPMENT   

 

3.1 INTRODUCTION 

3.1.1 Pax6 regulates glutamatergic fate specification 

 

Pax6 is a transcription factor that is highly evolutionary conserved and plays a wide 

range of roles during development, including neurogenesis in the formation of the 

brain. Pax6 is mainly expressed by progenitors in the ventricular zone (VZ) of dorsal 

telencephalon (dTel) in the brain. The dTel, which is where glutamatergic neurons are 

typically generated, Pax6 is crucial for controlling progenitor proliferation and fate 

specification of the neurons (Englund et al., 2005; Manuel et al., 2015; Stoykova et al., 

2000).  

 

In the small eye (Sey) mouse with homozygous constitutive of Pax6 deletion, a subset 

of dorsal telencephalic cells expressed Gsx2, Dlx1/2 and Gad1/2, which are typically 

expressed in the ventral telencephalon (vTel), where cortical and striatal GABAergic 

neurons are generated. This was followed by the loss of Neurog2 expression, which is 

normally present in the dTel and is responsible for glutamatergic neuron generation. 

Collectively, these affected the pallial-subpallial boundary (PSPB), which normally 

separates the dorsal and ventral telencephalon, leading to disruption of the 

telencephalon's dorsoventral patterning. (Kroll & O’Leary, 2005; Stoykova et al., 2000; 

Toresson et al., 2000; Yun et al., 2001).  
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3.1.2 Sonic Hedgehog morphogen in the developing forebrain 

 

Sonic Hedgehog (Shh) is a morphogen responsible for region specification and 

promotes ventral cell fate identities during embryonic neurogenesis (Ericson et al., 

1997; Rash & Grove, 2007). Shh is expressed in the prechordal plate and notochord in 

early development and secreted ventrally in the telencephalon to induce ventral 

identities in the ganglionic eminences (GE) (Dale et al., 1997). Shh is essential for 

regulating GABAergic IN fates within the GE, for instance via sustaining the 

expression of Nkx2.1, a gene expressed by MGE progenitors (Xu et al., 2005, 2010).  

 

In a recent study, it was shown that migrating INs arising from the MGE transported 

Shh into the cortex and served as the main source of Shh for the generation of 

oligodendrocyte in the cortex (Winkler et al., 2018). This suggested that ventral 

signalling, either morphogens produced in the CSF and GE or morphogen-bearing 

migratory INs from the GE may possibly contribute to the GABAergic re-specification 

in Pax6cKO. Our lab has tested this possibility by using this paradigm: removing 

subcortical tissue from one side of cultured coronal slices of E13.5 Pax6cKO 

telencephalon to prevent further IN influx and compared the production of Gsx2+, 

GFP+ (cells of cortical origin) on the two sides (data and analysis by Kai Boon Tan, 

CDBS, University of Edinburgh, not shown). Proportions of GFP+ Gsx2+ cells were 

several times higher on the intact side after 48 hours of incubation. This indicated that 

the proportions of Pax6cKO cortical cells that deviated to develop as GABAergic cells 

was influenced by extracellular factors. Another important finding was that we also 

demonstrated evidence from single cell RNA-sequencing analysis that ectopic genes 
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expression emerged in the lateral cortex upon Pax6 deletion. This population of cells 

expressed a set of GABAergic genes, including Gsx2, Dlx1/2/5/6, Gad1/2, Nrxn3, Arx, 

Olig2 and Sp9, which are usually expressed in the GE. Considering the fact that Shh 

plays a critical role in GABAergic IN specification in the GE, we postulated that the 

switch of cortical cells to GABAergic fate in the absence of Pax6 is attributable to Shh 

signalling.  

 

3.1.3 Cerebral organoids as tools in pharmacological studies 

 

Cerebral organoids are stem cell-derived, self-organizing three-dimensional structure 

recapitulating the cerebral cortex. Since their discovery by Lancaster’s group in 2013 

(Lancaster et al., 2013), cerebral organoids have evolved as a great platform for 

pharmacological studies (Groveman et al., 2019; Haisler et al., 2013; Raja et al., 2016; 

Watanabe et al., 2017; Zhang et al., 2021). This is due to the many advantages they 

possess including the remarkable degree to which they represent the complex cellular 

activity in the brain (Costa et al., 2016; Langhans, 2018). This system allows cell-to-

cell and cell-to-matrix interaction much like what takes place in vivo (Lancaster & 

Knoblich, 2014). Furthermore, this 3D culture model using human cells avoids the use 

of mouse models which are often laborious and inaccurately depict the effectiveness 

and side effect of the protein/drug used in experiments, due to the physiological 

differences they acquire (Langhans, 2018).   
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3.2 AIM 

 

This chapter aims to utilise the unique organoid system to explore the sensitivity of 

cortical cells towards exogenous Shh signalling. Our research question is, when Pax6 

is deleted, what happens to cortical progenitors if exposed to Shh signalling? We 

hypothesize that cortical progenitors in the cerebral organoids may shift from 

glutamatergic to GABAergic fate in response to Shh in the absence of Pax6. We begin 

our investigation with the generation of cerebral organoids with neuroepithelial-like 

(NE) and expression of key cortical markers, from mutant lines and controls. 

Following Pax6 deletion in the organoids, we test the effect of conditional inactivation 

of Pax6 on cells response to ventralizing factor Smoothened Agonist (SAG). These 

organoids were immunolabelled with a marker of ventral forebrain ganglionic 

eminence (GE) subregions and cells positive for this marker were quantified. Figure 

2.1 (previous chapter) shows the summary of the protocol for this experiment.  
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3.3     RESULTS 

3.3.1 Formation of mouse cerebral organoids with fundamental components of 

in vivo embryonic brain  

 

Establishment of a robust 3D technique enabled us to construct Pax6cKO cerebral 

organoids with characteristics identical to those of the embryonic cortex of Pax6-/- 

mice, notably during the early phases of corticogenesis. Day eight cerebral organoids 

correspond to an early stage of corticogenesis, approximately E11.5-E12.5. This stage 

is essential for optimal cortical function, since the balance of proliferation and 

neurogenesis is precisely controlled to produce a diverse population of neurons, which 

eventually constitute functional neural output (Tan & Shi, 2013).  

 

Characteristics of different regions in the cerebral cortex can be distinguished either 

by the expression of particular molecular markers or by their morphological features, 

which are influenced by developmental axes. Because brain organoids lack 

developmental axes, a combination of molecular markers is essential for identifying 

NE structures (Renner et al., 2017).  

 

We started with derivation of cerebral organoids from MM4 cell line using SFEBq 

method. This is an ES cell line derived from WT mouse carrying two normal 

functioning Pax6 alleles therefore, cerebral organoids derived from this line served as 

the control organoids (hereafter referred to as Pax6+/+). At day eight, Pax6+/+organoids 

demonstrated remarkable neural differentiation. This is observed by the formation of 

polarised NE structures, identified by the expression of N-cadherin on the apical side 
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(Figure 3.1A,C). Additionally, the progenitors and neuronal cells were organised in 

an apico-basal order, with the progenitors lining the apical surface of NE and form a 

progenitor layer expressing Sox2 (Figure 3.1C’); followed by formation of a neuronal 

layer expressing Tuj1 at the basal side (Figure 3.1A’). To examine the cortical identity 

of NE structures, the control organoids were stained with a combination of molecular 

markers expressed in the cortex such as Pax6, Tbr2, Tbr1. We found that the NE 

structures expressed all three cortical markers in the control organoids (Figure 

3.1A’,A,C). Overall, Pax6+/+ ES cell cells gave rise to relatively good cerebral 

organoids, demonstrated by all of the hallmarks of cortical tissue described above. This 

indicates that the 3D culture protocol we were using has worked well. 

 

We then applied the 3D culture protocol to generate mutant cerebral organoids from 

ES cell line of Pax6Sey/Sey mouse, lacking Pax6 alleles (hereafter referred to as Pax6-/-

) (Quinn et al., 2010). At day eight, Pax6-/- organoids displayed characteristics of 

developing cerebral cortex by the generation of NE expressing N-cadherin (Figure 

3.1B,D); progenitor layer expressing Sox2 (Figure 3.1D’); and neuronal cell 

expressing Tuj1 (Figure 3.1B’). NE structures of Pax6-/- organoids lack Pax6 (Figure 

3.1B’) but maintain the expression of Tbr2 (Figure 3.1B) and Tbr1 (Figure 3.1D).  

 

Following the success of deriving cerebral organoids from Pax6+/+ and Pax6-/- ES 

cells, we attempted to generate conditional mutant cerebral organoids model from 

Pax6 conditional knock-out (Pax6cKO) ES cells using the 3D culture protocol. ES 

cells homozygous for the floxed Pax6 allele (Pax6fl/fl) were used as the experimental 

cells (hereafter referred to as Pax6cKO) while ES cells heterozygous for the floxed 
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Pax6 allele (Pax6fl/+) were used as the control cells (hereafter referred to as control). 

At day eight, cerebral organoids showed neural differentiation features identified by 

formation of NE structures expressing N-cadherin (Figure 3.1E,G in control; F,H in 

Pax6cKO); progenitor layer expressing Sox2 (Figure 3.1G’ in control; H’ in 

Pax6cKO); and key cortical markers Pax6 (Figure 3.1 E’ in control; F’ in Pax6cKO); 

Tbr2 (Figure 3.1E in control; F in Pax6cKO); and Tbr1 (Figure 3.1G in control; H 

in Pax6cKO). Pax6cKO and control organoids showed better orientation of 

neuroepithelial structure compared to Pax6-/- organoids. 
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Figure 3.1 Cerebral organoids show polarised NE structures with regional identities. All cell lines 

immunolabelled with N-cadherin (A,B,C,D,E,F,G,H); progenitor marker Sox2 (C’,D’,G’,H’); 

neuronal markers Tuj1 (A’,B’,E’,F’) and cortical markers Pax6 (A’,B’,E’,F’); Tbr2 (A,B,E,F) and Tbr1 

(C,D,G,H). Scale bars: 50 µm 

 

 

3.3.2 Activation of Cre in cerebral organoids to induce Pax6 deletion 

 

Pax6 can be removed at a certain time point and with more specificity from the cortex, 

which is the region of interest, using cerebral organoids from Pax6cKO ES cells. As a 

result, the precise functions of Pax6 in the cortical region of cerebral organoids could 

be identified. This also prevents the potential of acquiring secondary defects resulting 

from Pax6 loss in other tissues, which might influence Pax6's ability to operate in the 

cortex, hence circumvent the limitation of Pax6 null mutant. Significantly, this model 

includes an Emx1-driven Cre reporter, which could facilitate the evaluation of cerebral 

organoids by allowing the identification of cortical NE-like structures in the organoids 

to be done via the expression of GFP. This will minimize the tendency 

for underestimation to happen in quantitative analysis. 

 

To induce Pax6 deletion in the organoid system, we use 4-OHT, which binds CreERT2 

and activates Cre activity leading to removal of Pax6 from the system. We added 1µM 

4-OHT in cerebral organoids on day 6 of culture and left the cultures for 24 hours. 

However, from this experiment, we found very limited expression of GFP+ cells in the 

Pax6 control organoids (Figure 3.2) despite the fact that the Pax6 control organoids 

had better organization of neuroepithelial structure compared to Pax6-/- organoids. 

This tells us that the Cre system might not have worked therefore, if GFP is not 





72 
 

zone of neuroepithelial tissues in Pax6+/+ organoids treated with SAG, with a little 

expression seen in DMSO treatment. Pax6-/- organoid treated with either SAG or 

DMSO showed very limited expression of Olig2, and this marker is not expressed in 

the neuroepithelium. Results are shown in Figure 3.3.  

 

 

Figure 3.3 Expression of Olig2 in cerebral organoids after exposure to SAG. Most Olig2+ cells 

were found abundant surrounding lumen-like structure at NE. (A,C) Some expression of Olig2 was also 

seen in organoids treated with DMSO. (B) Almost all NE of Pax6+/+ organoids showed expression of 

Olig2. (D) Pax6-/- organoid with disoriented NEs exhibited minimal expression of Olig2. Scale bars: 

100 µm. 
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3.3.4 Quantification of Olig2+ cells in Pax6-/- and Pax6+/+ cerebral organoids 

 

Once cerebral organoids were immunolabelled, work began on quantification of Olig2 

cells. Using the randomised grid technique, a grid was placed over the top of the 

organoid and random squares were picked for counting. A grid of 5000 µm2 was used 

as it was small enough to only cover regions of a single identity but large enough to 

contain enough cells to make the counting process efficient. Only grid cells containing 

tissue were numbered. Figure 3.4 illustrates the randomised grid technique.  

 

On average, there were around 100 cells per square at 5000 µm2. 20% of the total 

squares occupied were randomly selected and counted where in each square, the total 

number of cells (DAPI stained) were counted as well as the number of Olig2+ cells 

and this was used to calculate the proportion of Olig2+ cells in a square. For each 

sampling square the proportion of Olig2 cells was calculated as follows: 

 

Olig2 positive cells 

All cells (DAPI staining) 

 

 

Once this was calculated, the average proportion of Olig2 expressing cells in an 

organoid was calculated by averaging the values obtained from sample squares in the 

same organoid. We found that, when treated with SAG, Pax6-/- cerebral organoids 

showed a significantly lower number of cells expressing Olig2 compared to Pax6+/+ 

organoids of the same treatment. Pax6+/+ organoids treated with SAG showed higher 

expression of Olig2 cells compared to DMSO but the difference was not significant. 

X 100 
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The expression of Olig2 was low in both conditions for Pax6-/- organoids. These results 

are presented in Figure 3.5.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 Schematic showing randomised grid quantification technique. (A) Organoids were 

processed for immunostaining. (B) 5000 µm2 grid was overlaid on the organoid. (C) Squares containing 

tissues were numbered. (D) 20% of the numbered squares were randomly selected for quantification. 

The grids here are for the purpose of illustration only, they are not in the correct size used in experiment. 
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3.4 DISCUSSION 

 

Results presented in this chapter demonstrate that mouse ES cells cultured in the 

established 3D culture protocol form cerebral organoids with robust NE structures 

expressing key cortical markers. Furthermore, mutant organoids were also generated 

from Pax6cKO ES cell lines. Pax6-/- and Pax6+/+ cerebral organoids were utilised to 

investigate the sensitivity of cortical cells to SAG, in order to understand if the fate 

change in Pax6 mutant mice is governed by Shh.  

 

The 3D culturing technique has enabled the ES cells to generate patterned structures 

through self-organization. Suspension culture and serum-free medium, two tenets of 

organoid culture, are combined in the SFEBq method used in this chapter (Eiraku et 

al., 2008). Aggregates from SFEBq, in contrast to embryoid bodies, primarily 

comprise of neuroectodermal cells and do not contain other derivatives of the three 

germ layers (Watanabe et al., 2005). This may be attributable to the utilization of 

serum-free media, which has been demonstrated to enable ES cells to induce neural 

differentiation by a default mechanism (Smukler et al., 2006). In addition, this method 

employs just a single signalling molecule in the medium, Wnt inhibitor (IWP2). IWP2 

suppresses Wnt secretion via Porcupine (Porcn), hence blocking only endogenous 

Wnts (B. Chen et al., 2009). Wnt is a caudalizing factor and as a concequent, blocking 

this molecule promotes the development of telencephalon, a rostral brain region 

(Suzuki & Vanderhaeghen, 2015).  
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3.4.1 Corticogenesis in cerebral organoids 

 

The cerebral cortex is made up of diverse populations of cortical cells that may be 

recognised by the expression of certain molecular markers and the location of the cells 

within the cortex. For instance, cortical progenitors generate a germinal layer on the 

cortex's apical side, which is distinguished by the progenitors' expression of Sox2. This 

germinal layer is further subdivided into the ventricular zone (VZ) and subventricular 

zone (SVZ), which are comprised of apical progenitors (express Pax6) and basal 

progenitors (express Tbr2). As these progenitors differentiate, a neuronal layer arises 

on top of the SVZ, marked by the expression of the early neuronal marker Tbr1 and 

the post-mitotic neuronal marker Tuj1. 

 

Here we show that the NE structures of organoids recapitulate characteristics of the 

embryonic cerebral cortex. Firstly, its epithelial and polarised nature was reflected by 

the apical localisation of N-cadherin (Figure 3.1A,B,C,D,E,F,G,H), a cell adhesion 

molecule which is highly expressed on the apical end of NE during early 

corticogenesis (Kadowaki et al., 2007). These NE structures started as a single layer 

of progenitor cells (Sox2+) at day five, similar to the neural tube stage. Subsequently 

at day eight of culture, neuronal cells emerge, forming an extra layer that separates the 

progenitor and neuronal zone – similar to the early stage of neurogenesis (E11.5-

E.12.5). However, given the limitation of organoids to model later stages of 

development, this organisation of progenitors and neuronal layers was progressively 

lost by day ten and twelve of culture (Camp et al., 2015; Di Lullo & Kriegstein, 2017). 

Therefore, day eight organoids could recapitulate cortical cytoarchitecture. Indeed, 
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further characterisation of day eight cerebral organoids show that they express 

molecular markers associated with cortical development (Pax6, Tbr2, Tbr1), organised 

in the correct pattern as observed in cerebral cortex (Figure 

3.1A,A’,B,B’,C,D,E,E’,F,F’,G,H). 

 

3.4.2 Quantification of cerebral organoids: randomised grid technique 

 

The intrinsic heterogeneity in the organoid population is the major deterrent to 

quantifying cerebral organoids. Several areas in a typical organoid may have 

expression patterns resembling those of in vivo cortical tissue. There are, nevertheless, 

areas of the same tissue that are unidentified. For this reason, the appropriate tissue 

must be defined and quantified before organoids may be utilised reliably to study 

biological effects. Gene expressions of in vivo region is typically used as a delineating 

marker in such a process. Although organoids contain features resembling in vivo 

structures, the shapes and organisation of organoids are not comparable to those of in 

vivo structures (Nasu et al., 2012). This might result in a lack of distinct regional 

boundaries. 

 

Typically, the sole usage of gene markers to establish the region of interest (ROI) relies 

on the investigators determining the region of interest themselves. This may include 

unintentional bias that could have an impact on the quantification's results. While it's 

crucial to use tissues relevant to the investigation, it's also important to employ all 

tissues found in the organoid, rather than simply the aesthetic stretches of tissues 

grown. 
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The randomised grid technique sought to eliminate unconscious bias by taking into 

account the whole organoid and accurately quantifying the feature studied. Moreover, 

this approach can accommodate the heterogeneity in organoids. Different cell lines or 

batches of the same cell line might vary substantially in terms of their structure and 

cellular component. Indeed, this technique has adapted to different cell lines, and in 

our case, the Pax6+/+ and Pax6-/- organoids where the former has more defined rosette-

like NE structures while the latter has distorted NE structures (Figure 3.3). The whole 

tissues of these organoids were considered as the possible ROI.    

 

3.4.3 Inefficient CreERT2 activation in cerebral organoids may be due to 

mosaicism 

 

The striking differences of GFP expression demonstrated by Pax6 control and 

Pax6cKO organoids may reflect the caveats of Cre-LoxP technology used in this 

experiment. Analysis done by a previous PhD student, Farhana Ferdaos, revealed that 

the inefficient activation of Cre in these cerebral organoids was due to Cre mosaicism, 

which is evident from the low proportion of GFP+ cells in the NE, in a sporadic fashion 

(data not shown). Farhana also found that there were Emx1+ cells that did not co-

express GFP when these two markers were double-labelled in the organoids (data not 

shown).  

 

Cre mosaicism indicates that Cre activation may be incomplete due to its inconsistent 

and varied activity within a single litter's tissues (Eckardt et al., 2004; Heffner et al., 

2012). It is likely that the inconsistent Cre expression in a 3D in vitro culture is 
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attributable to the 3D structure of brain organoids and the lack of vascularisation, 

which may impact 4-OHT uptake. Studies have revealed that the access of nutrients, 

oxygen, and growth factors to the core limits the development of 3D in vitro models, 

creating concentration gradients and inefficient diffusion of these factors to the cells 

(Lancaster & Knoblich, 2014; Van Winkle et al., 2012). This may involve the 

absorption of 4-OHT, which might disperse unevenly and resulted in ineffective Cre 

activation. 

 

3.4.4 Pax6 mutant cerebral organoids failed to show differential effect of Shh 

signalling pathway activation in culture 

  

The basic helix-loop-helix transcription factor, oligodendrocyte lineage transcription 

factor 2 (Olig2) is specifically expressed in the developing and mature central nervous 

system and plays an important role in oligodendrogenesis (Tabu et al., 2007). In mice, 

this process is influenced by Shh morphogens in the ventral telencephalon which 

activates Olig1 and Olig2 expression and directing the formation of oligodendrocytes 

in ventricular zone of the spinal cord (Zhou et al., 2000) as well as the ventral 

telencephalon (Wang & Almazan, 2016). To see if these organoids are sensitive to 

Shh, Olig2 expression was screened in cerebral organoids that were exposed to 

exogenous Shh (SAG).  

 

From the quantification analysis (Figure 3.5), we can see that there is no increment in 

the expression of Olig2 in Pax6-/- organoids when exposed to SAG. There is an 

increase of Olig2 expression in Pax6+/+ organoids treated with SAG compared to 
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DMSO control but the difference is not significant. It has been reported that Pax6 

mutation can cause neurogenesis to be disrupted in Pax6 mutant mouse (Ypsilanti & 

Rubenstein, 2016). This disruption would lead to the deformity of the NE structure 

and spatial arrangement of the cells in the cortex. Pax6-/- organoids showed these 

defects and as a result, only a number of cells respond to the activation of Shh 

signalling in culture via the expression of Olig2. This is due to the interruption of the 

organoids’ maturation.  

 

The higher expression of Olig2 cells in Pax6+/+ organoids could also perhaps 

explained by the expression of this gene that is highly expressed at E11.5 in developing 

mouse telencephalon (Allen Brain Atlas). Therefore, the treatment with SAG has 

overexpressed Olig2 in the control organoids. On the other hand, the low level of Olig2 

expression in Pax6-/- organoids might possibly be due to factors additional to Shh 

activation that are absent in the culture. Fgf2 has been reported promoting 

oligodendrocyte precursor cells (OPCs) generation from rodent neural/stem progenitor 

cells (Avellana-Adalid et al., 1996; Zhang et al., 1998). The generation of OPCs is 

Shh-dependent (Gabay et al., 2003) or independent (Chandran et al., 2003; Kessaris et 

al., 2004). Similar to OPC differentiation from rodent neural progenitors, OPC has 

been shown to successfully generated from mouse ES cells in response to Fgf2 (Brüstle 

et al., 1999). Fgf2 might be the additional factor required alongside Shh to reconcile 

this finding.  
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3.5     CONCLUSION 

 

Taken together, our results demonstrated that the activation of Shh signalling in Pax6-

/- cerebral organoids did not affect gene expression, and this is evident by the 

expression of Olig2 that has not increased compared to Pax6+/+ cerebral organoids. 

Another important finding is that; it is more ideal to use cerebral organoids derived 

from Pax6cKO cell lines to accurately investigate the effect of Pax6 deletion 

specifically in the cortex to the activation of Shh. This will also eradicate the chances 

of getting secondary defects from the loss of Pax6 in other tissues that might affect the 

function of Pax6 in the cortex, overcoming the constraint of Pax6-/- -derived model.  

 

As we did not find evidence of a differential effect of increased Shh pathway activation 

on Pax6-/- cells in organoids, we switched to an alternative cell culture model to test 

our hypothesis. The following chapter attempts to use 2D monolayer primary cell 

culture system to answer our research question. This will allow us to probe Pax6cKO 

cells easier, given the minimal tissue heterogeneity and complexity involved. Most 

importantly, this will enable a more accurate analysis of the role of Pax6 in the change 

of cell fate in the mouse cortex. 
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CHAPTER 4: PAX6 COULD POSSIBLY PROTECT GLUTAMATERGIC 

NEURONAL FATE FROM SONIC HEDGEHOG ACTIVITY IN THE 

DEVELOPING FOREBRAIN 

 

4.1 INTRODUCTION 

4.1.1 Primary cell culture system: a more feasible approach 

 

Developing cell lineages eventually generate populations of mature neurons and glia 

with distinct morphological and transcriptomic properties (Lim et al., 2018; Rakic, 

2009). At this stage, the process can be perturbed by morphogens. When cells from a 

particular progenitor population are presented with environmental morphogens 

secreted in the surroundings, some will have an increased probability of upregulating 

or downregulating several genes as morphogens bind to molecular receptors and 

initiate signalling cascades (Gulacsi & Lillien, 2003; Rogers & Schier, 2011). The early 

influence of external cues during RGP differentiation may lead to the production of 

cells that deviate from the program of specification into glutamatergic neurons. These 

cells may not be able to integrate in neuronal circuits due to their premature genesis 

(Wong & Marín, 2019).  

 

In the previous chapter, we tested to see if the Pax6 mutant cerebral organoids are 

sensitive to the activation of Shh signalling pathway via addition of SAG in culture. 

However, the utilization of Pax6cKO cerebral organoids using Cre-LoxP system was 

hindered by the inefficient activation of Cre and this was evident by the low proportion 

of Cre-expressing cells (GFP+) in the control organoids. This finding would complicate 
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subsequent experiments. Therefore, to test if the influence of Shh signalling during 

cortical cells development would lead to the production of cells that deviate from 

glutamatergic neuron fate, which is the original cell programme assigned for them, we 

decided to culture primary cells isolated directly from the cortex of Pax6cKO and 

control mouse embryos and perform the experiment to answer our research question 

on these cells.     

 

Although new and improved methods that implement 3D cell culturing techniques are 

becoming more popular in the recent years, 2D cell culturing methods are still the 

choice of many, due to the major advantages they possess which are associated with 

simplicity (Baker & Chen, 2012), high performance of functional tests, high 

reproducibility (Hickman et al., 2014) and low-cost maintenance of the cultures 

(Aggarwal et al., 2009). More importantly, the differences in physical and 

physiological properties cause 2D cells to be more susceptible to the effects of drug 

treatment (Cushing & Anseth, 2007). Drugs often target certain receptors on the cell 

surface (Langhans, 2018). Differences in structure and spatial arrangement of surface 

receptors in 3D models affect the binding efficacy of drugs to the receptors thus 

eliciting different responses (Bonnans et al., 2014; Lancaster & Knoblich, 2014; Lv et 

al., 2017). Also, the differences in local pH level within the cells due to the differences 

in shape may contribute to the reduction of drug efficacy. 3D models have proven that 

lower intracellular pH levels can affect drug delivery throughout the system (Lancaster 

& Knoblich, 2014).  
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4.2 AIM 

 

In this chapter, we aim to perform pharmacological dose-response analysis on primary 

cell culture in order to compare the sensitivity of control and Pax6cKO cortical cells 

to Shh signalling. We observe their ability to express GE marker genes in response to 

Shh pathway activation. Cortical cells carrying GFP Cre-reporter from E13.5 control 

and Pax6cKO cortex previously treated with tamoxifen at E9.5 were dissociated, 

cultured for 72h in the presence of Shh signalling agonist (SAG) (Chen et al., 2002); 

or vehicle alone (DMSO) and numbers of GFP+ cells expressing Gsx2, Olig2 and  

Dlx1 were quantified (see Figure 4.1 for quantification method). In this experiment, 

we used SAG concentrations in the nM range, similar to what has been undertaken by 

several studies (Bragina et al., 2010; Chen et al., 2002; Heine et al., 2011). Evidence 

indicated that in vivo, the pathway activation in the cortical cells happened within the 

same range of concentration (Chau et al., 2015; Radonjić et al., 2016). The results of 

this experiment are presented in a dose-response curve. Dose response curves allow us 

to explore how the effects of a molecular signal depend on its concentration where this 

may reflect the activity of inhibitory signals occurring in the physiological systems of 

an organism (Hafner et al., 2017). The values for drug dose and response are converted 

to logarithmic form to plot in the dose-response curve. Table 4.1 shows the list of 

concentrations of SAG and DMSO converted into logarithmic form. 
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Figure 4.1 Quantification method for cortical cell culture experiments. Method for quantification 

of the effects of SAG on numbers of GFP+ cells expressing various markers: cells were cultured on 

cover slips and, after fixation and exposure to SAG, counting grids were used to sample 5 randomly 

selected areas from each coverslip. Several independent biological repeats were used for each condition 

(i.e., each concentration of SAG or vehicle alone, on Pax6cKO or control cells). Cell size does not 

correspond to the real size of a cell in culture, this is for illustration purpose only.  
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Table 4.1. Concentrations of SAG and DMSO (as control treatment) used for primary cell 

experiment. The concentrations of SAG and DMSO is increased by two-fold. The logarithmic 

conversion is used to plot the dose-response curve for analysis of concentration-dependent response of 

cells towards increased SAG concentrations.  

 

 

 

 

 

 

Concentration of SAG 

(nM) 

Log [concentration]  

1.25 0.1 

2.5 0.4 

5 0.7 

10 1 

20 1.3 

40 1.6 

80 1.9 

160 2.2 

Concentration of DMSO 

(%) 

Log [concentration]  

0.0025 -2.6 

0.005 -2.3 

0.01 -2 

0.02 -1.7 

0.04 -1.4 

0.08 -1.1 

0.16 -0.8 

0.32 -0.5 
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4.3 RESULTS 

 

4.3.1 Pax6 deletion increases cortical cells’ sensitivity to Shh pathway activation 

 

In the current study, we tested if loss of Pax6 increases the chance of the cortical cells 

to behave abnormally resulting in the expression of ventral markers when exposed to 

exogenous Shh signalling. Cortical cells were treated with increasing concentrations 

of SAG diluted in DMSO as the vehicle. Our results show that Pax6 deletion affected 

the response of cortical cells to Shh pathway activation by a concentration-dependent 

manner. The values in the graph for Pax6cKO cells were derived from subtracting 

values acquired from the response of these cells to DMSO (see Figure 4.7 G,H,I). For 

example, the average response of Pax6cKO cells to SAG at 80 nM is 81.63408 when 

subtracted with 8.14331, which is the average response of Pax6cKO cells diluted in 

the same concentration of DMSO (0.16%).  

 

By comparing cultured Pax6cKO cells to controls that are challenged by increasing 

dosage of Shh revealed that Pax6cKO cells are more sensitive to Shh. This is evident 

by the increase of Gsx2, Olig2 and Dlx1 activations in Pax6cKO cells when compared 

to controls. Figure 4.2 shows representative fields of cortical GFP+ cells treated with 

different concentrations of SAG in culture that express Gsx2 (Figure 4.2 A,B), Dlx1 

(Figure 4.2 C.D) and Olig2 (Figure 4.2 E,F). EC50s in both Pax6cKO and control are 

3.38 nM and 17.78 nM respectively for Gsx2; 3.8 nM and 23.98 nM respectively for 

Dlx1; 12.3 nM and 48.97 nM respectively for Olig2 (Figure 4.2 G,H,I). Two-way 

analysis of variance revealed significant effects of genotype, SAG concentrations and 
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interactions effects for all markers. For Gsx2: effects of genotype (f(1,32)=798.9, 

p<0.001) and SAG concentration (f(7,32)=1138, p<0.001) and interaction effect 

(f(7,32)=123.5, p<0.001); for Dlx1: effects of genotype (f(1,32)=763.6, p<0.001) and 

SAG concentration (f(7,32)=1011, p<0.001) and interaction effect (f(7,32)=91.90, 

p<0.001); for Olig2: effects of genotype (f(1,32)=177.4, p<0.001) and SAG 

concentration (f(7,32)=415.1, p<0.001) and interaction effect (f(1,32)=15.88, 

p<0.001). 

 

EC50 values of Pax6cKO cells for Gsx2 and Dlx1 were relatively similar, reflecting 

their expression patterns in vivo. However, the case is different for Olig2 as the EC50 

for Pax6cKO cells (12.36 nM) is much higher (2-3 times) than those of Gsx2 and Dlx1 

(3.38 and 3.8 respectively), suggesting that a higher concentration of SAG is needed 

to activate 50% Olig2 expressions when Pax6 is deleted. This also means that Pax6 

mutant cells are more likely to express Gsx2 or Dlx1 in response to low and 

intermediate level of SAG concentrations. Interestingly, our lab showed that in 

Pax6cKO cortex, early activation of Olig2 is more widespread compared to Gsx2 and 

Dlx1 but this was not emulated in this experiment (Figure 4.3, analysis by Martine 

Manuel, CDBS, University of Edinburgh).  

 

We also found that cells treated with the lowest concentration of SAG do not express 

Gsx2, Dlx1 or Olig2. The activation of Gsx2 was observed starting at 2.5 nM SAG in 

Pax6cKO and 10 nM SAG in control; Dlx1 at 2.5 nm SAG in Pax6cKO and 5 nM in 

control; Olig2 at 2.5 nM SAG both in control and Pax6cKO. 
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Figure 4.2 Cortical cells’ dose-response to Shh pathway activation are influenced by Pax6 

deletion. Representatives of immunoreactivity/in situ hybridization of control and Pax6cKO of GFP 

cells A) expressing Gsx2 in 5 nM SAG; B) cells expressing Gsx2 in 80 nM SAG; C) cells expressing 

Dlx1 in 2.5 nM SAG; D) cells expressing Dlx1 in 20 nM SAG; E) cells expressing Olig2 in 10 nM SAG 

and F) cells expressing Olig2 in 40 nM SAG. Graph of dose-response to SAG for Gsx2, Dlx1 or Olig2 

(measured as percentages of GFP+ cells expressing each marker) with two-way analysis of variance 

revealed significant effects of genotype, SAG concentrations and interactions effects for all markers : 

G) For Gsx2: effects of genotype (f(1,32)=798.9, p<0.001) and SAG concentration (f(7,32)=1138, 

p<0.001) and interaction effect (f(7,32)=123.5, p<0.001). H) For Dlx1: effects of genotype 

(f(1,32)=763.6, p<0.001) and SAG concentration (f(7,32)=1011, p<0.001) and interaction effect 

(f(7,32)=91.90, p<0.001). I) For Olig2: effects of genotype (f(1,32)=177.4, p<0.001) and SAG 

concentration (f(7,32)=415.1, p<0.001) and interaction effect (f(1,32)=15.88, p<0.001). Scale bars: 100 

µm. 
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Figure 4.3 Early activation of Gsx2, Dlx1 and Olig2 during cortical neurogenesis. A) 

Immunoreactivity of Gsx2 in control and Pax6cKO cortex at E12.5. B) In situ hybridization of Dlx1 in 

control and Pax6cKO cortex at E12.5. C) Immunoreactivity of Olig2 in control and Pax6cKO cortex at 

E13.5. Scale bars: 300 µm.   
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The concentration-response function for Gsx2 and Dlx1 appeared to plateau at around 

85% in the graph. This indicates that about 15% of the cortical cells were not sensitive 

to Shh activation. Our RNA-seq data revealed that the percentage of differentiating 

glutamatergic neurons was observed around the same proportion in vivo at E13.5 

(Figure 4.4, data and analysis by Kai Boon Tan, CDBS, University of Edinburgh). We 

therefore assessed if the incompetent cells were those that were most highly 

differentiated, by immunostaining with TuJ1 antibody that labels Tubb3 protein 

expressed in neurons and not in radial or mature glia cells (Figure 4.5 A,B).  

 

In one set of experiment, our result showed around 9.9-14.5% of control and Pax6cKO 

GFP+ cells expressed TuJ1 in 0 nM and 160 nM SAG conditions. When treated with 

160 nM SAG, around 2% of GFP+ control cells co-express Gsx2 and TuJ1. In 

Pax6cKO with the same treatment, around 2.5% of GFP+ co-express Gsx2 and TuJ1. 

All other remaining GFP+ cells expressed Gsx2 but not TuJ1 in both groups at 160 nM 

SAG. Figure 4.5C shows the proportion of these cells for each group at 0 nM and 160 

nM SAG in bar graph. 
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Figure 4.4 Proportion of cells according to cell identity in E13 control and Pax6cKO cortex from 

scRNA-seq analysis. A) Percentage of glutamatergic neurons (DLN-L5 + DLN-L6 + CRC) in both 

control and Pax6cKO cortex are observed at ~10-15% from the population (aRGP: atypical radial glial 

progenitor; CRC: Cajal-Retzius cell; DLN-L5: layer 5 deep-layer neuron; DLN-L6: layer 6 deep-layer 

neuron; IP: intermediate progenitor; RGP: radial glia progenitor). 

 

 

A. 
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Now that we know what happened to the GFP+ cells that were not competent to 

respond to Shh pathway activation, we next identified if cells that were sensitive to 

SAG are those that had divided in culture. We hypothesized that, cells actively 

proliferating are more vulnerable to the effect of Shh activation. In contrast, cells that 

are highly differentiated escaped the effect of Shh activation. These cells undergo 

precocious differentiation, demonstrated by a proportion of post-mitotic cells 

expressing TuJ1. To explore this, in one set of experiment, we exposed the culture to 

the thymidine analogue EdU, which incorporates newly synthesized DNA hence, cells 

incorporated with EdU indicates that they are proliferating. We discovered that most 

of the GFP+ cells that are Gsx2+ expressed EdU, but GFP+ cells that are not positive 

for Gsx2 did not incorporate EdU (Figure 4.6). This indicates that cortical cells that 

were the most highly differentiated were less likely to be affected by the effects of 

SAG.   
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Figure 4.6 GFP+ cells that were sensitive to Shh pathway activation incorporated EdU in culture. 

A) Representatives of GFP+ cells in Pax6cKO and control cultured in 160 nM SAG expressing Gsx2 ± 

EdU. B) Bar graph showing average percentages of GFP+ cells that express EdU among Gsx2+ and 

Gsx2- populations that were treated with the highest concentration of SAG (±sem; n=4 independent 

experiments each). Number of GFP+ cells that contained EdU over total number of GFP+ cells across 

all cultures were shown on the graph for each condition. Scale bar: 100 µm. 

  

B. 
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In this experiment, SAG was dissolved in DMSO for cell treatment. DMSO 

permeabilizes biological membranes (de Ménorval et al., 2012) and affects cells’ 

characteristics such as lipid content (Dludla et al., 2018). It is widely used to dissolve 

drug of interest and as vehicle control (Baser et al., 2019). To control for a DMSO-

mediated effect on cell cultures, a dose-response curve was produced for DMSO but 

because cells lacking Pax6 may be more susceptible to a less tightly controlled gene 

expression when treated with substance that has the ability to stimulate mitosis, the 

dose-response curve for DMSO was built separately from SAG-mediated effect 

(Figure 4.7). This provides a better observation for the response of Pax6cKO and 

control cells towards SAG.  
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4.4 DISCUSSION 

 

Shh's presence and function in the developing cortex has long been underestimated, 

owing to the lack of Shh mRNA expression and the high expression of Gli3, a key TF 

that regulates Shh signalling in the cortical region (Bertrand & Dahmane, 2006; Rash 

& Grove, 2007). Nonetheless, a growing number of studies have revealed the 

importance of Shh signalling in cortical neurogenesis (Komada et al., 2008; Memi et 

al., 2018; Winkler et al., 2018, 2020; Yabut et al., 2015, 2020; Yabut & Pleasure, 2018; 

Zhang et al., 2020). For example, Komada et al. (2008) found that Shh is responsible 

for cortical RGP proliferation and the formation of deep layer neurons (DLNs), 

whereas Yabut et al. (2020) discovered that suppressor of fused (Sufu) in RGPs ensures 

cortical fate specification in the developing neocortex. Here, we demonstrated that 

during neurogenesis, Pax6 prevents cortical cells from over-reacting to Shh signalling, 

hence making sure that these cells would not switch towards a GABAergic fate.  
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4.4.1 Removal of Pax6 increases sensitivity of cortical cells to activation of Shh 

signalling 

 

In this experiment, we found that control cells responded in a concentration-dependent 

manner to the addition of SAG in culture. Several lines of evidence suggest that the 

increase of exogenous activation of Shh signalling in normal embryonic cortex can 

induce the expression of ventral marker genes, consistent with what we found in our 

experiment (Corbin et al., 2000; Gaiano et al., 1999; Quinn et al., 2009; Rallu et al., 

2002; Shikata et al., 2011; Yabut et al., 2015). The SAG concentrations in this study 

are likely to induce Shh pathway activation levels experienced by cortical cells during 

neurogenesis (Radonjić et al., 2016). However, Pax6cKO cells were significantly 

more sensitive to SAG than control cells. When compared, EC50 for Olig2 were ~2-3 

times higher than Gsx2 and Dlx1. This indicates that cells exposed between lower to 

medium concentrations of SAG were less likely to express Olig2 than Gsx2 or Dlx1 

(Figure 4.2 G,H,I). Conversely, our in vivo works had shown that early Olig2 

activation was more widespread than early Gsx2 and Dlx1 activation in Pax6cKO 

cortex (Figure 4.3). This suggests that the difference between the in vivo patterns of 

activation might require other factors in addition to Shh activation (further explanation 

in next section).  

 

Despite the fact that all three genes would have been expressed by a considerable 

proportion of cells in E13.5 Pax6cKO cortex, no cells treated with the lowest 

concentrations of SAG expressed Gsx2, Dlx1, or Olig2. There are two possible 

explanations for these results: 1) these cells are in a vulnerable state and easily 
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perturbed by any changes in the environment surrounding them. Therefore, to preserve 

their new identity they require constant activation of Shh signalling pathways. In the 

context of cell culture, the signals they received in vivo would have been cleared out 

by tissue dissociation when prepared for culture. Adding SAG in culture would 

reactivate Shh signalling in the cells but until they reach a certain intrinsic threshold, 

these cells would not be triggered to respond to the activation of Shh signalling; 2) the 

SAG concentration of 1.25 nM is probably too low to have an effect to the cortical 

cells.   

 

4.4.2 Bmp is responsible for the suppression of Gsx2 but not Olig2 activation in 

vivo 

 

Bmp is a diffusible morphogen that is first expressed in the dorsal midline of the neural 

tube. It is known to control the self-amplification of radial glial progenitors (RGPs), 

promote dorsomedial telencephalic identity, as well as repress the action of ventral 

signalling like Shh. (Gulacsi & Lillien, 2003; Huang et al., 2007; Najas et al., 2020). 

Immunostaining of pSMAD1/5/8, direct effectors of Bmp signalling, showed that Bmp 

activities were increased in the midline region of E14 Pax6cKO forebrains (results not 

shown, analysis by Kai Boon Tan, CDBS, University of Edinburgh). This is consistent 

with the microarray data from Holm and colleagues (2007), which reported an increase 

in Bmp4 expression in the cortex from E12 in Pax6Sey/Sey embryos (Holm et al., 2007). 

Considering this, it is possible that Bmp signalling pathway suppresses ventral fate 

induced by Shh activation.  
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To test this hypothesis, we incubated telencephalic explants with either Bmp4 or 

vehicle in culture media at increasing concentrations for 48 hours (analysis and data 

by Kai Boon Tan, CDBS, University of Edinburgh). After 48 hours of Bmp4 treatment, 

we found that Gsx2 expression in Pax6cKO cortex was significantly decreased but the 

expression of Olig2 was not suppressed by Bmp4 (Figure 4.8). This selective 

repression effect of Bmp4 on Gsx2 but not Olig2 could explain the results presented in 

this chapter, which showed that the deletion of Pax6 induced more widespread 

activation of Olig2 than Gsx2 in vivo (Figure 4.3) even though Shh activity had a 

greater effect on the activation of the latter in vitro (Figure 4.2 G,I). Therefore, Bmp 

signalling alongside Shh signalling might be required to reconcile the results of our 

cell culture experiments.  The opposite effect in vitro can be explained by the loss of 

morphogens in extracellular matrix (ECM) when tissues are dissociated and therefore, 

exposing the cells to SAG in culture had a greater effect on Gsx2 than Olig2. 
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Figure 4.8 Concentration-response of Gsx2 and Olig2 in control and Pax6cKO telencephalic 

explants treated to increasing concentrations of Bmp4 (n=3 independent cultures at each 

concentration), measured via qRT-PCR. Two-way ANOVA analysis showed significant effects of 

genotype on Gsx2 (p<0.001) and Olig2 (p<0.005), interaction effect for Gsx2 (p<0.01) but no significant 

effect of Bmp4 concentration and no significant interaction effect on Olig2. Post-hoc Bonferroni 

correction test was used to test differences between genotypes at each concentration (*, p<0.05; **, 

p<0.01; ***, p<0.005) (averages ± sem; values are relative to the average level in control treated with 

0 Bmp4).  

 

4.4.3 Pax6 deletion may not incite fate commitment biased towards an 

oligodendrocyte lineage 

 

The Olig2 upregulation in Pax6cKO cortical cells increases the likelihood that mis-

specified progenitors might be multipotent and capable of committing to an 

oligodendrocyte lineage, in addition to GABAergic re-specification. Nevertheless, our 

scRNA-seq results showed only very few cells expressing Olig2 at E14 (data and 

analysis by Kai Boon Tan, CDBS, University of Edinburgh) co-expressed 

oligodendrocyte progenitor cell (OPC) markers such as Pdgfra, Sox10 and Sox8 

A. B. 
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(Winkler et al., 2020; Zhang et al., 2020). Comparatively more Olig2-expressing cells, 

however, also co-expressed genes including Dlx1/2 and Gsx2, which are evocative of 

ventral telencephalic GABAergic lineages. These suggest that deletion of Pax6 did not 

lead to fate commitment biased towards an oligodendrocyte lineage in Olig2-

expressing cells. Considering that the cortical oligodendrogenesis typically occurs at 

birth (Kessaris et al., 2006), the current study therefore does not rule out the possibility 

that Olig2-expressing cells in Pax6cKO might commit to an oligodendrocyte lineage 

at the late stage of embryogenesis. It will be interesting to explore this by looking at 

the electrophysiological properties of these cells, if they have firing patterns 

resembling those previously reported in OPCs (Chittajallu et al., 2004; Maldonado et 

al., 2011).  
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4.5 CONCLUSION 

 

In this chapter, we tested the sensitivity of cortical cells towards exogenous activation 

of Shh signalling. Pax6cKO cells showed much greater sensitivity when treated with 

increasing concentration of SAG. This is manifested by the activation of ventral 

marker Gsx2, Dlx1 and Olig2 in Pax6cKO cells that has higher EC50 value compared 

to control. Whilst the kinetics of activation for Gsx2 and Dlx1 are comparable to their 

expression patterns in vivo, the activation of Olig2 is more widespread than Gsx2 in 

vivo due to the action of another morphogen, Bmp, in the medial cortex that suppressed 

the activation of Gsx2 but not Olig2. In summary, Shh signalling plays an important 

role in exacerbating the emergence of GABAergic specification in cortical progenitors 

of Pax6cKO cortex. Hence, Pax6 protects glutamatergic fate by preventing cortical 

progenitors from abnormally responding to Shh signalling, which could otherwise 

drive aberrant cell fates that deviate from the cortical glutamatergic lineage producing 

glutamatergic neurons.  
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CHAPTER 5: DORSAL TELENCEPHALIC PROGENITORS AND THEIR 

POTENTIAL TO MATURE INTO INTERNEURONS 

 

5.1 INTRODUCTION 

5.1.1 Pax6 deletion and neuronal specification 

 

Pax6 is a key transcription factor expressed by progenitors in the ventricular zone of 

the dorsal telencephalon (dTel) during corticogenesis (Mi et al., 2013). When Pax6 is 

deleted, a subset of progenitors in the dTel adopt ventral fate (Stoykova et al., 2000; 

Toresson et al., 2000). This is evident by the expression of ventral markers such as 

Gsx2, Dlx1 and Gad67 which are normally expressed in the vTel (Kroll & O’Leary, 

2005; Stoykova et al., 2000). Similarly, in our lab we found ectopic expression of these 

genes in Pax6cKO mice. These mutant mice possessed Cre under the control of Emx1 

expressing GFP, which is specifically expressed by dTel progenitors. It was also 

reported that in Emx1/Pax6 double mutants, dorsal characteristics of the cortex 

diminished and ventralization was gained, manifested by the expression of Gsx2 and 

Calbindin (Muzio et al., 2002).  

 

GABAergic INs are generated in the ventral telencephalon (vTel) of the developing 

brain, which consists of ganglionic eminences (GE) and the preoptic area (POA) 

(Fogarty et al., 2007; Gelman et al., 2011; Sultan et al., 2013; Wamsley & Fishell, 

2017; Wonders & Anderson, 2006). Around 70% of the GABAergic INs are generated 

from the medial GE (MGE). Most of these early-born MGE-derived INs express either 

somatostatin (SSV) or paravalbumin (PV) (Butt et al., 2005). They represent the first 
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stream of migratory INs that migrate tangentially from E11.5 onwards and integrate 

into the deep layer of the dTel (Tanaka & Nakajima, 2012; Wonders & Anderson, 

2006). In contrast, late-born INs in the caudal GE (CGE) which make up 30% of the 

total GABAergic INs comprising of Reelin and vasoactive intestinal peptide (VIP) 

which also co-express Calretinin, migrate tangentially at E14.5 and integrate into the 

superficial layer of the dTel (Miyoshi et al., 2010). The POA is responsible for a minor 

pool of INs composed of Reelin, SST and PV (Gelman et al., 2011). The phenotypes 

of interneuron subtypes are influenced by their location of origin. Interneurons 

produced from the MGE are more likely to show lamination from the inside out, 

according to genetic-fate mapping analyses (Lim et al., 2018). However, there is little 

association between the date of origin and laminar position for cells derived from the 

CGE (Miyoshi & Fishell, 2012). MGE interneurons enter the cortical plate earlier than 

CGEs, allowing them to interact with cortical PCs before the latter (Wonders & 

Anderson, 2006). 

 

5.1.2 Shh and regulation of interneuron development 

 

Shh has been found to have critical roles in development, acting as a morphogen 

involved in patterning of many systems including the pallium (Rash & Grove, 2007), 

spinal cord (Lewis & Eisen, 2001) and thalamus (Scholpp et al., 2006). In mice, Shh 

is responsible for TF patterning during early development generating distinct ventral 

progenitor populations (Iulianella et al., 2018; Lek et al., 2010). The Shh activity could 

be demonstrated through graded distribution of Shh concentration in neural tissues via 

in vitro cell culture system (Liem et al., 2000).  
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It is thought that activation of the Shh pathway elicits different cell fates by a 

concentration-dependent mechanism that induces generation of INs and is essential for 

the maintenance of their identity (Chamberlain et al., 2008). Exposing ventral 

progenitors expressing Nkx2.1 from MGE to exogenous Shh in slice culture generated 

SST-expressing INs induced by a high concentration of Shh at the expense of PV-

expressing INs  (Xu et al., 2010). In cell culture of MGE progenitors expressing 

Nkx2.1, it was reported that a high level of Shh yielded a strong enrichment of SST+ 

INs whereas a low level of Shh produced a major amount of INs expressing PV (Tyson 

et al., 2015). This finding reflected the graded distribution of Shh signalling where 

different types of INs are defined by certain levels of molecular concentration of Shh. 

It explains the fact that distinct classifications of INs have distinct spatial and temporal 

origins: SST+ INs are generated from dorsal MGE progenitors whereas PV+ INs are 

produced from ventral MGE progenitors (Butt et al., 2005; Wichterle et al., 2001).  

  

The activation of the Shh pathway requires binding of Shh to Ptch1 which then 

regulates activity of Smo. Smo initiates the Shh downstream cascade by activating 

membrane proteins, similar to G protein-coupled receptors. Smoothened agonist 

(SAG) is a small molecule developed for the protein Smo. Upon binding to the G 

protein-coupled receptors, it can modulate Shh signalling activity (Chen et al., 2002). 

SAG has been widely used in cell culture experiments (Bragina et al., 2010; Chen et 

al., 2002; Heine et al., 2011). In addition to its function as a stimulator for the Hh 

signalling pathway, SAG has also been shown to play an important role in the survival 

and proliferation of neuronal and glial precursor cells (Bragina et al., 2010).  
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5.2 AIM 

 

Developmental changes to cells caused by mutation can be detected using 

electrophysiological recordings (Faumont et al., 2006; Hofer et al., 2020; Tian et al., 

2022) as the properties recorded depend on a wide range of ion channels and cell 

morphology (Bean, 2007; Berg et al., 2021). Tian et al., (2022) reported that Pax6 loss 

affected the excitability level of prethalamic neurons. The distal shift of axon initial 

segment (AIS) resulting from Pax6 loss likely contributed to the widening of somatic 

APs and their ability to generate stable AP trains. In this chapter, we aim to investigate 

the potential of cortical Pax6cKO progenitors to generate INs when the Shh pathway 

is activated in culture. The hypothesis is that without Pax6 protein, cells will be more 

sensitive to the surrounding signals and this may change their fate. The 

electrophysiological properties of these cells were recorded and any characteristics 

resembling interneuron cells were analysed. IHC was also performed to corroborate 

the results found from electrophysiological analysis. 
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5.3 RESULTS 

5.3.1 Cell culture 

 

Cortex-specific Pax6cKO and control cells were used to investigate the potential of 

cortical progenitors to generate INs outside of the cortical environment. These cells 

were collected from embryos at E13.5 and cultured in 2i/LIF neuronal induction 

supplementary medium. Cells were treated with 5nM SAG on day 1 in culture (DIV1) 

to activate the Shh pathway. Medium was changed every other day. Cells were then 

utilised for electrophysiological recordings at DIV7, 10, 15, 16 and 17. 

 

5.3.2 Characterization of cells in culture 

 

There has not been anyone in our lab that has attempted to patch these cells at the 

above days of age and therefore, we did not have any references to as when these cells 

are mature enough to be able to show electrophysiological properties. We used another 

line of cells as control, kindly provided by Sam McKay (CDBS, University of 

Edinburgh). These were WT cells cultured from whole cortices of E17.5 mice. This 

helped us to understand the development of E13.5 cortical cell cultures by comparing 

any results obtained to a well-established culture of pyramidal cells. Several 

publications have reported the utilisation of these cultures (Bell et al., 2015; McQueen 

et al., 2017; Sun et al., 2018). At DIV7, multiple action potential (AP) trains were 

observed in the control group but only immature spikes in Pax6cKO and Pax6 control, 

in response to current stimulation and this was continuously observed at least until 

DIV10. (Figure 5.1A).  
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Figure 5.1 Firing patterns and cell cultures. A) Firing patterns of E17.5 control cells at DIV7, 10 and 

15. AP trains were demonstrated by these cells at DIV7 onwards. B) Firing patterns of Pax6cKO cells 

at DIV7, 10 and 15-17. No single train of APs were detected at DIV7 and DIV10, AP trains were only 

detected at DIV15 onwards. C) A GFP+ cell from Pax6cKO culture at DIV15 was detected and patched. 

Scale bar is 20 mV by 50 ms for all traces as in the top left corner trace (AP trains were recorded by 

Tiago Marcos, CDBS, University of Edinburgh). 

 

 

Morphologically, neurites were seen in cells of Pax6cKO and Pax6 control at DIV7 

although the cell bodies are much smaller compared to E17.5 control cells (images not 

shown). From DIV15-17, a huge proportion of the cells in Pax6cKO and Pax6 control 

showed at least one full AP, only 2 cells of Pax6cKO and 3 of Pax6 control showed 

immature spikes (images not shown) whereas in the E17.5 controls, all cells showed 

complete spiking trains of APs. Pax6cKO and Pax6 control cells showed immature 

electrical activities until DIV15, where the first AP trains were visible (Figure 5.1B).  
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5.3.3 Dose-response curve of Gsx2 and electrophysiological properties  

 

In the previous chapter, we discussed how the effect of molecular signalling would 

change the fate of the cortical progenitor cells when Pax6 is deleted. The ventral 

marker Gsx2 was expressed by the cells as a response to Shh pathway stimulation when 

treated with SAG in the culture. Gsx2 expression in Pax6cKO and Pax6 control cells 

was demonstrated in the dose-response curve (see Chapter 4). The dose-response curve 

allows us to understand how a graded concentration of molecular signalling may have 

an effect on the inhibitory signals received by cells (Liem et al., 2000). 

 

Here, we explore the possibility that these cells mature into INs in order to observe if 

the Gsx2 expression is indicative of post-mitotic INs generated from dTel progenitors. 

In Figure 5.2, at 5 nM SAG, 46.51% of Pax6cKO cells were positive for the 

expression of Gsx2 whereas not a single cell was positive for this marker in Pax6 

control (46.51 %, p<0.001, 2-way ANOVA with post hoc Bonferroni correction). A 

two-fold increase of SAG dosage starting at 1.25 nM elevated the percentage of cells 

expressing Gsx2 and the final dosage of 160 nM shows both groups reaching a plateau. 

Gsx2 expressing cells were only seen in Pax6 control populations for SAG 

concentrations above 10 nM, no expression was detected in both groups at 1.25 nM, 

the lowest concentration of SAG.  
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5.3.3.1 Electrical properties of cortex-specific Pax6cKO cells 

 

There were 7 cells that we managed to patch for their electrical properties from 

Pax6cKO populations. From DIV15-17, six cells with at least one full AP were 

patched and recorded (Figure 5.3).  

 

 

Figure 5.3 Voltage responses to 500 ms current injection. A.-F. show cell membrane voltage 

responses at double rheobase from Pax6cKO population. Scale bar is 20 mV by 50 ms similar in all 

traces as in A. (E-phys recordings by Tiago Marcos, CDBS, University of Edinburgh). 

 

 

From all the traces in Figure 5.3, four of them (A,B,C,D) exhibited a delay in the first 

AP with 213, 324, 263 and 357 ms spike latency respectively. The remaining latency 

range of these cells were recorded in between 23-120 ms. Persistent latency was 

observed in three of the four cells at double rheobase (Figure 5.3A,B,C) and they also 
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had less adaptive AP trains. Interestingly, the fourth cell demonstrated a first spike 

followed by a period of inactivity before the second spike and continues with an AP 

train at double rheobase (Figure 5.3D). This cell has less adaptive AP trains compared 

to other cells with persistent latency at double rheobase.  

 

5.3.3.2 Hierarchical agglomerative clustering  

 

Different types of IN have different electrical properties (Karagiannis et al., 2009). 

One of the unique characteristics is a spike delay (Yu et al., 2019). At the beginning 

of the current step, K+ channels are activated preventing depolarization reaching the 

AP threshold. The slow inactivation of these channels causes a slow voltage ramp that 

leads to the delay in the first spike. This effect is visible in Pax6cKO-SAG treated cells 

with a delayed spike (Figure 5.3A, 5.3C). We believed that they displayed the 

characteristics of neurogliaform (NGF) cells. Overall, this suggests that some cells in 

our recordings may have properties of INs. To investigate this, we performed 

hierarchical agglomerative clustering between Pax6cKO and two controls: E17.5 and 

Pax6 control cultures. Data was scaled and Ward’s linkage method was used to 

minimize the within-cluster variance (Ward, 1963) using R statistical programming. 

The hierarchical agglomerative clustering, also known as Agglomerative Nesting 

(AGNES) is a common type of hierarchical clustering that allows us to group subject 

in clusters based on their similarity (Rokach & Maimon, 2005). In our case, the 

similarity is analysed based on several features: input resistance, capacitance, AP 

halfwidth, first to second adaptation ratio, first to last adaptation ratio, latency, AHP 

amplitude, threshold and number of spikes at double rheobase. The E17.5 control 
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culture which comprised of large PCs, presented adapted APs that act as a control to 

Pax6cKO and Pax6 control culture. Result of the clustering is shown in Figure 5.4A.  

 

Silhouette coefficient analysis (Figure 5.4C) suggests the optimal amount of clusters 

is 2 (silhouette coefficient =0.46). 4/5 cells Pax6cKO-SAG treated form cluster 1 (blue 

branch) suggesting they have particular features (Figure 5.4A). In addition to higher 

latency and less AP adapting features, these cells also had a narrower AP, higher 

number of spikes at double rheobase and more positive threshold (Figure 5.4B). The 

fifth Pax6cKO cell (Figure 5.3E) clustered with the remaining cells. This is 

compatible with Gsx2 dose-response data, as we would expect only ~50% of cells to 

shift from glutamatergic towards a GABAergic fate. Most importantly, no delayed 

spiking cells were detected in Pax6 control cultures (n=5) and these were spread 

abreast E17.5 control cultures in cluster 2 (pink branch) (Figure 5.4A). The sixth cell 

of Pax6cKO cultures was excluded from the clustering analysis because only a single 

AP was recorded when stimulated with currents above rheobase (Figure 5.3F).  
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Figure 5.4 Analysis of electrical intrinsic properties in cell culture: Ward’s hierarchical clustering 

analysis. A. Electrical properties of cells from the three cell culture populations were compared. The 

clustering produced two main clusters: cluster 1 (blue) and cluster 2 (pink). 4/5 cells from Pax6cKO-

SAG appeared to form cluster 1 suggesting they have particular features. Data was scaled before 

clustering. B. Heatmap of cluster in A. using the same features used from analysis in A. Cells in cluster 

1 tend to have higher latencies, adaptation ratios closer to 1, higher number of spikes and more positive 

threshold and narrower APs C. Silhouette plot of clusters in A. Silhouette coefficients for various cluster 

numbers suggest 2 clusters is the optimal number of clusters with a coefficient value of 0.46. 

 

5.3.3.3 dt/dV of AP in AP waveforms 

 

dt/dV is defined as the rate of change of the membrane potential as a function of time. 

This can be observed in an AP waveform of a cell. For instance, an AP waveform of a 

fast-spiking interneuron is usually stable during trains of APs (Boroujeni et al., 2020; 

Hu et al., 2018). The fast-spiking INs have overlapping membrane voltage rates of 

change when plotted against membrane voltage (phase plots). Conversely, PCs tend to 

show changing rates of the membrane voltage throughout the AP train and this is 

reflected by the non-overlapping membrane voltage rates of change in phase plot 

(Bean, 2007). We then investigated if Pax6cKO-SAG treated cells possess the 

characteristic of IN in AP waveforms. From our results, the E17.5 control and Pax6 

control-SAG treated showed characteristics of PCs AP waveform in phase plots 

(Figure 5.5A,B). Interestingly, 2 from 4 cells in cluster 1 have small changes of the 

AP waveform in phase plots (Figure 5.5C). Another 2 cells from this cluster showed 

changing AP waveform along the AP trains (Figure 5.5D). Figure 5.5G shows an 

example of AP waveform of a mouse hippocampal neurogliaform cell (Tricoire et al., 

2010). Based on this analysis, we proposed that a number of cells from Pax6cKO 

culture may have electrical properties of fast spiking INs.   
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Figure 5.5 dt/dV (mV/s -1)/membrane voltage (mV) relationship for AP trains and voltage 

response to current injection (square steps, 500ms). A. Phase plot for E17.5 control. B. Phase plot 

for Pax6 control-SAG treated. C. Phase plot for Pax6cKO-SAG treated. D. Phase plot for Pax6cKO-

SAG treated. E. Example voltage response to incremental steps of current injection (square step, 500 

ms) (rheobase and double rheobase) for E17.5 control cells. F. Example voltage response to incremental 

steps of current injection (square step, 500 ms) (rheobase and double rheobase) for Pax6cKO-SAG 

cells. G. Example of phase plot of a NGF cell (Tricoire et al., 2010). Scale bar for A, B, C and D is 10 

mV/s-1 by 15 mV; G is 10 mV, 2 ms. Scale bar for E and F is 20mV by 50 ms. 

 

 

5.3.4 Expression of NPY in cortex-specific Pax6cKO cells 

 

Neuropeptide-Y (NPY) is a 36-amino acid peptide synthesized in GABAergic INs 

responsible for various physiological processes in nervous system (Duarte-Neves et 

al., 2016; Dumont et al., 1992; Larhammar, 1996; Tatemoto et al., 1982). In mice, 

NPY is found to be expressed in late-spiking cells (Karagiannis et al., 2009). NGF 

cells are one of the many types of late-spiking interneuron (Chu et al., 2003). It was 

reported that Pax6 deletion in mice at E18.5 has been associated with abnormal 

distribution and layering of NPY+ cells (Funatsu et al., 2004) but there is no evidence 

to show that the increase in GABAergic cells when Pax6 is absent has an effect on the 

possibility that specific subtypes are upregulated at the expense of other subtypes.  

 

The emergence of late-spiking cells characteristic of the NGF cell in our 

electrophysiological analysis motivated the investigation of whether these cells 

express NPY. It is important to note that in the telencephalon of wild type mouse, NPY 

expression starts at E13.5, increases and reaches its maximal activity at P4 (Figure 

5.6, Allen Brain Atlas). NPY is also expressed widely at early postnatal ages in both 







136 
 

5.3.5 Expression of NPY demonstrated by single cell RNA-sequencing (scRNA-

seq) in cortical cells 

 

We then examined the expression of NPY in control and Pax6cKO via scRNA-seq 

analysis. Comparison of transcriptional profiles by UMAP dimensionality reduction 

showed the emergence of a huge ectopic GABAergic cell population in Pax6cKO 

sample (orange cluster). This was not seen in cortical progenitor population of the 

control sample (Figure 5.8A). Interestingly, NPY was expressed abundantly in 

Pax6cKOs, especially in the ectopic GABAergic cluster whilst very little expression 

of NPY was observed in the control (Figure 5.8B). This indicates that Pax6 removal 

leads to a rise in NPY expression in ectopic GABAergic cells.  
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Figure 5.8 NPY expression in control and Pax6cKO population. (A) UMAP of clusters for Pax6cKO 

and Pax6 control. Ectopic GABAergic cluster is shown in orange. Cells at the bottom right (left panel) 

end (thumb shape) of the GABAergic cluster are further down the differentiation line. (B) UMAP 

showing NPY expression in Pax6cKO and Pax6 control. The GABAergic cluster in A. (orange) has 

many cells that express NPY (Analysis by Kai Boon Tan, CDBS, University of Edinburgh). 
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5.4 DISCUSSION 

 

Every cell has a gene expression profile that regulates the underlying mechanism 

affecting its decision to follow a particular developmental trajectory. Nonetheless, this 

intrinsic state may be vulnerable to the presence of extracellular signalling molecules 

that are necessary for the development of other progenitors and postmitotic cells. 

Previous work suggested that Shh levels in embryonic cortex are high enough that they 

potentially stimulate the ectopic expression of ventral markers (Yabut et al., 2020). 

This observation has brought into attention the mechanisms regulating not only the 

distributions of morphogenetic substances but also the responses of cells to them. 

Results presented in this chapter demonstrate that ectopic GABAergic populations in 

cortical progenitors lacking Pax6 have the ability to mature into cells with 

characteristics of INs, when exposed to Shh. This suggests that there is an alternate 

landscape in the cortical cell fate instigated by the removal of Pax6.  
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5.4.1 The potential of cortical progenitors to generate specific IN subtype 

 

From intrinsic electrical properties analysis, it was observed that there were delayed 

firing patterns and in Pax6cKO-SAG treated cultures and not in Pax6 control. This 

unique feature is similar to the characteristic of neurogliaform (NGF) cells (Armstrong 

et al., 2012; Fuentealba et al., 2008). Interestingly, one of the cells in this group 

demonstrated a first spike followed by a period of inactivity before the second spike 

and continues with an AP train at double rheobase. Previous work reported the same 

characteristics in NGF cells found in Layer 1 of the cortex (Hestrin & Armstrong, 

1996). In addition, our hierarchical clustering showed that these cells shared particular 

features contrasting to the control groups. Altogether, this may suggest that this group 

of cells may be NGFs.  

 

NGF cells possess distinct morphological characteristics that set them apart from other 

GABAergic cell types (Armstrong et al., 2012). NGF cells have a characteristic spider 

web shape and short axons (Overstreet-Wadiche & McBain, 2015; Ramón y Cajal, 

1911). To carry out further cell culture experiments and recover morphologies would 

add additional information about these cells, as cell classification is better achieved by 

the combination of electrical, morphological and transcriptomic data (Scala et al., 

2021). However, in cell culture, neuronal cells have the potential to evolve into 

morphologies and functional characteristics that are not the same as in vivo (Gosselin 

et al., 2017; Götz & Bolz, 1994; Kriegstein & Dichter, 1983), therefore results should 

be carefully elucidated. Morphological studies could further support our findings that 

these cells may have matured into NGFs. Importantly, NGF cells are heterogeneous in 
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their firing patterns, with particular markers other than NPY corresponding to subsets 

of firing properties (Armstrong et al., 2011) such as hippocampus Ivy cells (Krook-

Magnuson et al., 2011).  

 

Unfortunately, there is no literature reported on the correlation between Pax6 and the 

production of NGFs. When Pax6 is deleted, a cell may be vulnerable to the 

surrounding signals. This signal may perturb the intrinsic programme of the cell, 

leading to the possibility of switching its fate and this may not correspond to a specific 

subtype. Cells in this state may be stochastic, which implies that they may change fate 

to GABAergic, but may still maintain some PC identity.  

 

The presence of cells with NGF-like firing patterns does not allow us to conclude that 

when Pax6 is removed, cortical progenitors can only generate a specific subtype of IN. 

These cells were probably patched by random chance, and there were other IN 

subtypes found in these cultures that have fast spiking characteristics and not late 

spiking. In vitro, differential levels of Shh pathway activation stimulates PV+ and SST+ 

cell production from ventral progenitors (Tyson et al., 2015; Xu et al., 2010). However, 

this was not detected in our experiment, but the small sample size does not necessarily 

mean that cortical progenitors without Pax6 do not shift fate to different types of IN.  

 

5.4.2 NPY expressing-INs and first spike delay 

 

Firing patterns differ among different types of interneurons. Some INs possess the 

characteristic of a first spike delay (Hestrin & Armstrong, 1996). INs expressing NPY 
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have delayed-spiking firing patterns and this also includes non-NGFs, for instance 

PV+ fast spiking INs. Intriguingly, these PV-FS cells present a significantly higher 

first spike delay compared to those that do not express NPY (Karagiannis et al., 2009). 

Previously, it was reported that the delayed-spiking firing pattern is modulated by a 

specific potassium channel, the ID-type K+ current which is a Kv1.1 molecular 

receptor subunits containing potassium channel (Goldberg et al., 2008). It is possible 

that the first spike delay observed in our experiment is a downstream effect of NPY 

activity. It would be ideal to perform whole cell electrophysiological recordings for 

ionic current analysis on these cells as this would allow us to identify if these cells 

possess the characteristics of K+ channel and voltage-current input-output 

relationships as observed in delayed-firing INs.  

 

Strikingly, Pax6cKO-SAG cell cultures also express NPY in our experiment. In wild 

type telencephalon, NPY expression increases from E13.5 (Figure 5.6, Allen Atlas 

data) and reaches its maximal expression at P4. Pax6 may be necessary to safeguard 

cortical progenitors from overreacting to Shh and causing the emergence of ectopic 

expression of NPY. Previously, NPY overexpression has been associated with 

increased neuronal activity (Baraban et al., 1997) and not related to interneuron fate 

change (Batista-Brito et al., 2008). According to sc-RNAseq data provided by Kai 

Boon Tan, cells at the edge of the GABAergic population cluster (thumb shape) have 

higher fate restriction as they move further down the differentiation line. Importantly, 

this region shows less NPY expression, which means that NPY overexpression may 

be transient and does not indicate an increase in NPY+ subtype interneurons. Tissue 

staining experiments by Tiago Marcos (unpublished observations) on P4 mice 
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indicated that there was no significant difference in the amount of NPY expression in 

Pax6cKO adult mice compared to Pax6 control. This supports the notion that NPY 

overexpression may be temporary.  

 

INs in the hippocampus also express NPY (Armstrong et al., 2011; Fuentealba et al., 

2008). Since the tissue staining experiment was not done on hippocampus, there is a 

possibility that these INs would populate the hippocampus. It will be ideal to do a triple 

staining for GFP, Gad67 and NPY to determine whether cells originated from dTel 

with late-spiking properties recorded in cell culture ended up in the cortex or the 

hippocampus of Pax6cKO. To further investigate if NPY upregulation is transient, it 

will be best to perform immunostaining specifically on the ectopias from E13.5 to P5. 
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5.5 CONCLUSION 

 

In summary, our experiments indicate that, when exposed to exogenous Shh, cortical 

progenitors in Pax6cKO can produce some cells with first-spike delay firing pattern, 

AP waveform phase plots characteristic of fast spiking cells and shared similar other 

intrinsic electrical features from hierarchical clustering. These characteristics do not 

match with properties seen in PCs previously reported in several publications 

(Defelipe et al., 2013; Gilman et al., 2017; Gouwens et al., 2020; Krienen et al., 2020; 

Krook-Magnuson et al., 2012; Overstreet-Wadiche & McBain, 2015). This means that 

cortical progenitors have the ability to give rise to cells other than PCs.  

 

In addition, this result corroborates Gsx2 staining and dose response curve evidence. 

Overexpression of Gsx2 may lead to the generation of cells with electrophysiological 

characteristics of INs. This also implies the role of Pax6 in protecting cortical 

progenitors from exposure to Shh during corticogenesis. If it happens, it will possibly 

divert their fate from glutamatergic to GABAergic. Shh is present early in this complex 

process and, therefore, there is a direct physiological implication to this result (Yabut 

& Pleasure, 2018). 

 

NPY, a neuropeptide expressed in early development and can be found in large number 

of cells across the brain regions in adult mouse is overexpressed in Pax6cKO ectopic 

GABAergic cells. Single cell RNA-sequencing data also revealed that NPY is 

upregulated in Pax6cKO cortices, implying that Pax6 loss in cortical progenitors 

upregulates the expression of NPY.
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CHAPTER 6: DISCUSSION 

 

Corticogenesis is regulated by the spatiotemporal interplay of cell types (Nowakowski 

et al., 2017). Over the last few decades, a collaborative effort from research groups all 

over the world has uncovered how cells differentiate from progenitor pools, organise, 

and communicate with one another. In this thesis, I added to our understanding of a 

key transcription factor in developing cortex, Pax6, on its involvement in coordinating 

lineage cell fate boundaries in the mouse brain to protect the genetic fate of radial glial 

progenitors (RGPs). 

 

6.1 Pax6 is required to resist the effect of Shh signalling in order to safeguard 

glutamatergic fate 

 

Juvenile neurons migrate in a very coordinated manner from the ventricular zones to 

their final laminar positions. Intrinsic and extrinsic factors work together to coordinate 

the movement of cells out of the ventricular zones (Ever & Gaiano, 2005; Friocourt et 

al., 2007; Guo & Anton, 2014). The cell's final laminar position is eventually 

established by migration termination signals (Faux et al., 2012). Pax6 expression by 

RGPs appears necessary to safeguard a large population of progenitors that will 

eventually form the cortical population of excitatory neurons from external signalling 

molecules such as Shh, once the relevant progenitor pools have been generated. This 

particular role of Pax6 could explain the emergence of GABAergic markers in Pax6-

deleted mouse embryo previously observed in several studies (Holm et al., 2007; Kroll 

& O’Leary, 2005; Muzio et al., 2002; Stoykova et al., 2000; Tran et al., 2009).  
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In the small eye (Sey) mouse with homozygous constitutive loss of Pax6, a subset of 

dorsal telencephalic cells expressed Gsx2, Dlx1/2 and Gad1/2, which are typically 

expressed in the ventral telencephalon (vTel), where cortical and striatal GABAergic 

neurons are generated. Neurog2, a gene responsible for glutamatergic neuron 

generation which is normally present in the dorsal telencephalon (dTel), was 

downregulated following the expression of GABAergic markers. Together, these 

resulted in the blurring of the usually sharp expression border, i.e. the pallial-subpallial 

boundary (PSPB), between dorsal and ventral telencephalon, thereby interrupting the 

dorsoventral pattering of the telencephalon (Kroll & O’Leary, 2005; Muzio et al., 

2002; Stoykova et al., 2000; Toresson et al., 2000; Yun et al., 2001). 

 

The Price lab has been studying the consequences of deleting Pax6 on RGPs during 

corticogenesis in embryos. Upon Pax6 deletion, our scRNA-seq analysis (data and 

analysis by Kai Boon Tan, CDBS, University of Edinburgh) revealed the emergence 

of GABAergic cells in the cortex expressing ventral genes such as Gsx2, Dlx1 and 

Olig2. The lab also found a possibility that the abnormal specification among these 

cells to GABAergic fate was influenced by extracellular signalling. This was 

demonstrated by removing subcortical tissue from one side of cultured coronal slices 

of E13.5 Pax6cKO telencephalon to prevent further IN influx and comparing the 

production of Gsx2+, GFP+ (cells of cortical origin) on the two sides. The number of 

cells that co-expressed GFP and Gsx2 were several times higher on the intact side after 

48 hours of incubation. This is in agreement with a previous study that found the 

migratory INs originating from the MGE which carried Shh to the cortex are 

responsible for the generation of oligodendrocyte in the cortex (Winkler et al., 2018). 
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Taken together, these results suggested that Shh signalling might be the factor 

triggering the differentiation programming in the cortical cells to switch their fate 

when Pax6 is absent. 

 

Here I was interested to know if the cortical cells that are lacking with Pax6 are 

sensitive to Shh signalling. This was tested by exposing them to smoothened agonist 

(SAG) in culture, which is a small molecule that modulates the Shh pathway (Stanton 

& Peng, 2009). It does that by binding to Smoothened G-protein coupled receptors 

which would mimic the downstream activity of Shh (Chen et al., 2002; Frank-

Kamenetsky et al., 2002; Shin et al., 2019; Stanton & Peng, 2009). With this paradigm, 

we would know if the emergence of GABAergic cells in the cortex following Pax6 

deletion is attributable to Shh signalling. Our results in chapter 4 showed that Pax6cKO 

cells were significantly more sensitive compared to control, which was evident by 

higher EC50 values for Gsx2, Dlx1 and Olig2 in mutant cells. This finding suggests 

that cortical cells are more vulnerable when Pax6 is deleted.  

 

Another important finding was, we found that this population is composed of cells 

with little electrical activity (data and analysis by Tiago Marcos, CDBS, University of 

Edinburgh, not shown). This suggested that the differentiation pathway in cells 

expressing GABAergic markers is disrupted in the absence of Pax6. Deep layer neuron 

(DLN) and superficial layer neuron (SLN), on the other hand, were still generated 

when Pax6 is deleted. The most probable explanation for this is that the stochastic 

influence of extracellular signalling raises the probability that cortical cells may switch 

their genetic fate, although only a subset of cells is affected.  



148 
 

6.2 Pax6 increases intrinsic cellular threshold of cortical cells in responding 

to Shh signalling activity 

 

The development of various specialised cell types in precise areas in developing 

multicellular organisms necessitates them to gain information about their relative 

positions via interactions with the extracellular environment. According to a well-

known theory, cells in a population determine their positions via the degrees of 

exposure to substances dispersed over the field in concentration gradients (Wolpert, 

1969). A prime example of such a process is the specification of the rostral neural 

plate’s major regions, the dorsal region responsible for the generation of the cortex and 

the ventral region responsible for the production of basal ganglia.  

 

Sonic Hedgehog (Shh), along with members of the Wnt and bone morphogenetic 

protein (Bmp) families, is a molecule that functions as an early morphogen which 

elicits the organization of regional groups of cells into patterns depending on its 

concentration. As the dorsoventral domains of the neural plate emerge, the high level 

of Shh concentration in the ventral region promotes the specification of ventral fates 

(Matise & Wang, 2011). The dispersion of morphogens that influence the rostral neural 

tube's development process broadens as the rostral neural tube develops and becomes 

more intricate. This allows telencephalic cells to be widely exposed to Shh and other 

morphogens via cerebrospinal fluid as the neural tube seals to form the ventricular 

system of the nervous system (Chau et al., 2015) and simultaneously for interneurons 

progressing to the cortex generate Shh (Baudoin et al., 2012; Komada et al., 2008; 

Voronova et al., 2017; Winkler et al., 2018). 
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Shh levels in the embryonic cortex have been shown to be high enough to cause ectopic 

expression of ventral marker genes, according to previous studies (Yabut et al., 2015, 

2020). These findings highlight the relevance of the systems that control not just the 

distribution of morphogenetic substances but an important question that can be asked 

from these observations is, how do the cells respond to the morphogens? Our 

observations indicate that Pax6 could possibly elevate the intrinsic threshold in cortical 

cells. As a result, this prohibits them from being misguided to activate a diverted gene 

programming system which eventually switches their fate, when exposed to Shh 

signalling or possibly other morphogens in their surroundings (Baudoin et al., 2012; 

Dahmane et al., 2001; Delmotte et al., 2020; Komada et al., 2008; Viti et al., 2003; 

Winkler et al., 2018; Xu et al., 2010; Yabut & Pleasure, 2018; Zhang et al., 2020). This 

is in agreement with a classic view by Wolpert (1969) who suggested that cells have 

internal thresholds that governs how surrounding signals influence their development.  

 

This observation means that Pax6 might not completely prevent abnormal gene 

programming taking place when cortical cells are exposed to morphogens. This is 

evident in Chapter 4, where Shh was shown to stimulate ventral gene expression in 

cortical cells that express Pax6, in a concentration-dependent manner in agreement 

with previous work reporting that non-physiological elevation of Shh signalling in 

Pax6-expressing embryonic cortex can activate the ectopic expression of ventral 

telencephalic marker genes (Corbin et al., 2000; Gaiano et al., 1999; Quinn et al., 2009; 

Rallu et al., 2002; Shikata et al., 2011; Yabut et al., 2015). But Pax6cKO cells respond 

with much greater sensitivity and therefore, it is plausible to say that cortical cells 

respond to morphogenetic substances via threshold modification regulated by Pax6.  
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6.3 Cortical cells might not commit to oligodendrocyte lineage when Pax6 is 

deleted 

 

Olig2, is a marker for oligodendrocytes (Marshall et al., 2005). It is found in both 

dorsal telencephalon and ventral telencephalon (Richardson et al., 2006). Olig2 has a 

role in antagonizing Pax6 during cortical development, resulting in regionalization of 

the telencephalon (Hack et al., 2004; Marshall et al., 2005). Additionally, Olig2 

suppression of Pax6 is essential for the maintenance of glial fate (Kronenberg et al., 

2010). Furthermore, GABA can also operate as a molecular cue that initiates 

gliogenesis (Hamilton et al., 2017). Interestingly, our results in chapter 4 showed 

overexpression of Olig2 in Pax6cKO cortical cells. Overall, these observations seem 

to show that there is a possibility for the mis-specified progenitors to be multipotent, 

undertaking oligodendrocyte lineage in addition to GABAergic re-specification.  

 

Despite these findings, our results from scRNA-seq analysis indicated that in the 

absence of Pax6, most cortical cells may not adopt an oligodendrocyte fate. This is 

evident by the expression of oligodendrocyte progenitor marker such as Pdgfra, Sox10 

and Sox8 (Winkler et al., 2018; Zhang et al., 2020) in only a minute fraction of 

Pax6cKO cells that simultaneously express Olig2. A significantly greater number of 

Olig2-expressing cells, on the other hand, co-expressed genes like Dlx1/2 and Gsx2, 

which are associated with ventral telencephalic GABAergic lineages. However, this 

study did not examine the possibility that Olig2-expressing cells in Pax6cKO might 

commit to an oligodendrocyte lineage during the late stages of embryogenesis, 

considering that generation of oligodendrocytes in the cortex generally occurs at birth 
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(Kessaris et al., 2006). It will be fascinating to investigate this by looking at the 

electrical features of these cells, in order to determine whether they exhibit firing 

patterns that are comparable to those that have been observed in OPCs (Chittajallu et 

al., 2004; Maldonado et al., 2011). 

 

6.4 Pax6’s effect on Shh signalling activity could influence the timing of 

cortical neurons specification 

 

Previous studies have demonstrated that Shh can inhibit Pax6 expression in a variety 

of tissues, including the telencephalon (Macdonald et al., 1995; Ericson et al., 1997; 

Rallu et al., 2002; Danjo et al., 2011; Robertshaw et al., 2013; Yabut et al., 2020). It is 

likely that the high levels of Shh found in the ventral telencephalon during early stages 

of development play a major role in establishing the contrasting levels of Pax6 

expression between the ventral (low) and dorsal (high) regions (Echelard et al., 1993; 

Shimamura et al., 1995; Gunhaga et 1074 al., 2000).  

 

Our finding suggested that as the dorsal telencephalon develops, the high levels of 

Pax6 repress the effects of Shh signalling, thus allowing a period of time for the normal 

production of cortical excitatory neurons (data not shown, Tan Boon Kai, CDBS, 

University of Edinburgh). During this period, Pax6 is usually expressed in the majority 

of cortical cells, with the highest levels found in RGPs (Englund et al., 2005; Wong et 

al., 2015). For instance, our scRNA-seq data showed that more than 70% of cells 

express Pax6 at E13.5. As the cortex matures, a decreasing number of cells express 
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Pax6 (around 50% at E14.5) as the population of non-RGP progenitors, including IPs, 

increases (data not shown, Tan Boon Kai, CDBS, University of Edinburgh).  

 

This decline in Pax6 expression coincides with the onset of Gsx2 and Olig2 activation 

in a small number of SVZ cells from E16.5 (Zhang et al., 2020). These cells, which 

are IPs, capable to produce interneurons for the olfactory bulb, oligodendrocytes and 

astrocytes. The activation of these cells requires Shh signalling. Furthermore, the genes 

activated in these cells and their daughter cells are similar to those activated in the 

Pax6 mutant cells when exposed to Shh signalling, as demonstrated by our experiment 

in Chapter 4. Thus, it is feasible that decreasing influence of Pax6 in late progenitor 

populations marks the closing of the time window for the exclusive production of 

cortical excitatory neurons.  

 

6.5 How Pax6 restricts cortical cells to become less sensitive to Shh signalling: 

a hypothesis 

 

The regulation of Shh signalling in the developing brain and spinal cord is complex 

and influenced by a number of factors, including the expression of transcription factors 

like Pax6. The exact mechanisms by which Pax6 regulates Shh signalling are not fully 

understood, but there is evidence to suggest that Pax6 may make cells less sensitive to 

Shh in cortical cells through the regulation of specific target genes. 

 

One way in which Pax6 may regulate Shh signalling is by modulating the expression 

of downstream target genes that are involved in the regulation of Shh signalling. For 
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example, Pax6 has been shown to regulate the expression of the Gli2, which is key 

downstream mediator of the Shh signalling pathway (Jang & Goldman, 2011). By 

regulating the expression of this gene, Pax6 can indirectly regulate the activity of the 

Shh signalling pathway in the developing brain and spinal cord. This reduces the 

amount of Shh signalling required for the proper development of specific neuronal 

structures in the cortex and spinal cord hence making the cells less sensitive to Shh 

signalling. Additionally, Pax6 has been shown to modulate the expression of other 

signalling molecules, such as Wnt, that can interact with the Shh signalling pathway to 

regulate cell fate decisions in the developing spinal cord (Freese et al., 2010). Through 

the regulation of these signalling pathways, Pax6 can modulate the activity of the Shh 

signalling pathway and make cells less sensitive to Shh. 

 

Overall, Pax6 could make cells less sensitive to respond to Shh signalling pathway in 

the developing brain and spinal cord through the regulation of target genes involved 

in Shh signalling activity, as well as interaction with other signalling pathways such as 

Wnt signalling.  

 

6.6 Crosstalk between extrinsic molecular signallings 

 

The interaction of transcription factors and molecular signals is complex and 

concentration dependent (Del Barrio et al., 2013; Manuel et al., 2015). Shh morphogen 

is linked to the generation of disparate cell types (Yang et al., 2021). Our research 

focuses on certain interactions in isolation, but it is always crucial to comprehend the 

role that each signal plays in physiological developmental conditions. Bmp signalling 
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is active during the commencement of corticogenesis and it interacts with Pax6 

(Gomes et al., 2003; Gross et al., 1996). Bmp antagonizes many of Shh’s roles during 

the onset of corticogenesis (Gulacsi & Lillien, 2003; Huang et al., 2007). 

Physiologically, the susceptibility of RGPs will depend on the network of transcription 

factors and molecular signals present, as crosstalk between the Bmp, Shh, Notch, and 

Wnt signalling systems might cause opposing effects based on the signalling 

environment at particular time periods (Agirman et al., 2017; Gaiano & Fishell, 2002; 

Rubenstein, 2000).  

 

Pax6 deletion leads to a downregulation of Notch receptor Dll1 (Dorà et al., 2019), in 

which it promotes neuronal proliferation (Pierfelice et al., 2011). A proportion of the 

cortical progenitors may become susceptible to external signals and enhance cell 

differentiation as a result of Notch reduction downstream of Pax6. This would produce 

an ectopic population of cells with a GABAergic identity. Evidence has also suggested 

that a reduction in Notch signalling could result in the ectopic expression of the 

transcriptional regulators Lhx6, Lhx8 and Nkx2.1, which are essential for the 

generation of GABAergic interneuron subtypes (Meganathan et al., 2017; Ramos et 

al., 2010). Additionally, the Notch signalling pathway controls the process 

of gliogenesis (Ngan et al., 2011). Notch suppresses oligodendrocyte differentiation 

because the secretion of the Notch ligand Jagged1 by retinal ganglion cells limits the 

ability of OPCs to differentiate into oligodendrocytes (Wang et al., 1998). It is possible 

that in the absence of Pax6, Notch signalling is inhibited resulting in the upregulation 

of OPCs.  
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6.7 Impaired postnatal neuronal development as a result of Pax6 deletion  

 

There is an interplay between interneurons and pyramidal cells at the beginning of 

postnatal period (Favuzzi et al., 2019). Since PC signals promote interneuron survival 

(Denaxa et al., 2018; Wong et al., 2018), ectopia cells may lack the necessary proteins 

for cell survival and circuit integration vitiated as a result of exposure to external 

signals (Moris et al., 2016). Disproportionate numbers of neurons in the developing 

cortex of an adult mouse could result in persistent behavioural impairments. In the hole 

board and Crawley's sociability tests, Magno et al. (2021) revealed behavioural 

performance reductions even after embryonic overexpression of paravalbumin (PV) 

interneurons were addressed postnatally. (Magno et al., 2021). This suggests that 

defective neurogenesis has resulted in a permanent interruption of circuit 

development. The role of Pax6 is therefore essential for ensuring correct RGP 

development to follow the default differentiation pathway. 

 

It has been demonstrated that Emx1-lineage gives rise to a population of caudate 

putamen interneurons. (Cocas et al., 2009). Loss of Pax6 may also lead to premature 

development of these cells that eventually migrate to the caudate putamen. In 

agreement with this, Zhang et al. (2020) discovered that some cortical cells are tri-

potential, meaning they are capable of differentiating into three cell types beginning at 

E16.5, including olfactory bulb (OB) interneurons and oligodendrocytes This 

correlates at the same time when pyramidal cell progenitor production begins to 

decline (Zhang et al., 2020). This group of dorsal RGPs expressed Gsx2, and Shh 

regulates their development into non-glutamatergic fates. In the absence of Pax6, 
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RGPs may prematurely differentiate into a larger population of GABAergic cells. This 

is consistent with our result in chapter 4 which shows the upregulation of Gsx2 in 

Emx1Cre-Pax6cKO cell cultures in the presence of Shh. 

 

Pax6 is necessary for the normal specification of retinal neurons (Zaghloul & Moody, 

2007) and inhibition of photoreceptor phenotypes via suppression of the cone-rod 

homeobox gene (Remez et al., 2017). In the spinal cord, Pax6 takes a role in the 

process of regionalization and cell specification, where it establishes boundaries of 

progenitor cell identity in response to Shh gradients (Danesin & Soula, 2017). In 

addition, Notch signalling also regulates Shh signalling during spinal cord 

development (Kong et al., 2015). Overall, these studies indicate that Pax6 may be able 

to safeguard particular neuronal fates during neurogenesis in regions other than the 

cortices, raising the possibility that this function is conserved across the nervous 

system. 

 

6.8 Future directions 

 

Progenitor cells stay in the adult subventricular zone post gliogenesis (Marshall et al., 

2005). In the adult mice, these cells are capable of generating neurons It is interesting 

how a pro-gliogenic cortical environment is capable of generating neurons in the adult 

mouse considering that changes in the environment throughout development appear to 

affect the transition from neurogenesis to gliogenesis (Miller & Gauthier, 2007). 

Additionally, the Emx1-lineage contributes to a proportion of the adult subventricular 

zone, which eventually gives rise to interneurons in the OB (Gorski et al., 2002; 
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Tamamaki, 2005). Cells from the SVZ migrate via the ventral migratory stream 

(Lepousez et al., 2013) to the OB in the adult mouse (Whitman & Greer, 2009). Do 

cells that change fate in the absence of Pax6 migrate to the OB? To address this, 

immunostaining experiments for GABAergic cell markers can be carried out targeting 

the Emx1Cre-Pax6cKO in the OB of postnatal mice. These would address Kroll and 

O’Leary (2005) observation that in the absence of Pax6 there is an elevated expression 

of LGE-associated markers such as zinc finger transcription factor Sp8, from which 

some OB interneurons originated (Toresson & Campbell, 2001). In combination with 

immunostaining experiments, the use of whole cell electrophysiology will be helpful 

to characterize the intrinsic properties of any Emx1-lineage OB interneurons in 

Pax6cKO and how these compare to Pax6 controls. 

 

The findings in chapter 5 suggested that when Pax6 is deleted, some cells have the 

potential to develop into INs that possess characteristic of NGF cells. To assess 

whether dorsal RGPs have a potential to specifically differentiate into NGF cells, NGF 

cells progenitor-associated transcriptome analysis may provide information on 

whether these are upregulated in the absence of Pax6. Hippocampus NGF cells 

originate mostly from the MGE as opposed to cortical NGF cells that are from CGE 

and POA origin (Overstreet-Wadiche & McBain, 2015). Altogether, this indicates that 

the NGF phenotype is not bound to a specific pool of progenitors. Furthermore, 

lysosome-associated membrane protein 5 (Lamp5) is expressed by NGF cells from 

different GEs/POA (Krienen et al., 2020). Evaluating the changes of Lamp5 

differential expression in Pax6cKO will further elucidate if removal of Pax6 makes 
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dorsal RGPs susceptible to develop into NGF cells by downregulation of inhibitory 

pathways necessary to keep Lamp5 expression low in dorsal RGPs. 

 

One of the characteristics of many molecular mechanism is robustness (Liu et al., 

2020). Gene functions may overlap (redundancy) or partially overlap with other genes 

(partial redundancy) (Whitacre, 2010). In the absence of one another, their expression 

levels might function as compensatory roles. The maintenance of the RGPs' 

development into glutamatergic excitatory neurons may involve other transcription 

factors. The Sox family plays a number of roles in gliogenesis and neurogenesis 

(Stevanovic et al., 2021). Even though Sox2 expression has been linked to the early 

stages of ventral telencephalon development (Ferri et al., 2013), a report revealed Sox2 

and Pax6 co-expression in the VZ (Hutton & Pevny, 2011).  

 

In addition, a study has reported that Sox2 is necessary for the generation of 

interneurons and motor neurons in the spinal cord, which are both GABAergic cells. 

This suggests that the absence of Sox2 might lead to an ectopic population of cells with 

a GABAergic identity (Graham et al., 2003). Besides, compared to IPs that express 

Tbr2, RGPs exhibit higher levels of intracellular Sox2 protein (Hutton & Pevny, 2011). 

Moreover, Sox2 has the ability to inhibit cells from dedifferentiating into pluripotent 

states (Zhang, 2014). We also found that Sox2 was overexpressed in Pax6cKO in our 

bulk RNAseq analysis (data and analysis by Zrinko Kozic, CDBS, University of 

Edinburgh, data not shown). In light of these findings, there is a likelihood for RGPs 

that express Sox2 to have a similar role as to when they express Pax6. Experiments 

with Sox2 knockouts as well as Pax6 and Sox2 double-knockouts may indicate if 
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mutant Sox2 compensates for Pax6's loss or in the absence of both, a higher cell 

population adopt a GABAergic fate and/or glial fate. It is possible that the removal of 

Pax6 may be compensated by Sox2 whereas the absence of both will result in a severe 

impairment in the development of the nervous system, and the absence of Sox2 might 

lead to an ectopic population of cells that possess GABAergic specification.   



160 
 

6.9 THESIS CONCLUSION 

 

A widely used analogy for the path taken by cell lineages towards their post-mitotic 

fate is the Waddington landscape. This is depicted as a three-dimensional landscape 

travelled by developing neurons that is modulated by various transcription factors 

(Waddington, 1957). There are a battery of variations and extensions derived from this 

analogy (Sareen & Svendsen, 2010; Siegal & Bergman, 2002; Wang et al., 2011) but 

the concept is similar. The epigenetic landscape proposed by Conrad Waddington 

shows a ball rolling down valleys separated by ridges on an inclined surface, as a visual 

metaphor for the branching pathways of cell fate determination (Figure 6.1 (A), 

(Waddington, 1957). The valleys correspond to stable states (attractors) of the 

network, while ridges separating the valleys represent barriers to stochastic transitions 

among multiple attractors. Going forward in the process of differentiation and 

stemness, the cell is influenced by the terrain. Once cells have passed a certain point, 

it is much more difficult to move back towards a different path of differentiation. This 

leads to fate restriction.  

 

Figure 6.1 illustrates our conclusion from this study, using Waddington’s epigenetic 

landscape. In embryonic wild type mouse cortex (Figure 6.1 (B)), Pax6 closes the 

valley on the left leading RGPs to a stable attractor on the right. This safeguards the 

RGPs from deviating into a different pathway, making sure the cells commit to a 

glutamatergic fate. On the contrary, in Pax6cKO mouse, Pax6 deletion opens the 

valley on the left, making an alternative attractor available for the RGPs. Morphogens 

such as Shh, which exert its effect by graded distribution, may influence RGPs to 
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undertake the alternative pathway as the RGPs are prone to external signals in the 

absence of Pax6. When a certain intrinsic threshold in the cells is reached as a response 

to the exposure to Shh, RGPs will divert to the left valley to undertake an alternative 

differentiation fate. Depending on the Shh concentrations, number of cells developing 

into alternative phenotype will correspond to it. In the event where the concentration 

of Shh is increasing, the terrain will be tilted to the left as a consequence of Shh 

influence, thereby creating a bias for the RGPs to adopt the GABAergic fate (Figure 

6.1 (C)).   

 

Interestingly, in Pax6 control mouse, exposure to Shh created the alternative attractor 

valley for RGPs to commit into GABAergic cells but increasing concentration of Shh 

did not cause the terrain to tilt to the left, indicating that Pax6cKO progenitor cells are 

more sensitive to Shh as a result of Pax6 deletion (Figure 6.1 (D)). This also suggested 

that Pax6 increases intrinsic threshold in RGPs in response to Shh. Importantly, some 

cells may still end up in the default phenotypic valley becoming excitatory 

glutamatergic neurons.  

 

The findings from this study have provided new evidence of Pax6’s involvement in a 

number of developmental processes in the cortex. In a nutshell, we conclude that Pax6 

is a regional master regulator in the cortex that safeguards cortical glutamatergic fate 

by preventing RGPs from over responding to Shh signalling during cortical 

neurogenesis.   
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Figure 6.1 The conclusion of the thesis illustrated using Waddington’s epigenetic landscape. A) 

The classic epigenetic landscape shows a multipotent cell represented as a pebble at the top of the hill 

rolls down the landscape, which segregates into a series of branching paths that represent cell fate 

decisions. B) Pax6 prevents the opening of an alternative valley to ensure RGPs adopt the correct 

phenotypic pathway. C) Pax6 deletion opens the valley on the left, allowing RGPs to roll down to the 

alternative attractor. Higher Shh tilted the terrain to the left which indicates high sensitivity, influencing 

RGPs to undertake the alternative pathway. D) Pax6 control expressing RGPs may adopt the alternative 

attractor fate when exposed to increasing Shh concentrations but with less sensitivity. 
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APPENDIX: SUMMARY DATA TABLES 

 

Table 1: Cumulative Olig2+/DAPI cell counts (Figure 3.6): 

 

Organoid DMSO SAG 

Pax6+/+ 

34.51 28.25 

28.57 34.19 

23.78 39.1 

31.67 21.12 

11.38 40.81 

9.98 36.07 

Pax6-/- 

3.07 6.76 

7.92 10.52 

5.1 1.63 

7.49 2.55 

3.86 4.74 

6.78 3.13 
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Table 2: Logarithmic conversion for concentration of SAG and DMSO  

  

Concentration of SAG 

(nM) 

Log [concentration]  

1.25 0.1 

2.5 0.4 

5 0.7 

10 1 

20 1.3 

40 1.6 

80 1.9 

160 2.2 

Concentration of DMSO 

(%) 

Log [concentration]  

0.0025 -2.6 

0.005 -2.3 

0.01 -2 

0.02 -1.7 

0.04 -1.4 

0.08 -1.1 

0.16 -0.8 

0.32 -0.5 



165 
 

Table 3: Cumulative Gsx2+/GFP+ cell counts (Figure 4.3G):  

 

 

SAG concentration 

(nM) 

Log SAG 

[concentration] 
Mut (SAG) (%) Average Ctrl (SAG) (%) Average 

0 - 0 0 0 0 0 0 0 0 

1.25 0.1 0 0 0 0 0 0 0 0 

2.5 0.4 35.17429 42.49517 43.07354 40.24766 0 0 0 0 

5 0.7 45.23738 48.12542 46.17663 46.51314 0 0 0 0 

10 1 59.51645 64.17482 60.98667 61.55931 25.24174 22.35529 28.19308 25.26337 

20 1.3 74.53614 70.23554 74.04005 72.93724 43.16056 46.70782 52.42352 47.43063 

40 1.6 78.17304 76.79057 76.94656 77.30339 66.04551 72.18613 72.00006 70.07723 

80 1.9 81.74865 82.51062 80.64297 81.63408 78.17206 80.64961 83.03263 80.6181 

160 2.2 81.80644 81.47308 82.10933 81.79628 84.52114 88.41599 87.04378 85.6603 
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Table 4: Cumulative Gsx2+/GFP+ cell counts (Figure 4.8G): 

 

 

DMSO 

concentration (%) 

Log DMSO 

[concentration] 
Mut (DMSO) (%) Average Ctrl (DMSO) (%) Average 

0 - 0 0 0 0 0 0 0 0 

0.0025 -2.6 0 0 0 0 0 0 0 0 

0.005 -2.3 0 0 0 0 0 0 0 0 

0.01 -2 5.46575 8.06370 9.11502 7.54815 0 0 0 0 

0.02 -1.7 5.18371 6.37756 7.84379 6.46835 0 0 0 0 

0.04 -1.4 5.05301 5.86167 6.24404 5.71957 0 0 0 0 

0.08 -1.1 8.24472 8.16575 7.61051 8.00699 0 0 0 0 

0.16 -0.8 9.1877 7.20858 8.03367 8.14331 0 0 0 0 

0.32 -0.5 8.13054 7.23366 9.25841 8.20753 0 0 0 0 
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Table 5: Cumulative Dlx1+/GFP+ cell counts (Figure 4.3H):

SAG concentration 

(nM) 

Log SAG 

[concentration] 
Mut (SAG) (%) Average Ctrl (SAG) (%) Average 

0 - 0 0 0 0 0 0 0 0 

1.25 0.1 0 0 0 0 0 0 0 0 

2.5 0.4 32.21891 25.44122 35.2213 30.96047 0 0 0 0 

5 0.7 47.98468 43.23422 40.43341 43.8841 8.76552 10.12256 5.47821 8.12209 

10 1 61.99816 58.23345 57.11772 59.11644 19.96098 17.73455 20.11564 19.27039 

20 1.3 75.82727 70.82331 69.88766 72.17941 46.62352 42.67882 40.31478 43.2057 

40 1.6 80.25589 78.25312 75.32387 77.94429 62.59685 57.89744 56.92376 60.13935 

80 1.9 82.56772 80.64297 80.45521 81.22196 78.93422 80.12561 81.45623 80.17202 

160 2.2 83.91526 81.45523 80.54383 81.97143 83.52114 88.89425 82.65211 85.0225 
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Table 6: Cumulative Dlx1+/GFP+ cell counts (Figure 4.8H): 

 

 

 

  

DMSO 

concentration (%) 

Log DMSO 

[concentration] 
Mut (DMSO) (%) Average Ctrl (DMSO) (%) Average 

0 - 0 0 0 0 0 0 0 0 

0.0025 -2.6 0 0 0 0 0 0 0 0 

0.005 -2.3 0 2.04431 1.54344 1.19591 0 0 0 0 

0.01 -2 4.23116 3.17665 4.22345 3.87708 0 0 0 0 

0.02 -1.7 3.98778 5.35123 4.78962 4.70954 0 0 0 0 

0.04 -1.4 5.23116 5.18976 6.43253 5.61781 0 0 0 0 

0.08 -1.1 8.34251 7.44352 8.23664 8.00755 0 0 0 0 

0.16 -0.8 9.02342 8.23564 9.99768 9.08558 0 0 0 0 

0.32 -0.5 8.23442 9.94532 8.34272 8.84082 0 0 0 0 
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Table 7: Cumulative Olig2+/GFP+ cell counts (Figure 4.3I): 

 

SAG concentration 

(nM) 
Log SAG 

[concentration] 

Mut (SAG) (%) Average Ctrl (SAG) (%) Average 

0 - 0 0 0 0 0 0 0 0 

0.1 0.1 0 0 0 0 0 0 0 0 

0.4 0.4 13.54093 10.12426 17.89269 13.85262 4.81953 6.78432 5.76623 5.79002 

0.7 0.7 29.19094 23.05403 29.25459 27.16652 4.1388 6.21311 8.99787 6.44992 

1 1 30.95663 32.15139 38.67966 33.92922 10.72781 15.19874 17.54881 14.49178 

1.3 1.3 51.47182 44.90964 53.16199 49.84781 21.11072 22.21724 27.52113 23.61636 

1.6 1.6 63.16653 66.73685 71.06446 66.98928 32.76029 40.72917 45.10452 39.53132 

1.9 1.9 72.35972 79.6525 84.04829 78.68683 58.12328 64.11083 66.25526 42.82979 

2.2 2.2 84.94242 81.85813 84.91526 83.90527 85.53552 89.06122 83.85476 86.1505 
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Table 8: Cumulative Olig2+/GFP+ cell counts (Figure 4.8I): 

 

DMSO 

concentration (%) 
Log DMSO 

[concentration] 

Mut (DMSO) (%) Average Ctrl (DMSO) (%) Average 

0 - 0 0 0 0 0 0 0 0 

0.0025 -2.6 0 0 0 0 0 0 0 0 

0.005 -2.3 0 0 0 0 0 0 0 0 

0.01 -2 3.21567 3.05432 5.94332 4.0711 0 0 0 0 

0.02 -1.7 5.12113 4.98665 6.29549 5.46775 0 0 0 0 

0.04 -1.4 5.21984 4.78659 4.43454 4.81365 0 0 0 0 

0.08 -1.1 5.98869 6.98843 7.45322 6.8101 0 0 0 0 

0.16 -0.8 8.65645 6.34221 7.35424 7.45096 0 0 0 0 

0.32 -0.5 7.45342 9.25424 9.34234 8.68333 0 0 0 0 
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