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ABSTRACT 

The development of the human cortex is a very sophisticated process and any small disturbance will 

lead to a range of different cortical malformations. There are two main ways to study how the cortex 

develops. One is by studying different genes, pathways or mechanism that are essential for its correct 

functioning. The other way is by looking at the genes that are mutated and responsible for different 

neurodevelopmental disorders. 

Using this last approach, we discovered mutations in two genes (DCHS1 and FAT4) that are causative 

of Van Maldergem Syndrome and its associated phenotype, Periventricular Heterotopia. In these 

patients, there is a cluster of neurons unable to reach their correct position in the cortex. DCHS1 and 

FAT4 are two protocadherins that interact with each other and mutations in these proteins or their 

downregulation induce changes in the number of different types of progenitors in mice and alter 

neuronal migratory dynamics in humans. Additionally, in human-derived cerebral organoids with 

mutations in these two genes, there is a cluster of neurons with an altered neuronal state that we 

believe are the neurons with migratory defects that are not able to reach their correct place in the 

cortex. This subpopulation of altered neurons contains a different transcriptomic signature, being 

GNG5 the most differentially dysregulated gene. Furthermore, those neurons also contain altered 

genes crucial for proper neuronal migration, axon guidance and synapse formation. 

In this thesis, using this knowledge as a starting point, I have investigated different aspects of human 

cortical development using embryonic mice brains and human-derived cerebral organoids as model 

systems. 

On the one hand, I have proven the importance of GNG5 for the control of the proper number of 

different types of neural progenitors and correct neuronal migration. GNG5 is highly upregulated in 

neural progenitors and is downregulated during neuronal differentiation, however, in the altered 

cluster of neurons, it is still highly upregulated. Interestingly, the phenotypes observed in mouse and 

human with mutations in DCHS1 and FAT4 or its downregulation are very similar to the phenotypes 

observed after the overexpression of GNG5 in those two model systems. The results indicate that 

GNG5, DCHS1 and FAT4 are part of the same pathway or have a similar role during cortical 

development. 

On the other hand, I have investigated the usefulness of cerebral organoids as a model system to study 

neuronal activity and functionality. For one of the very first times, we have shown functional 

differences in a 3D in vitro system derived from patient cells. Moreover, I have characterized those 

aged cerebral organoids and looked at their transcriptomic differences which have given some insights 
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into the mechanism and pathways that are disrupted and may be responsible for those functional 

differences. 

Finally, I have also investigated the role of DCHS1 in modern human brain development. After the full 

genome of the Neanderthals was sequenced, it was possible to identify 78 proteins that were different 

between modern humans and Neanderthals. Remarkably, DCHS1 was one of those proteins where 

modern humans present a different form, while Neanderthals kept the ancestral one. Preliminary data 

has shown that this unique amino acid change specific to humans, may have induced an increased 

number of progenitor cells and may have altered migratory dynamics in the developing modern 

human brain. 

Thanks to these three projects I have investigated some unknown details of human cortical 

development increasing the comprehension for future treatments. This knowledge will be very useful 

to improve the quality of life of patients suffering from different types of cortical malformations. 
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CHAPTER 1: INTRODUCTION 

1.1  DEVELOPMENT OF THE CORTEX 

The brain is the most complex organ in the human body, yet the least understood. In particular, 

the cerebral cortex, and more concretely the neocortex, is the most and lastly developed area 

in the human brain. It is the brain region responsible for higher cognitive abilities. The human 

cerebral neocortex is the area involved in the integration of sensory and motor information, 

intelligence, consciousness, decision making and personality. In summary, it makes humans 

what we are (Diaz and Gleeson, 2009; Pirozzi et al., 2018; Rakic, 2009). 

The development of the human cerebral cortex is a very well-structured process, and any small 

disturbance will lead to a range of different cortical malformations. Tackling the causes of these 

disorders can help to identify new central players and understand the complexity of human 

cortex development with a final aim of finding new and better treatments for patients. 

1.1.1 How does the cortex develop? 

During the very early stages of mammalian embryonic development, three main layers are 

produced: the endoderm, the mesoderm and the ectoderm. The nervous system will be 

generated from this last layer. The ectoderm will give rise to the neural crest and neural tube. 

While the neurons that are part of the peripheral nervous system will be generated from the 

neural crest, the neural tube will produce the entire central nervous system. During the 

differentiation of the neural tube, three different areas can be distinguished in the very rostral 

part: the prosencephalon also known as the forebrain, the mesencephalon or midbrain and the 

rhombencephalon or hindbrain. Once the forebrain continues developing, we start to distinguish 

different structures in it: the telencephalon, the diencephalon and the optic vesicles. It is the 

telencephalon that will finally give rise to the two cerebral hemispheres, where the cerebral 

cortex is found (Bear et al., 2007). 

In mammals, the development of the cerebral cortex is a very intricated process that consists 

mainly of four significant steps: Neurogenesis (Götz and Huttner, 2005), neuronal migration, 

neuronal differentiation, neuronal maturation and circuit formation (Komuro and Rakic, 1998; 

Kriegstein et al., 2006; Taverna et al., 2014).  
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1.1.1.1 Neurogenesis 

The term neurogenesis refers to the generation of neurons from neural stem cells (NSCs) and 

neural progenitor cells (NPCs). There is a wide variety of precursor cells that will give rise to all 

the neurons populating the cerebral cortex (Götz and Huttner, 2005). In the next pages, I will 

explain the characteristics of each of these types of progenitor and how they are generated. 

Neuroepithelial cells  

The neural tube, where the cerebral cortex is generated from, is mainly populated by 

neuroepithelial cells (NECs). These are stem cells that will continue to divide in a symmetric 

proliferative way (producing two daughter cells identical to the mother cell) during the early 

stages of the generation of the embryonic brain, increasing the pool of progenitor cells (Götz 

and Huttner, 2005; Rakic, 1995). NECs are polarised cells that present epithelial cell features 

which form a single layer of pseudostratified cells along the neural tube: their nuclei can be 

apically or basally located (Götz and Huttner, 2005; Rakic, 2009; Wodarz and Huttner, 2003). 

This structure is generated by the way these cells divide through interkinetic nuclear migration 

(INM): during mitosis, the cell bodies remain in the apical part of the neural tube, and during the 

G1-phase the nuclei move towards the basal part. The S-phase occurs in this basal position, and 

during G2-phase, the nuclei migrate back apically on the neural tube (Sauer, 1935; Taverna and 

Huttner, 2010). Just before the beginning of neurogenesis, NECs change the way they divide. 

They will start diving asymmetrically, generating two types of daughter cells: (a) a new NEC or a 

different kind of progenitor cells such as apical radial glia cells (aRGs) and (b) another type of 

NPC such as an apical intermediate progenitor (aIP), a subapical progenitor (SAP), a basal 

progenitor (BP) or a postmitotic neuron (Florio and Huttner, 2014; Götz and Huttner, 2005; 

Taverna et al., 2014). 

Apical radial glial cells  

At the start of neurogenesis and with the change to asymmetric division of NECs, these also 

change their morphology and will give raise to aRGs (Götz and Huttner, 2005; Rakic, 2009). These 

cells keep their polarity, but their epithelial markers become weaker and acquire astroglial 

markers such as GFAP (glial fibrillary acidic protein) in humans, GLAST (astrocyte-specific 

glutamate transporter), or BLBP (brain-lipid-binding protein) (Campbell and Götz, 2002; Götz 

and Huttner, 2005). They also upregulate transcription factors such as Pax6 (Götz et al., 1998). 

aRGs are the leading players in this complex process (Rakic, 1971). These cells are elongated 

cells with their two processes directed apically to the ventricular zone and basally to the 

basement membrane (Arai and Taverna, 2017; Bentivoglio and Mazzarello, 1999; Rakic, 2003). 
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They will be the scaffold for the later generated neurons to migrate to their correct place in the 

cortex (Lui et al., 2011; Rakic, 1972; Stiles and Jernigan, 2010). aRGs are the cells that will give 

rise to almost all the cells populating the cerebral cortex: neurons and glial cells (Götz and 

Huttner, 2005). aRGs can divide symmetrically or asymmetrically through INM, similarly to NECs. 

With the symmetric proliferative cell division, new aRGs that will increase the number of 

progenitor cells are generated. Consequently, the size of the area of the cortex where they are 

located, known as the ventricular zone (VZ), will be increased. Whereas with the asymmetric 

differentiative division, they will produce two different types of daughter cells, one with the 

identity of the mother cell and another with a new identity (Florio and Huttner, 2014; Götz and 

Huttner, 2005; Taverna et al., 2014). Once the pool of aRGs cells has increased and neurogenesis 

continues, aRGs start diving asymmetrically more often, producing other types of NPCs or 

neurons that will crowd the upper layers of the developed cortex (Florio and Huttner, 2014; 

Molyneaux et al., 2007; Noctor et al., 2004). 

Apical intermediate progenitors 

These NPCs, also known as short neural precursors (SNP), are essential to increase the 

production of neurons as they will only undergo one round of symmetric neurogenic division 

through INM. They have similar features to aRGs; they are bipolar cells with two processes. 

However, the basal processes of aIPs do not reach the pia surface. They express Pax6 as a marker 

(Arai and Taverna, 2017; Florio and Huttner, 2014; Gal et al., 2006; Kowalczyk et al., 2009; Tyler 

and Haydar, 2013). 

Basal progenitors 

The rest of the progenitors generated from NECs or aRGs will populate the zone basal to the VZ, 

the subventricular zone (SVZ) (Bystron et al., 2008). There are two types of BPs: Basal 

intermediate progenitors (bIPs) and basal radial glia cells (bRGs) (Arai and Taverna, 2017; Götz 

and Huttner, 2005). In contrast to NECs and aRGs, these BPs will not continue to divide through 

INM (Götz and Huttner, 2005). 

Basal intermediate progenitors  

These progenitors are generated from aRGs or NECs that delaminate and populate the SVZ. As 

the name indicates these progenitors divide basally in the SVZ, and unlike aRGs, they will only 

produce neurons (Götz and Huttner, 2005; Haubensak et al., 2004; Kriegstein et al., 2006; Miyata 

et al., 2004; Noctor et al., 2004). They lose the polarity specific of aRGs and start downregulating 

markers such as Pax6 and upregulate other markers such as Tbr2 (Englund et al., 2005). bIPs 

behave differently among different species. In lissencephalic animals such as mice, most bIPs 
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undergo symmetric neurogenic division giving raise directly to neurons (Florio and Huttner, 

2014; Haubensak et al., 2004; Miyata et al., 2004; Noctor et al., 2004). On the contrary, in 

gyrencephalic species, bIPs can undergo more rounds of proliferative symmetric divisions to 

increase the number of bIPs before diving and producing neurons (Fietz et al., 2012; Florio and 

Huttner, 2014; Lui et al., 2011). These type of proliferative bIPs still retain the expression of Pax6 

(Fietz et al., 2010). In summary, the central role of bIPs is to increase the number of neurons 

that are generated during the entire neurogenesis of the cerebral cortex (Götz and Huttner, 

2005; Smart, 2002). 

Basal radial glial progenitors 

bRGs are a type of progenitors that are mainly found in gyrencephalic species such as ferrets 

and primates (Borrell and Reillo, 2012; Fietz et al., 2010). They are a very heterogeneous group 

of neural progenitors (Betizeau et al., 2013). 

bRGs were discovered a few years ago (Betizeau et al., 2013; Borrell and Reillo, 2012; Fietz et 

al., 2010; Hansen et al., 2010; Reillo et al., 2011). Unlike bIPs, bRGs keep radial features such as 

the expression of astroglial markers (Florio and Huttner, 2014). Most of the bRGs keep 

expressing Pax6, while some of them also express Tbr2 (Betizeau et al., 2013; Florio et al., 2017; 

Florio and Huttner, 2014).  In contrast to aRGs, they lose their epithelial features such as the 

presence of apical junctions (AJs) that keep aRGs attached to the ventricular surfaces (Borrell 

and Götz, 2014; Cappello et al., 2012; Fish et al., 2008; Götz and Huttner, 2005). In consequence, 

bRGs delaminate and populate the SVZ. They are monopolar cells with a basal process that keeps 

them attached to the pial surface of the cortex (Arai and Taverna, 2017; Fietz et al., 2010; 

Nowakowski et al., 2016).  

The polarity of these cells and the type of processes that they have are essential for the kind of 

division they undergo. The presence of this type of cells in gyrencephalic species, and their 

abundance in species like primates and humans is relevant for brain folding, expansion and 

evolution (Borrell and Götz, 2014; Borrell and Reillo, 2012; Nonaka-Kinoshita et al., 2013; Reillo 

et al., 2011). Later in this introduction, I will explain more in depth the characteristics of this 

unique group of progenitors and their role in the evolution and structure of the human brain. 

Subapical progenitors 

SAPs are one of the least understood progenitors in the developing cortex. They were recently 

found by (Pilz et al., 2013) and they are highly enriched in the dorsal telencephalon of gyrified 

species (Pilz et al., 2013) and the ganglionic eminences (GE) of the ventral telencephalon in the 

mouse. As their name indicates, they divide in subapical locations of the developing cortex, that 
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is, in the SVZ and they keep an apical process. Their primary role during development is still not 

completely understood, however, they may be necessary to increase the number of progenitor 

cells  (Arai and Taverna, 2017; Florio and Huttner, 2014; Pilz et al., 2013).  

Truncated radial glial cells 

Finally, a recently found type of radial glial cell, the truncated radial glial cell (tRG), seems to be 

important especially for human cortical development. These cells are in contact with the 

ventricles and extend a basal process to the pia membrane, however, this process is “truncated” 

and only extends until the SVZ. tRGs seem to appear in the developing cortex after gestational 

week (GW) 16.5 indicating an important role in human mid neurogenesis (Nowakowski et al., 

2016). 

1.1.1.2 Neuronal migration 

The adult mammalian cortex consists of six layers of cells and is generated in an inside-out 

pattern, meaning that the neurons generated last will be colonising the upper layers of the 

cortex (Berry and Rogers, 1965; Rakic, 1974).  

Excitatory cells in the cortex which are generated in the proliferative zones of the dorsal 

telencephalon must migrate radially to reach their correct laminar place in the cerebral cortex. 

In contrast, inhibitory interneurons are produced in the lateral and medial ganglionic eminences 

(LGE and MGE), which are part of the ventral telencephalon (Parnavelas, 2000).  These cells 

migrate tangentially to reach the developing cortex where they are integrated and change their 

migration to radial migration to reach their final position in the corresponding layer of the 

cerebral cortex  (Costa and Müller, 2015; Rakic, 1978; Silbereis et al., 2016; Sultan et al., 2013)  

(Fig 1.1). 

In the previous pages, I have explained how excitatory neurons are generated. In the next 

paragraphs, I will mainly focus on the migration of these excitatory neurons and briefly mention 

the generation and migration of inhibitory neurons. 

Radial migration 

As it has been previously explained, NPCs located in the VZ and SVZ and the neurons generated 

from these progenitors will migrate radially creating the upper layers of the cortex (Fig 1.1). 

There are two different types of radial neuronal migration: somal translocation and glial-guided 

locomotion with an intermediate state called multipolar migration  (Cooper et al., 2004; 

Nadarajah et al., 2001; Nadarajah and Parnavelas, 2002; Tabata and Nakajima, 2003). 
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During the very early stages of development and when the cortex is still not very thick, neurons 

will mainly migrate by somal translocation. These neurons are attached basally to the pia surface 

of the cortex by a basal process. Upon migration, the process becomes shorter as the entire cell 

body moves upwards pulling itself (Miyata et al., 2001; Nadarajah et al., 2001; Tabata and 

Nakajima, 2003). The cells that migrate by somal translocation also have another trailing process 

directed to the VZ (Nadarajah et al., 2001).  

When the cortex is thicker, neurons can switch to another type of migration or intermediate 

stage, called multipolar migration which is a radial glia independent movement (Tabata and 

Nakajima, 2003). Many of the neurons, located in the upper part of the SVZ and the lower half 

of the intermediate zone (IZ) of the developing cortex, migrate using this system (Cooper et al., 

2004; Tabata and Nakajima, 2003). The IZ is the area of the cortex located between the SVZ and 

the CP (Bystron et al., 2008). This type of migration is much slower than somal translocation. 

Neurons do not follow a specific direction, and they extend and retract their processes to 

migrate even tangentially. This type of movement is limited to the SVZ and IZ. Once these 

neurons approach the upper parts of the IZ and the CP, they change their morphology to bipolar 

shape and their mode of migration to radial glia dependent locomotion (Cooper et al., 2004; 

Tabata and Nakajima, 2003). Some neurons may use multipolar migration to find the 

Figure 1.1: Excitatory and inhibitory neuronal migration in the mouse telencephalon. 
Representative illustration of excitatory and inhibitory neuronal migration. Green straight arrows represent the radial 
migration that excitatory neurons follow from the VZ and SVZ to the CP in the cerebral cortex. The migratory 
trajectories that inhibitory neurons follow from the MGE and LGE until the reach the cortex and change to radial 
migration (green arrows) are represented in brown. Abbreviations: Ctx, cerebral cortex; LGE, lateral ganglionic 
eminence; MGE, medial ganglionic eminence; Str, Striatum. Figure adapted from (Buchsbaum and Cappello, 2019). 
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environmental cues that will lead them to their correct path. It also implies that environmental 

factors such as secreted proteins and elements of the extracellular matrix (ECM) may have 

critical roles during neuronal migration (Kriegstein and Noctor, 2004; Tabata and Nakajima, 

2003). One example of the importance of secreted proteins for the correct neuronal migration 

is Reelin. Reelin is secreted by Cajal Retzius cells located in the MZ. In mice lacking this protein 

(Reeler mice), the layering of the cortex is disrupted (D’Arcangelo et al., 1995; Lambert de 

Rouvroit and Goffinet, 2001, 1998). 

Radial glia dependent locomotion is the second mode of migration (Nadarajah et al., 2001; 

Nadarajah and Parnavelas, 2002). In this type of movement, neurons use radial glial cells, whose 

processes extend from the apical part of the cortex to the pia surface, as their scaffold to move 

upwards (Rakic, 1972). During locomotion, neurons acquire a bipolar-like shape with one short 

process directed to the pia surface with a short growth cone-like structure on the tip but without 

being attached to it and a short trailing process (Nadarajah et al., 2001). In contrast to neurons 

that migrate via somal translocation, where the movement of the cell body is quite smooth, 

neurons that migrate via locomotion move with saltatory movements. Due to this type of action, 

the migration of these neurons takes longer (Nadarajah et al., 2001; Nadarajah and Parnavelas, 

2002). Once the neurons that migrate via locomotion reach the marginal zone (MZ), that is, the 

uppermost layer of the cortex, above the CP, they can change the way of migration. They will 

undergo a terminal translocation that is very similar to somal translocation and find their final 

position in the cortex  (Nadarajah et al., 2001; Nadarajah and Parnavelas, 2002; Sekine et al., 

2011).  

Even though somal translocation and locomotion are two independent processes regulated by 

a group of cytoskeletal proteins such as actin, microtubules and associated proteins, some steps 

are shared and consistent. Due to the saltatory movement of neurons during locomotion, these 

steps happen cyclically. In contrast, in somal translocation, this procedure only occurs once. 

Upon migration, the leading process of the neurons becomes shorter, pulling up the nucleus 

(Nadarajah and Parnavelas, 2002). This movement of the nucleus is called nucleokinesis 

(Lambert de Rouvroit and Goffinet, 2001). It is characterised by microtubules moving the nuclei 

upwards making the trailing process look longer (Morris et al., 1998). Finally, the trailing process 

becomes short again, and the cycle starts again until neurons reach their final position 

(Nadarajah and Parnavelas, 2002). 
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Tangential migration 

Inhibitory GABAergic neurons generated in the GE (mainly from the MGE) of the ventral 

telencephalon follow tangential routes, that is, orthogonal to radial migration, to reach the 

dorsal cortex and integrate into the cortex (Anderson et al., 2002; Marin, 2003; Parnavelas, 

2000).  

Contrary to excitatory neurons, interneurons have a leading process that has many branches 

important for sensing the environment and the extracellular cues that will guide their 

directionality  (Marin, 2013; Martini et al., 2009). The different types of interneurons are quite 

similar in terms of the mechanism they use to migrate, but the extracellular cues that they 

differently sense with specific receptors will guide them to the correct place in the cortex (Marin, 

2013; Nobrega-Pereira and Marin, 2009).  

Interneurons follow two main streams of migration to find the correct place in the cortex. In the 

first one, interneurons travel from the MGE through the MZ, and in the second one, they go a 

bit deeper in the cortex and travel from the MGE through the SVZ (Marin, 2013; Wichterle et al., 

2001). There is a small fraction of interneurons that travels from the MGE to the subplate (SP), 

the region just above the IZ  (Bystron et al., 2008; Marín, 2013) (Fig 1.1).  

The reason why interneurons migrate through these specific areas in the cortex before changing 

to radial migration is the type of chemokines the cells populating these layers express (López-

Bendito et al., 2008; Marin, 2013). Once the interneurons reach the cortex, they change their 

migration mode to radial glial migration and find their final position in the cortex (Costa and 

Müller, 2015; Silbereis et al., 2016; Sultan et al., 2013). 

1.1.2 Differences between human and mouse brain development 

The human brain is different in size and structure compared to other species and is much more 

complex. If we compare the human and mouse brains, we can see that it is much bigger, and it 

is folded (Fig 1.2). The human cerebral cortex contains approximately 16 billion neurons and 61 

billion non-neuronal cells. That is more than 1000 times the number of cells in the cerebral 

cortex of mice (Azevedo et al., 2009; Herculano-Houzel et al., 2006; Hodge et al., 2019) but only 

two times more compared to chimpanzees, our closet living relative (Mora-Bermúdez et al., 

2016).  
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In this part of the introduction, I will focus on the specific characteristics that make the human 

brain so unique and in Chapter 3, I will focus on the distinct differences between the brain of 

modern humans, the brain of the Homo sapiens neanderthalensis (our closest extinct relatives), 

and the brain of our last common ancestor, to have a better overview of human brain evolution 

and development. It is essential to mention that the basis of neurogenesis and neuronal 

migration previously explained shares many common steps in rodent (e.g. mice) and primate 

(e.g. human) brain development. Nevertheless, there are two reasons why the human brain is 

bigger compared to rodents and non-human primates. One is the length of the neurogenic 

period (Lewitus et al., 2014; Wilsch-Bräuninger et al., 2016) by which more progenitors and, in 

consequence, more neurons can be generated. In mice, embryonic cortical neurogenesis starts 

at embryonic day 11 (E11) and continues until approximately E17-18 (Stagni et al., 2015; 

Takahashi et al., 1996; Van den Ameele et al., 2014). In humans, this period is much more 

   Figure 1.2: Mouse vs Human cortical development. 
Representative illustration of the mouse (A) and human (B) developing cortex. In mice where the cortex is 
lissencephalic, aRGs will generate IPs or neurons directly. These neurons will use radial glia cells as a scaffold to 
migrate towards the CP. In humans, aRGs will generate more IPs and another type of progenitor not so abundant in 
mice, bRGs. The increased amount of BP in humans will create a new layer in the developing cortex, the oSVZ. The 
increased number of progenitors will result in an increased number of neurons. The increased number of progenitors 
and neurons, together with a more complex extracellular matrix will induce the formation of folds in the human brain.  
Abbreviations: aRG, apical radial glia; bIPs, basal intermediate progenitors; BP, basal progenitor; bRG, basal radial glia; 
CP, cortical plate; IFL, inner fiber layer; IPs, intermediate progenitors; iSVZ, inner subventricular zone; IZ, intermediate 
zone; MZ, marginal zone; oSVZ, outer subventricular zone; SP, subplate; SVZ, subventricular zone, VZ, ventricular 
zone. Figure adapted from (Buchsbaum and Cappello, 2019). 
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extended, starting at GW7-8 and continuing almost until birth (Stagni et al., 2015; Toma et al., 

2016; Van den Ameele et al., 2014). The other one is the number of neural progenitor cells and 

the corresponding amount of neurons that can be generated from them by unit time (Borrell 

and Reillo, 2012; Haubensak et al., 2004; Rakic, 1995; Wilsch-Bräuninger et al., 2016). There are 

three different ways to increase the number of NPCs: (a) increase the pool of a specific type of 

NPCs (b) shorten the length of the cell cycle of progenitors and (c) change the type of division 

from neurogenic asymmetric to proliferative symmetric, so instead of generating two different 

cell types (neurons and progenitors), two progenitors will be created (Wilsch-Bräuninger et al., 

2016). Among all the kinds of progenitors, I will focus on bRGs, which are highly abundant in 

gyrified primates including humans  (Fietz et al., 2010; Reillo et al., 2011). 

 Lissencephalic species such as mice contain a low number of bRGs (Dehay et al., 2015; 

Shitamukai et al., 2011; Wang et al., 2011). On the contrary, they are very abundant in 

gyrencephalic species such as primates (Betizeau et al., 2013; Fietz et al., 2010; Hansen et al., 

2010; Reillo et al., 2011). bRGs can go through more rounds of proliferative symmetric division 

or asymmetric divisions (Betizeau et al., 2013; Penisson et al., 2019). Through proliferative 

symmetric division, they can generate two bRGs. In contrast, through asymmetric divisions, they 

will create two different types of cells: one bRGs and one neuron or neurogenic bIP (Florio and 

Huttner, 2014; Taverna et al., 2014). In contrast to other progenitor cells in mice that increase 

the length of the cell cycle in later stages of neurogenesis, in primates, the cell cycle of bRGs is 

reduced (Betizeau et al., 2013; Kornack and Rakic, 1998; Penisson et al., 2019).  

It is also believed that bRG proliferation can be controlled by ECM molecules which can produce 

a microenvironment around the bRGs (Fietz et al., 2012, 2010; Penisson et al., 2019; Pollen et 

al., 2015). Both through symmetric and asymmetric division, the pool of bRGs will be expanded. 

The increased number of bRGs together with other BPs in the SVZ will produce a new 

predominant area in the developing cerebral cortex in gyrencephalic species (Borrell and Reillo, 

2012; Dehay and Kennedy, 2007; Smart, 2002). This new layer is the outer subventricular zone 

(oSVZ) and as its name indicates, it is generated above the subventricular zone. In species with 

an oSVZ, the SVZ is renamed to inner subventricular zona (iSVZ)  (Fietz et al., 2010; Reillo et al., 

2011; Smart, 2002). The iSVZ and oSVZ contain 85% of the cells in the developing cortex in 

humans while in rodents the SVZ will only contain 15-30% of the cells (Borrell and Reillo, 2012; 

Dehay and Kennedy, 2007; Reillo et al., 2011). It is important to mention that the presence of 

iSVZ and oSVZ with an increased number of bRGs is not unique to primates, but they are also 

present in other gyrified species such as the ferret (Borrell and Reillo, 2012).  
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The fact that bRGs are so abundant in gyrified species may implicate a role in the generation of 

folds (Borrell and Reillo, 2012). Still, they are not the only mechanism or reason behind the 

folding in gyrified species. For example, the marmoset monkey, which belongs to the taxonomic 

order of primates and has an abundant number of bRGs, has a lissencephalic brain (Borrell and 

Götz, 2014; Kelava et al., 2012).  Another study in ferret where they overexpressed CyclinD1 and 

Cdk4 in bRGs allowing the overproliferation of these cells, resulted in an increased number of 

folds (Nonaka-Kinoshita et al., 2013). These studies show that the mere presence of a higher 

number of bRGs may not be enough for the formation of folds. Nevertheless, several different 

factors will induce the creation of folds in the cerebral cortex in different species (Borrell and 

Götz, 2014). The different components of the ECM are some of those factors (Fietz et al., 2012).  

The ECM encompasses all the non-cellular components that are part of the tissue. It is the 

scaffold of the cells and essential for many processes, like proliferation, differentiation, 

migration, survival, polarity and homeostasis of the cell (Frantz et al., 2010; Hynes, 2009). It is 

composed of water, proteins and polysaccharides. Among the different components, it includes 

macromolecules that are important for cell adhesion and signalling (integrins and syndecans) or 

proteins essential for keeping the structure of the tissue (laminins, fibronectin, elastins or 

tenascins) among many others (Frantz et al., 2010; Hynes, 2009). The ECM is therefore essential 

for the correct development of the brain (Long and Huttner, 2019). It is important to mention 

that human ECM is much more complex than that of other species such as mice (Fietz et al., 

2012; Long and Huttner, 2019). Distinct sets of collagens, laminins, proteoglycans, and integrins 

are expressed in higher levels in the germinal zone of the human developing neocortex 

compared to mice, possibly allowing a higher self-renewing capacity of human progenitor cells. 

It has recently been shown that some ECM components (HAPLIN1, Lumican, and Collagen I) can 

induce folding of the developing neocortex (Long et al., 2018). The candidates were selected 

based on their high expression in the human foetal cortical plate. Only 19 hours after adding the 

three different components together to the human foetal neocortex, folds were generated. This 

study shows the importance of ECM components in brain development and their possible role 

in the formation of folds in gyrified species. Moreover, it also shows that these components alter 

the stiffness of the tissue and that this change in the physical structure of the brain may be 

necessary for the formation of folds. 

Another factor to take into consideration in the generation of folds is the existence of genes 

with evolutionary changes that are implicated in brain development and evolution. There are 

some genes highly enriched in primates, including humans, compared to rodents, and that may 
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have a role in the higher expression of bRGs in the brain and the formation of folds. Some of the 

most relevant will be explained in the next lines. 

ARHGAP11B 

A study conducted by (Florio et al., 2015) studied genes that were found highly enriched in apical 

and bRGs in humans and for which there were no orthologs in mice. Among the 56 candidates, 

ARHGAP11B was the top gene due to its high enrichment in radial glia cells. ARHGAP11B was 

generated from the duplication of ARHGAP11A more than 5 million years ago. Interestingly, 

when overexpressing this new variant in the mouse cortex, the number of basal progenitors was 

increased, the mouse brain was expanded and the presence of gyri was noticeable (Florio et al., 

2015). This study demonstrates that evolutionary changes in existing genes may have had a 

significant role in the evolution, expansion and gyrification of the human cortex (Florio et al., 

2015). 

TBC1D3 

The hominoid-specific gene TBC1D3 is an interesting gene with a unique expression in primates 

(Ju et al., 2016; Penisson et al., 2019). Interestingly, in chimpanzees, it appears as a single copy 

while in humans, it has multiple copies (Ju et al., 2016; Penisson et al., 2019). Overexpression of 

this gene in the cortex of mice induced the delamination of aRGs and increased the number of 

BPs, especially bRGs, and the presence of folds in the electroporated area. Moreover, the 

downregulation of TBC1D3 in human brain slices reduces the number of bRGs (Florio et al., 2017; 

Ju et al., 2016; Penisson et al., 2019). 

TMEM14B 

In this study (Liu et al., 2017) researchers investigated the role of genes that were enriched in 

human foetal bRGs using single-cell RNA sequencing (scRNA-seq). One of the genes they found 

is TMEM14B, a primate-specific gene. After performing in utero electroporation (IUE) to 

transiently overexpress the gene in the developing mouse cortex and generating a conditional 

knock-in (cKI) mice model, they show how important this gene is for brain development. The 

induced expression of TMEM14B promotes an increase in the number of BPs localised in the 

SVZ, an increased number of upper-layer neurons. It also induces an increased number of deep-

layer neurons only in a cKI mouse model and a mild cortical folding (Liu et al., 2017; Penisson et 

al., 2019).  
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NOTCH2NL 

In this study (Suzuki et al., 2018) human-specific duplicated genes in the human foetal cortex 

were studied. Among 35 candidate genes, they focused on NOTCH2NL (NOTCH2 receptor 

paralog) due to its known role in progenitor pool maintenance. After overexpression of the gene 

in mice, there was an expansion in the pool of progenitors, mainly RGs, and a consequently 

increased number of neurons in vitro and in vivo (Suzuki et al., 2018). Even though there is not 

a direct implication of bRGs in this study, it implies that gene duplication during evolution may 

have a crucial role in the development of the human brain (Florio et al., 2018). 

Adhesion molecules: FLRTS 

Apart from the importance of genes that are highly enriched in neural progenitors and have a 

critical role in the expansion and gyrification of the human cortex, other elements are also 

essential in the folding of the human cortex. In a recent study by (Del Toro et al., 2017) it was 

revealed that the adhesion molecules FLRT1 and FLRT3 are essential for intercellular adhesion, 

cell migration and consequent clustering of neurons in their correct place with the creation of 

gyri and sulci in the brain as a result (Del Toro et al., 2017). 

Finally, in Chapter 4, I will talk about a new possible candidate gene (GNG5, G protein subunit 

gamma 5), highly enriched in basal radial glia cells and with a potential role in proliferation and 

migration. With a final aim of increasing the still not wholly known intricated process of cortical 

development. 
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1.2  CORTICAL MALFORMATIONS 

It is clear after understanding the complex and well-orchestrated process behind the generation 

of the human cortex that any disturbance may lead to a range of different developmental 

problems. Malformations of cortical development (MCDs) encompass a wide variety of disorders 

that can be generated if any of the processes previously mentioned does not go as expected. 

Many of the children carrying genetic mutations that lead to cortical malformations have 

intellectual disability, developmental delay and epilepsy (Lee, 2017). Interestingly, 40% of 

patients suffer from seizures that are not treatable (Kuzniecky, 1994; Lee, 2017). In Chapter 5, I 

will focus more on the reasons behind the defects at functional or circuit levels in these patients 

and the different ways we have to study it in humans. 

Many factors can induce a poor development of the human cortex and consequent MCDs 

(Buchsbaum and Cappello, 2019; Gaitanis and Tarui, 2018; Ishii and Hashimoto-Torii, 2015; 

Martens and van Loo, 2007; Pang et al., 2008). On the one hand, environmental aspects such us 

alcohol intake during pregnancy (Hashimoto-Torii et al., 2014; Hendrickson et al., 2017; Mattson 

and Riley, 1998; Wass et al., 2001) or drug consumption (Gressens et al., 1992; Thompson et al., 

2009), maternal seizures (Hashimoto-Torii et al., 2014), exposure to heavy metals during 

pregnancy (Hashimoto-Torii et al., 2014), hypoxia (Golan et al., 2009; Ortega et al., 2017; Vasilev 

et al., 2016), perinatal infections such as Zika virus (Nunes et al., 2016; Oliveira Melo et al., 2016; 

Qian et al., 2016; Shao et al., 2016; Van Den Pol et al., 2017), vascular events during development 

(Lee, 2017)  or radiation (Ferrer et al., 1993) can lead to MCDs. The severity, timing and degree 

of this environmental influences will determine the level of disorder these kids will suffer from 

(Pang et al., 2008). On the other hand, genetic factors play a very important role in the 

development of these disorders (Buchsbaum and Cappello, 2019; Guerrini and Dobyns, 2014; 

Hu et al., 2014; Pang et al., 2008; Romero et al., 2018), and this is the topic I will explain in detail 

in the next pages.  

I will focus on the most important and well-studied MCDs, the genetic changes that lead to their 

formation as well as the machinery that is affected and leading to the incorrect development of 

the cerebral cortex. It is important to emphasise that MCDs and the genetic variants that lead 

to these disorders are very difficult to classify. There is not a unique gene that causes one specific 

disease nor is there one disorder caused by a unique disruption in a gene. The reason behind 

MCDs is much more complex and multifactorial. MCDs are genetically and clinically very 

heterogeneous. One way of classifying the disorders is by looking at the type of cells and the 

steps in the development of the cortex that are disrupted: malformations due to (a) abnormal 
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cell proliferation or apoptosis (b) abnormal cell migration or (c) abnormal post-migrational 

development (Barkovich et al., 2012; Desikan and Barkovich, 2016; Hu et al., 2014). 

1.2.1 MCDs due to abnormal cell proliferation or apoptosis 

In this type of disorders, there is a reduced proliferation and increased apoptosis (microcephaly), 

increased proliferation and decreased apoptosis (megalencephaly) or disrupted proliferation 

(dysplastic malformations) of progenitors (Barkovich et al., 2012; Desikan and Barkovich, 2016). 

Microcephaly is one of the most studied MCDs in this category. As its name implies, the patients 

suffering from this disorder have a smaller brain (circumference of the brain more than three 

standard deviations below healthy population) (Gilmore and Walsh, 2013). Since primary 

recessive microcephaly (MCPH) was first studied, at least eighteen loci associated with this 

disease have been identified (Okamoto et al., 2018). Interestingly, most of the genes found to 

be mutated and associated with the disorder are essential for neurogenesis and cell proliferation 

(Desikan and Barkovich, 2016). One of the most studied genes is ASPM and is the cause for 

almost 40% of all the MCPH cases (Bond et al., 2002; Létard et al., 2018; Nicholas et al., 2009). 

This gene, as many of the genes causative of MCPH, code for centrosomal and pericentriolar 

proteins or proteins essential for correct chromosomal segregation and consequent accurate 

cell division (Barkovich et al., 2012; Hu et al., 2014). Some examples are: cell cycle and 

checkpoint regulators (microcephalin (Jackson et al., 2002; Zhong et al., 2006), CENPJ (Hung et 

al., 2000), CDK5RAP2 (Megraw et al., 2011; Thornton and Woods, 2009)); mitotic spindle 

formation and orientation (WDR62 (Chen et al., 2014), ASPM (Bond et al., 2002; Létard et al., 

2018; Nicholas et al., 2009; Thornton and Woods, 2009), STIL (Tang et al., 2011)); centrosome 

duplication and maturation (CDK5RAP2 (Megraw et al., 2011)); or centriole duplication (CEP152 

(Nikola S. Dzhindzhev et al., 2010)) among others (Desikan and Barkovich, 2016). The discovery 

of all the causative genes associated with MCHP highlights the importance of genetics in MCDs. 

Megalencephaly results from an overgrowth of the brain (weight of the brain more than 2-3 

standard deviations above average population (DeMyer, 1986; Pirozzi et al., 2018). Numerous 

patients suffering from this disorder have associated syndromes such as polymicrogyria (PMG) 

(Barkovich et al., 2012; Leventer et al., 2010). Several genes have been associated and believed 

to be causative of the disorder. Among these, the intracellular signalling phosphatidylinositol-3-

kinase (PI3K)-AKT-MTOR pathway has been one of the most studied due to its role in controlling 

cell growth and homeostasis (Desikan and Barkovich, 2016; Laplante and Sabatini, 2012). 

Recently, mutations in some of the genes involved in the mTOR pathway have been identified 

such as AKT3, PIK3CA, and PIK3R2 (Desikan and Barkovich, 2016; Mirzaa et al., 2016; Rivière et 

al., 2013). Mutations in those genes have also been associated with focal cortical dysplasia (FCD) 
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(D’Gama et al., 2015; Desikan and Barkovich, 2016), periventricular nodular heterotopia (PVNH) 

or PMG (Alcantara et al., 2017). This is just one example highlighting the complexity of the 

different MCDs. Interestingly, some of these mutations usually are not inherited but appear “de 

novo”, and some only affect a subset of cells (mosaicism) (Desikan and Barkovich, 2016). The 

degree, severity and phenotype of patients suffering from different types of megalencephaly 

varies a lot due to the presence of the mosaicism and somatic mutation (Desikan and Barkovich, 

2016). For example, in some types of megalencephaly, such as dysplastic megalencephaly, 

formerly known as hemimegalencephaly, the problem only affects 8-35% of the cells. In 

consequence, the  disorder only appears in a part of one of the hemisphere, even though it can 

also affect the entire hemisphere and sometimes even the cerebellum (Desikan and Barkovich, 

2016; Nakahashi et al., 2009).  

1.2.2 MCDs due to abnormal neuronal migration 

The most important neuronal migration disorders (NMDs) are: periventricular heterotopia (PH) 

(problems in the initiation of migration) (Fig 1.3, 3); subcortical band heterotopia (SBH) 

(localised neuronal migrational problems) (Fig 1.3, 2); ‘cobblestone’ malformations (abnormal 

terminal migration of neurons) (Fig 1.3, 4) and lissencephaly (general migration problems) 

(Desikan and Barkovich, 2016; Lee, 2017) (Fig 1.3, 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3: Cellular and morphological heterogeneity of neural migration disorders. 
(A) Representative illustration of the different cell types affected in each type of NDM and (B) representative pictures 
of the most characteristic morphological features found in these patients. (1) Lissencephaly type I in which patients 
have a thicker cortex due to abnormal cell division and neuronal migration. (2) Subcortical band heterotopia where 
there is an extra layer of neurons between the cortex and the ventricular zone due to abnormal neuronal migration 
and radial glia morphology. (3) Periventricular heterotopia characterized by the presence of ectopic clusters of 
neurons in nodules (nodular) or as a sheets (laminar) lining the ventricles also due to abnormal neuronal migration 
and erratic radial glia morphology. (4) Lissencephaly type II in which neurons over migrate due to problems of the 
basement integrity and radial migration. Abbreviations: CD, cell division; RG, radial glia; RNM, radial neuronal 
migration. Figure adapted from (Buchsbaum and Cappello, 2019). 
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The meaning of heterotopia is “out of place” and encompasses a group of disorders in which 

ectopic neurons are found outside the cortex  (Barkovich et al., 2012; Desikan and Barkovich, 

2016; Gaitanis and Tarui, 2018; Ishii et al., 2015). The localisation and shape of these ectopic 

neurons will determine the type and degree of the heterotopia (Barkovich et al., 2012; Desikan 

and Barkovich, 2016) (Fig 1.3, 3). PVNH is characterised by the presence of nodules of neurons 

lining the ventricles (Barkovich et al., 2012; Barkovich and Kuzniecky, 2000). PVNH is the most 

common type of heterotopia (Barkovich et al., 2012) and represents around 31% of NMDs (Broix 

et al., 2016). Patients suffering from PH do not always suffer from intellectual disability (Dubeau 

et al., 1995; Pang et al., 2008). However, about 90% of the patients have epilepsy which usually 

appears during adolescence (Dubeau et al., 1995; Gaitanis and Tarui, 2018; Pang et al., 2008). 

The seizures in these patients localise to the clusters of ectopic neurons (Scherer et al., 2005) 

and the surrounding cortex (Desikan and Barkovich, 2016; Tassi et al., 2005). Interestingly, even 

though most of the times, PVNH is classified among NMDs, it has been shown that it may not 

only be due to an inherent neuronal-motility problem per se (Barkovich et al., 2012). Instead, 

there are two main reasons why there is a specific cluster of neurons next to the ventricles that 

is not able to reach the cortex in patients with PH: inherent problems in neuronal motility or loss 

of the neuroependymal integrity and altered morphology of aRGs with a consequent disruption 

for the neurons to migrate correctly during the development of the cortex (Desikan and 

Barkovich, 2016; Ferland et al., 2009; Klaus et al., 2019).  

FLNA is one of the most common mutations found in patients with PVNH (Ekşioǧlu et al., 1996; 

Fox et al., 1998; Parrini et al., 2006). Located in chromosome X, FLNA encodes for the actin-

binding protein filamin A that is involved in remodelling the cellular cytoskeleton by interacting 

with integrins and different transmembrane receptors (Fox et al., 1998). In consequence, 

alterations in this protein can alter RGs and neuronal polarity and can cause difficulties for the 

neurons to migrate properly (Carabalona et al., 2012).  

Another significant mutation known to be causative of a PVNH is ARFGEF2. It encodes for the 

protein brefeldin-inhibited GEF2 (BIG2) (De Wit et al., 2009; Sheen et al., 2004). It appears as an 

autosomal recessive mutation, and patients carrying this mutation often suffer from other 

features, normally microcephaly (Sheen et al., 2004). This protein is vital for vesicle trafficking 

from the trans-Golgi network and intracellular communication (Desikan and Barkovich, 2016; 

Ferland et al., 2009). ARFGEF2 is also essential for the traffic of FLNA to the cell surface (Pang et 

al., 2008). Both FLNA and ARFGEF2 are highly expressed in the neuroepithelium and have a role 

in maintaining the neuroependymal integrity (Pang et al., 2008). 
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Mutations in FAT4 and DCHS1 have also been associated with PH (Badouel et al., 2015; Cappello 

et al., 2013). These two genes encode for two protocadherins that interact with each other and 

have a role in cell migration, planar cell polarity and cell proliferation (Cappello et al., 2013; 

Ishiuchi et al., 2009; Klaus et al., 2019). These two proteins, and especially DCHS1, are the main 

actors of this thesis, and I will explain their role in human cortical development in much more 

detail in Chapter 2. MOB2, which is part of the Hippo pathway, same as FAT4 and DCHS1, has 

also been associated with PH. The protein is necessary for FLNA phosphorylation, linking two 

different pathways involved in the formation of PH (Adam C O’Neill et al., 2018). 

In patients with SBH, also known as “double cortex”, there is a band of grey matter between the 

ventricle and the cerebral cortex (Gleeson et al., 1999; Lee, 2017; Pang et al., 2008) (Fig 1.3, 2).  

Mutations in the microtubule-associated gene, doublecortin (DCX) are associated with almost 

85% of sporadic cases of SBH (Gleeson et al., 1999; Matsumoto et al., 2001). Due to this 

mutation, neurons are not able to migrate to their destination in the cortex. Germline mutations 

in DCX, which is X-linked, mainly leads to SBH in females, and many of the patients have 

intractable epilepsy (Lerche et al., 2001). Disruptions in radial glia themselves have also been 

shown to be causative of SBH. The conditional inactivation of the gene that codes for the small 

GTPase RhoA in the developing mouse cortex showed that the loss of scaffolding for neuronal 

migration also causes this type of MDC. The protein is necessary for the correct stabilisation of 

the cytoskeleton (Cappello et al., 2012). 

Mutations in the gene EML1 have also been associated with the presence of ectopic neurons in 

the brain. Patients with mutations in this gene present a ribbon-like SBH. Mouse models for the 

disorder have properly recapitulated the human phenotype. The gene codes for a microtubule-

associated protein (MAB) and is vital for correct spindle orientation (Bizzotto et al., 2017; Kielar 

et al., 2014).   

DCX mutations also cause one of the most common NMDs, lissencephaly type I. However, while 

mutations in DCX cause  SBH in females (Lerche et al., 2001), in males, mutations in DCX usually 

produce lissencephaly (Hu et al., 2014). In these patients, there is an increase in brain thickness 

due to the loss of the gyral patterning (Hu et al., 2014). The standard lamination of the cortex is 

lost due to abnormal neuronal migration (Fig 1.3, 1) (Dobyns et al., 1996; Wynshaw-Boris et al., 

2010). Together with DCX, mutations in the gene LIS1 are responsible for most of the cases of 

lissencephaly type I (Pilz, 1998). LIS1 encodes for another MAP. Both DCX and LIS1 have an 

essential role during neuronal migration as they interact with dynein to mediate nuclear to 

centrosomal coupling during neuronal migration (Tanaka et al., 2004). LIS1 is also essential for 

correct neuroepithelial cell proliferation due to its role in spindle orientation and symmetric cell 
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division (Yingling et al., 2008). Mutations in LIS1 are the cause of Miller-Dieker Syndrome (MDS), 

and interestingly these patients commonly have a smaller brain (Dobyns and Das, 1993). 

De novo mutations in TUBA1A, which encodes a neuronal alpha-tubulin, have also been 

associated with lissencephaly. This again shows the critical role of cytoskeletal proteins in 

correct progenitor motility and neuronal migration (Keays et al., 2007). Mutations in this gene 

affect the folding of tubulin heterodimers and their interaction with other MAPs such as LIS1 

and DCX (Moores et al., 2004). The clinical features of patients with mutations in TUBA1A are 

very variable, and most of them also suffer from microcephaly, PMG, mental retardation or 

developmental (Bahi-Buisson et al., 2008; Barkovich et al., 2012; Jansen et al., 2011). Mutations 

in Reelin (RELN) which encodes for a secreted extracellular matrix protein have also been 

associated with lissencephaly (Hong et al., 2000).  

The last type of the main MCDs in this group is cobblestone lissencephaly (COB-LYS) or 

lissencephaly type II. It is characterised by over migration of neurons at the pial surface (Bizzotto 

and Francis, 2015) (Fig 1.3, 4). It is often associated with other disorders such as congenital 

muscular dystrophy and eye abnormalities (Gaitanis and Tarui, 2018). One of the causes behind 

the formation of this type of malformation is the difficulty for the basal process of radial glia 

cells to attach to the basal membrane (BM) due to its disruption (Bizzotto and Francis, 2015; 

Francis et al., 2006). Consequently, the endfeet of RGs do not attach properly to the BM and 

neurons continue migrating. It is therefore not surprising that mutations in components of the 

ECM, essential for the maintenance of the BM, or other proteins necessary for preserving its 

integrity, cause this disorder. Different mutations are causative of the disorder: POMT1, POMT2, 

FKTN, FKRP, LARGE and POMGnT1, encoding for different glycosyltransferases (Bizzotto and 

Francis, 2015; Brockington, 2001; Buchsbaum and Cappello, 2019; De Bernabé et al., 2002; 

Mercuri et al., 2009; Van Reeuwijk et al., 2005; Vuillaumier-Barrot et al., 2011; Yamamoto et al., 

2004). Glycotransferases are important for the glycosylation of α-dystroglycan a component of 

the dystrophin-associated glycoprotein complex essential for the correct attachment of cells to 

the BM (Francis et al., 2006; Grewal and Hewitt, 2003). Mutations in LAMB1 and COL4A1 which 

code for elements of the ECM have also been associated with the disorder, showing the 

previously explained importance of the ECM in correct neuronal development (Labelle-Dumais 

et al., 2011; Radmanesh et al., 2013). Finally, mutations in the genes that code for GPR56 a G 

protein-coupled receptor (GPCR) have also been associated to cobblestone-like human cortical 

dysgenesis (Bahi-Buisson et al., 2010; Desikan and Barkovich, 2016; Luo et al., 2011) and with 

other MCDs such as bilateral frontoparietal polymicrogyria (BFPP) (Bahi-Buisson et al., 2010; 

Fujii et al., 2014). This protein is localised in the basal processes of progenitors and it is crucial 
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for correct cortical patterning and BM integrity due to its role binding ECM proteins (Li et al., 

2008; Luo et al., 2011). The discovery of mutations in a G protein-coupled receptor highlights 

the relevance of G proteins and coupled receptors in cortical development (Bae et al., 2014; Li 

et al., 2008; Luo et al., 2011) In Chapter 4 I will talk about the importance of this large family of 

proteins and especially of one of its members in neurogenesis and neuronal migration. 

1.2.3 MCDs due to abnormal post-migrational development 

Two are the primary disorders found in this group: PMG and schizencephaly. 

PMG is characterised by overfolding and abnormal cortical layering (Desikan and Barkovich, 

2016; Leventer et al., 2010; Stutterd and Leventer, 2014). As mentioned before the intracellular 

signalling phosphatidylinositol-3-kinase (PI3K)-AKT-MTOR pathway has been associated with 

this disorder in patients suffering also from megalencephaly (Alcantara et al., 2017). Mutations 

in members of the tubulin family, such as TUBA1 previously mentioned, can also induce PMG in 

some patients (Jansen et al., 2011; Stutterd and Leventer, 2014). 

Schizencephaly is characterised by a cleft full of fluid between the ventricles and the cortex 

usually lined by a polymicrogyric cortex (Barkovich and Kjos, 1992; Buchsbaum and Cappello, 

2019; Pang et al., 2008). It is also considered as a very severe case of PMG. It is typically caused 

by environmental factors such as young maternal age, alcohol intake during pregnancy or 

inadequate prenatal care (Barkovich et al., 2012; Dies et al., 2013; Kuzniecky and Barkovich, 

2015).  

All the mutations previously explained are just some of the most known and studied inherited 

or “de novo” mutations that have been associated with the wide variety of MDCs. I hope this 

information clarified the complexity of MCDs and the importance of a correct regulation in all 

the steps of human cortical development. Not only that but the importance of continuous 

research in the field to tackle all the mechanisms behind these astonishing well-organised 

processes necessary for proper human brain development. In the next and final part of the 

introduction of this thesis, I would like to explain how we can study it.  
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1.3  MODEL SYSTEMS TO STUDY THE DEVELOPMENT OF THE CORTEX 

The brain is a very complicated organ to study, not only due to its complexity but also due to 

limited human material availability. The only human material accessible to study its 

development, such as post-mortem tissue or biopsies, is not often available, or well-preserved. 

Moreover, getting tissue from specific patients with a particular disorder is even more 

challenging. Different models can be used in neuroscience to tackle this problem. In the next 

lines, I will explain the most common in vivo and in vitro models that we have nowadays. 

1.3.1 In vivo models: Rodents 

Rodents, and especially mice, are the most common animal model used to study cortical 

neurodevelopment and cortical malformations. The advances in human genetics to find 

mutations causative of different MCDs and the knowledge acquired in animal transgenesis have 

been very useful for scientists studying the development of the human cortex. 

By generating specific knockouts (KO) of the genes known to be causative of cortical 

malformations, it has been possible to better understand the role of these genes and the 

pathways in which they are involved. Unfortunately, few mouse models have successfully 

replicated the complete phenotype found in patients with MCDs. The KO for Eml1 is an excellent 

example. As previously explained this gene is mutated in patients with ribbon-like SBH. The 

mouse model is characterised by the presence of bilateral SBH, recapitulating the human 

phenotype (Bizzotto et al., 2017; Kielar et al., 2014). Another example is the Gpr56 KO mouse 

model, in which there is an over migration of neurons due to the disruption of the BM integrity, 

recapitulating a cobblestone-like cortex found in patients with mutations in this gene (Bahi-

Buisson et al., 2010; Li et al., 2008). In this case, it is only a partial recapitulation of the phenotype 

as patients with GPR56 mutations also suffer from polymicrogyria and generalised seizures 

(Bahi-Buisson et al., 2010). 

Unfortunately, in most of the studies in which the genes associated with MCDs in humans are 

knocked out, mice do not show the characteristic malformations of the cortex found in patients. 

That is the case of the Dcx mouse model in which KO mice do not show any sign of cortical 

disruption, but mainly hippocampal defects (Bazelot et al., 2012; Corbo et al., 2002). The 

absence of a prominent phenotype in mice probably implicates the presence of other genes with 

similar or compensatory roles (Deuel et al., 2006), (Romero et al., 2018). Interestingly, the 

knockdown (KD) of Dcx in rats does induce SBH like phenotype, indicating specifies-specific 

phenotypes (Ramos et al., 2006). 
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Another example is the mouse model for Lis1. Homozygous KO of the gene is lethal while the 

heterozygous model presents hippocampal abnormalities with 5% of the embryos also suffering 

from epilepsy (Hirotsune et al., 1998). Only when genetically manipulating and reducing the 

expression levels of Lis1 is when the phenotype in mice starts to be slightly similar to what we 

see in human patients (Hirotsune et al., 1998). There is a disorganisation of the cortex due to 

delayed neuronal migration (Hirotsune et al., 1998; Romero et al., 2018). Same as with Dcx, KD 

of Lis1 in rats induces an SBH-like phenotype (Tsai et al., 2005). The homozygous KO model for 

Arfgef2 is also lethal, while heterozygous mice are healthy with no sign of cortical 

malformations. Another animal model to study PH is the KO model of Flna which also results in 

embryonic lethality (Feng et al., 2006). However, the conditional knockout in neural progenitors 

results in a PH-like phenotype (Feng et al., 2006).  

In a similar situation, the KO of Fat4 does not present the PH phenotype found in patients, and 

the KO mouse model for Dchs1  induces neonatal lethality (Badouel et al., 2015; Buchsbaum and 

Cappello, 2019; Romero et al., 2018). However, when reducing the levels of these genes by 

acutely knocking them down, there is the increased proliferation and reduced neuronal 

differentiation (Cappello et al., 2013). Finally, using the mouse as a model system, it has been 

possible to study genes important for cortical development for which human mutations have 

not been described yet. These experiments show the importance of using mice to understand 

in detail different mechanisms underlying cortical malformation. Some examples are E-catenin 

(Schmid et al., 2014), Ccdc85C (Mori et al., 2012), Rapgef2/Rapgef6 (Maeta et al., 2016), Afadin 

(Yamamoto et al., 2013) and the already mentioned RhoA (Cappello et al., 2012).  When these 

genes are manually downregulated it is possible to induce phenotypes similar to PH and SBH 

(Romero et al., 2018). It reveals the importance of apical junctions and the cytoskeleton for 

radial glial cell integrity and correct neuronal migration (Buchsbaum and Cappello, 2019). 

These are just examples of some of the most studied genes related to human cortical 

malformations and the mouse models we have to study them. We have obtained very insightful 

information using this system. However, due to the differences between the brain of mice 

humans, we cannot study all aspects of human cortical development with them. Characteristics 

such as the lower number of progenitor cells, the shorter neurogenic period or the lissencephalic 

nature of the mouse brain do not allow us to study all the aspects that cause human cortical 

malformation in mice. To overcome this problem scientists have used different models which 

have more similarities with the human brain. That is the case of ferrets and non-human 

primates. 
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Ferret (Mustela putorius furo) a mammal from the carnivore order is a species with a larger 

brain, which is gyrified. It is one of the most used non-rodent models to study brain development 

(Fietz et al., 2010; Pinson et al., 2019). An increased number of NPCs, the presence of the oSVZ, 

an increased number of bRG compared to rodents, and discrete domains of gene expressions 

(Borrell and Reillo, 2012; De Juan Romero and Borrell, 2015; Fietz et al., 2010; Reillo et al., 2011) 

make them an optimal model to study corticogenesis. Moreover, it is possible to manipulate 

them genetically by IUE  (Kawasaki et al., 2013), CRISPR-Cas9 (Kou et al., 2015) or by the 

generation of transgenic ferrets (Johnson et al., 2018). This technology allows us to study the 

role of specific genes in the developing brain, and it has been possible to recapitulate human 

cortical malformation phenotypes in this system. As previously mentioned, Aspm is one of the 

genes associated with MCPH. By knocking out this gene in ferrets, scientists were able to not 

only partially recapitulate the human phenotype but to show the importance of this gene in 

maintaining the ratio of aRGs in the VZ  (Johnson et al., 2018). These studies reflect the 

importance of moving towards animal models that are more similar to humans due to the 

possibility of recapitulating human phenotypes that are very difficult to obtain in mice (Pinson 

et al., 2019). Of course, there are some limitations for this to happen more effectively: longer 

gestational time, the lack of genetically homologous inbreed lines and the absence of a full 

genome annotation are some of them (Pinson et al., 2019) 

Non-human primates are the closest living organism we can use to study the human brain. 

Rhesus monkey (Macaca mulatta) and marmosets (Callithrix jacchus) are the most widely used 

in the field of cortical development. By studying the foetal brain of macaques, it has been 

possible to get more insights into the morphology and function of bRGs (Betizeau et al., 2013). 

Marmosets are lissencephalic, but in their brain, there is a clear oSVZ. Studying these animals 

has been advantageous for understanding that the mere presence of that layer and the 

consequent increase in the number of progenitors and bRGs are not enough to induce 

gyrification (Kelava et al., 2012). Finally, it has been possible to generate transgenic macaques 

and marmosets, which have been proven as a potent tool to mimic human brain malformations 

(Heide et al., 2020; Sasaki et al., 2009; Shi et al., 2019). 

1.3.2 In vitro models 

Even though the knowledge gained by using different animal models to study brain development 

has increased over time, we still lack the perfect tool to study the human brain. Non-invasive 

human studies and post-mortem tissue are few of the resources we have to study the intact 

entire human brain. However, the use of animal models is not a powerful enough technique to 

understand the immense complexity of the human brain and associated brain malformations. 



     Introduction                                                                                                                                    
 

24 
 

Fortunately, scientists have developed a wide variety of protocols to study some of the aspects 

of the developing human brain in vitro. 

There is a wide variety of protocols in which stem cells can be differentiated to neural precursor 

cells, neurons and glial cells that can be cultured as a monolayer or two dimensions (2D). 

Additionally, in the last few years, there has been significant progress in the development of 

three dimensional (3D) cultures named brain organoids. Finally, thanks to the establishment of 

effective reprogramming protocols, it is now possible to get different human cells such as 

fibroblast or peripheral blood mononuclear cells and bring them to a stem cell state. These 

induced pluripotent stem cells (iPSCs) can be converted to any type of cell (Staerk et al., 2010; 

Takahashi and Yamanaka, 2006; Yu et al., 2007). All this technology allows us to study some of 

the features of the healthy and unhealthy human brain in a dish.   

The 2D neuronal cultures are the most simplistic systems to study neurons in vitro. Most of the 

protocols are based on the intrinsic ability of NPCs, which still have neuroepithelial features, to 

self-organise forming rosettes (Elkabetz et al., 2008; Shi et al., 2012a, 2012b). The cells keep 

their apicobasal cell polarity as it happens in the brain (Shi et al., 2012b). These NPC cultures 

that are generated from human embryonic stem cells (hESCs) or iPSCs can be further expanded 

and differentiated into different neuronal types (Boyer et al., 2012; Brennand et al., 2011; 

Chambers et al., 2009; Gunhanlar et al., 2017; Shi et al., 2012a, 2012b). It is also possible to 

generate neuronal cultures directly from hESCs/iPSCs or fibroblast by direct reprogramming 

with specific small molecules or by forced expression of neurogenin-2. With these two methods 

it is possible to get fully mature neurons in a significantly shorter time and in a more robust, 

efficient and direct way (Vierbuchen et al., 2010; Zhang et al., 2013). The advantage of these 

cultures is the generation of a more homogeneous population of the neuronal type to be studied 

and the possibility to explore the morphological and functional characteristics of each cell 

individually such as gene expression, neuronal migration, neuronal maturation and synapse 

formation (Brennand et al., 2011; Buchsbaum and Cappello, 2019; Gunhanlar et al., 2017). 

However, in this system, the cells lose their external context and the ability to grow and maintain 

the characteristic spatiotemporal pattern and neuronal connectivity found in the brain. By taking 

advantage of the ability of cells to self-organize during organogenesis, scientists have developed 

3D brain organoids in which the problems encountered in the 2D system are largely overcome. 

Spheroids were first established 12 years ago and are the predecessors of brain organoids 

(Eiraku et al., 2008; Kadoshima et al., 2013). In this system, cells are grown in suspension; they 

self-organise forming polarised embryoid bodies (EBs). This semispherical structure consists of 

a multi-layered structure resembling the layers in the developing human cortex (Eiraku et al., 
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2008; Kadoshima et al., 2013). These protocols were improved by adding a scaffold (normally 

Matrigel) to the EBs so they could self-assemble and develop further and in a more sophisticated 

way. That is how the first brain organoids were generated (Lancaster et al., 2013; Lancaster and 

Knoblich, 2014). As in the case of spheroids, brain organoids are characterised by VZ-like 

structures where progenitor cells are located. Around this structure, there is an area mainly 

populated by IPs and bRGs like the iSVZ and oSVZ in the human brain. Finally, there is a CP-like 

zone in which neurons from the different neuronal layers are located (Lancaster et al., 2013; 

Lancaster and Knoblich, 2014; Qian et al., 2016). 

There are two primary types of protocols to generate COs: non-patterning and patterning 

protocols (Kyrousi and Cappello, 2019). The first one is based on the intrinsic ability of cells to 

further develop in specific areas of the brain recapitulating some of the aspects that happen in 

the developing human foetal brain (Camp et al., 2015; Lancaster et al., 2013; Lancaster and 

Knoblich, 2014; Quadrato et al., 2017). Consequently, in this type of brain organoids, we can find 

discrete brain regions resembling the dorsal or ventral cortex, hippocampus, retina, choroid 

plexus as well as the retina. The advantage of this type of protocols is the option to study human 

brain development and disease in a more comprehensive way including different regions and 

more cell types that are affected (Kyrousi and Cappello, 2019). 

Patterning protocols are based on extrinsic factors that will induce the differentiation to 

specific brain regions in a controlled way. Until now it has been possible to generate brain 

organoids from the forebrain, midbrain, hypothalamic regions or cerebellum  (Krefft et al., 

2018; Muguruma et al., 2015; Qian et al., 2018, 2016; Sakaguchi et al., 2015; Watanabe et 

al., 2017). These types of protocols allow us to study specific brain regions. However, it is 

important to mention that these 3D systems also have some limitations (Jabaudon and 

Lancaster, 2018; Velasco et al., 2019): (1) Reproducibility: even though scientists are trying 

to optimise protocols for a homogenous generation of brain organoids there is still a batch 

to batch variability between brain organoids (Krefft et al., 2018; Velasco et al., 2019); (2) 

Size: brain organoids can only grow up to a point due to the lack of nutrients and oxygen 

going inside the brain organoids; the lack of a vascularisation seems to be the main reason. 

That is why scientists are trying to find a way to implement a vascular system for them 

(Cakir et al., 2019; Mansour et al., 2018). (3) Gyrification: even though human brain 

organoids contain a significant amount of bRGs, there is no presence of gyri. As mentioned 

above, the mere presence of bRGs and an increased number of other NPCs do not 

necessarily lead to the gyrification of the brain. However, the lack of wrinkling in the brain 

organoids limits the possibilities of studying cortical malformations such as lissencephalic 
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or PMG. Scientists have tried to solve this by inducing the folding by growing the brain 

organoids in a microfabricated compartment to study (Karzbrun et al., 2018).  (4) Lack of a 

full brain picture: the brain consists of many different regions that correctly interact with 

each other. However, with the patterned brain organoids, we are only able to grow 

independent brain regions. Assembloids or fused brain organoids are a fantastic alternative 

in which brain organoids from two different brain regions are merged, and their interaction 

can be studied (Bagley et al., 2017; Birey et al., 2017; Sloan et al., 2018). For example, by 

fusing dorsal and ventral telencephalon brain organoids, it has been possible to study radial 

and tangential migration of excitatory and inhibitory neurons, respectively. The migration 

of interneurons from the ventral to the dorsal region can also be studied in this system 

(Bagley et al., 2017; Birey et al., 2017). 

1.3.2.1 Functional studies in organoids 

Cerebral organoids (COs) which mainly refer to brain organoids recapitulating the forebrain are 

a potent tool to study brain evolution, development and cortical malformations. And there are 

a wide variety of techniques we can use on them to explore that.  

COs can be permanently or acutely modified genetically (Kyrousi and Cappello, 2019). 

CRISPR/Cas9 technology has allowed us to generate mutations in specific genes as well as the 

generation of KO (Ran et al., 2013). Moreover, the possibility of getting isogenic lines, with the 

same genetic background, allows us to have the perfect controls for our experiments. Many 

scientists have used the CRISPR/Cas9 technique to obtain COs with a specific genetic background 

to study brain disorders such as autism (Wang et al., 2017), gangliosidosis, a neurodegenerative 

disorder (Latour et al., 2019), lissencephaly (Karzbrun et al., 2018) and PH (Buchsbaum et al., 

2020). Same as in mice or ferret, COs can be acutely manipulated employing electroporation 

(Kyrousi and Cappello, 2019). By targeting the cavities resembling the ventricles, we can 

manipulate a specific subset of cells. This technique allows spatial and temporal control of 

desired genes (Kyrousi and Cappello, 2019). This technology has been beneficial to study the 

role of different genes involved in cortical malformations (Buchsbaum et al., 2020; Klaus et al., 

2019; Lancaster et al., 2013; Di Matteo et al., 2020; O’Neill et al., 2018b, 2018a).  

Single-cell RNA sequencing (scRNA-seq) and analysis have been a potent tool to study the 

transcriptomic signatures that are similar between the foetal brain and COs indicating the 

validity of this new technology for the study of the developing brain (Camp et al., 2015). scRNA-

seq in COs from different species have also been very useful to study brain evolution (Kanton et 

al., 2019; Mora-Bermúdez et al., 2016; Otani et al., 2016). These studies indicated the power of 

using COs for evolutionary studies. In Chapter 3, in collaboration with the group of Dr Svante 
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Pääbo at the Max Planck Institute of Evolutionary Anthropology, we will use the technology of 

CRISPR/Cas9 to study the characteristics of COs from an evolutionary perspective, carrying one 

of the gene variants between humans and the last common ancestor with the Neanderthals.  

By using scRNA-seq and fluorescence-activated cell sorting (FACS), it has also been possible to 

study the COs derived from patients with cortical malformations (Kyrousi and Cappello, 2019). 

By looking at the entire transcriptome/proteome that is altered, it has been possible to 

understand the mechanism and pathways that are affected (Bershteyn et al., 2017; Klaus et al., 

2019). 

It is also possible to look at the functionality of the matured neurons in these COs by looking at 

different electrophysiological properties. In Chapter 5, I will explain this in more detail, but in 

summary, it is possible to do whole COs extracellular cell recordings (Quadrato et al., 2017). 

They can also be pharmacologically treated to understand the electrical nature of the neurones 

that form the COs. 

Using a combination of different techniques, it has been possible to study different MCDs and 

the steps essential for correct brain development. Some examples are: PVNH (Buchsbaum et al., 

2020; Klaus et al., 2019; Adam C O’Neill et al., 2018), lissencephaly (Bershteyn et al., 2017; 

Iefremova et al., 2017) and microcephaly (Lancaster et al., 2013; Li et al., 2017). Moreover, it has 

also been possible to find human-specific mechanisms that were not possible to identify in mice. 

This is the case of the COs model for MDS the most severe case of classical lissencephaly with a 

deletion in 17p13.3, which includes the gene LIS1. As previously mentioned, mouse models of 

lissencephaly do not completely recapitulate the human phenotype. In this study, scientists 

were able to identify among other problems, mitotic defects in oRGs, something that was not 

possible in mice due to the almost complete absence of this type of cells (Bershteyn et al., 2017). 

In conclusion, the development of the cortex is a very complicated process, and unfortunately, 

we still do not have access to the perfect technique to study all the steps. It is therefore essential 

to use a combination of in vivo and in vitro systems, to investigate the molecular and cellular 

mechanisms underlying the defects and consequently understand much better the underlying 

biological processes of corticogenesis.  
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CHAPTER 2: DCHS1 AND FAT4 AND THE SCOPE OF THIS THESIS 

2.1 MUTATIONS IN DCHS1 AND FAT4 CAUSE CORTICAL MALFORMATIONS 

FAT4 and DCHS1 code for two non-classic cadherins or protocadherins that heterophilically interact 

with each other (Ishiuchi et al., 2009; Rock et al., 2005). They are the homologues of dachsous (ds) 

and fat (ft) in Drosophila (Rock et al., 2005). In humans, FAT4 is a 542 kDa protein, and DCHS1 is 342 

kDa (Cappello et al., 2013). In mice, both are highly expressed during embryogenesis and the 

developing central nervous system (Badouel et al., 2015; Ishiuchi et al., 2009). More concretely, they 

are highly expressed in the apical portion of neuronal progenitor cells (Ishiuchi et al., 2009). They are 

essential for different functions such as planar cell polarity and correct organ development (Ishiuchi 

et al., 2009; Rock et al., 2005).  

Mutations in these two genes have been associated with the autosomal recessive disorder Van 

Maldergem syndrome (VMS) (Cappello et al., 2013). Patients with this syndrome have a variety of 

clinical features such as skeletal dysplasia, limb malformations, intellectual disability and the presence 

of ectopic neurons lining the ventricles indicating a neuronal migration disorder resembling PH 

(Maldergem et al., 2008; Mansour et al., 2012; Neuhann et al., 2012). 

Mouse mutants for Dchs1 and Fat4 show similar phenotypes indicating their interaction as ligand-

receptor during embryogenesis (Mao et al., 2011). Both mutants present kidney, ear, skeleton, heart 

and lung problems (Mao et al., 2011; Saburi et al., 2008). However, Fat4−/− and Dchs1−/− mouse 

embryos do not show any neuronal migration or cortical malformation phenotypes similar to those 

observed in VMS patients. Moreover, due to the neonatal lethality of these mouse models, it is difficult 

to carry out further analysis (Mao et al., 2011; Saburi et al., 2008). Fortunately, spatio-temporal 

controlled downregulation of these genes has been a useful technique to understand their role in 

rodent cortical development. After acute downregulation of Dchs1 and Fat4, there was an apparent 

reduction of the cells that reached the CP in mice. 

The lower number of neurons was due to the reduced ability of Pax6+ progenitor cells to further 

differentiate in Tbr2+ intermediate progenitor and a consequent reduction of Tbr1+ neuron 

generation (Cappello et al., 2013).  

In this study, it was also possible to confirm that these alterations in the development of the cortex of 

these mice were due to the disrupted Hippo pathway. The effector Yap in this pathway acts 

downstream of Fat4 and Dchs1 and has a role in the maintenance of the pool of progenitors and 

correct differentiation during cortical development (Cappello et al., 2013). 
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We have also studied the role of DCHS1 and FAT4 in humans, and interestingly there may be a species-

specific role of the proteins. Taking advantage of the iPSCs technology and 3D culturing systems, we 

were able to generate COs from patients with mutations in DCHS1 and FAT4. Interestingly, the COs 

from these patients show the presence of ectopic clusters of neurons next to the ventricles 

recapitulating partially, in contrast to mouse models, the human phenotype (Klaus et al., 2019). As 

explained in the introduction, there are two main reasons why neurons are not able to migrate to the 

correct place during cortical development and therefore produce PH. The first one is the disruption of 

the scaffold that neurons need to migrate; that is, radial glial cells. In the COs derived from patients, 

radial glial cells present a disrupted morphology. Moreover, data obtained from scRNA-seq showed 

that patient COs had a higher number of cells belonging to the iSVZ and oSVZ as well as the CP at the 

expense of the cells in the VZ (Fig 2.1).  The disruption of radial glia cells shown in patient COs is 

probably due to premature delamination from the apical belt which may induce an early 

differentiation of progenitors and problems for the generated neurons to migrate to the correct place. 

The second known reason for the generation of the ectopic cluster of neurons is inherent problems in 

those cells. After performing live imaging of patient neurons, it was possible to identify a group of 

neurons with an altered neuronal migration dynamic. These neurons were slower and did not show a 

straight trajectory, typical of excitatory neurons. Additionally, sc-RNA seq confirm the presence of a 

subpopulation of neurons with an altered neuronal state. From the transcriptomic data, it was 

possible to identify neurons from DCHS1 and FAT4 COs that did not follow a “correct” differentiation 

trajectory (Fig 2.2b) but instead took an alternative path. This alternative trajectory is characterised 

by the different regulation of some genes (Fig2.2c). 

Interestingly, most of the genes that were upregulated are essential for basic neurodevelopmental 

processes such as neuronal migration (NDNF), axon guidance (ROBO3, DCC, EFNA3, EPHB3, CNTN2), 

patterning (HOX) or progenitor pool maintenance (GNG5). The genes that were downregulated are 

also essential for other developmental steps such as synapse formation (GRIA2), cytoskeleton (SNCA, 

MAPT, MAP1B, SPTAN1) or axon guidance (FLRT2). Moreover, some of the genes already mentioned 

have been associated with epilepsy and seizures and even PH (MAPT, MAP1B, STAN1) (Heinzen et al., 

2018; Klaus et al., 2019). 
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Figure 2.1: Pairwise correlation network. 
Single-cell RNA sequencing data from DCHS1 and FAT4 mutant COs reveal a different distribution of individual cells in the 
different areas of the developing COs. Most of the cells in FAT4 and DCHS1 COs belong to the iSVZ, oSVZ and CP while in 
control COs there is a clear cluster of cells belonging to the VZ, lost in patients COs. Abbreviations: VZ: ventricular zone; iSVZ: 
inner subventricular zone; oSVZ: outer subventricular zone; CP: cortical plate. (Klaus et al., 2019). 

       

Figure 2.2: scRNA-seq reveals a cluster of neurons with an altered neuronal state. 
(a) Monocle2 lineage reconstruction of all single cells from all three organoid using the genes identified by PCA. The results 
reveal an altered group of neurons in the mutant COs that have a different differentiation trajectory. The three top panels 
indicate the NPC-Neuron differentiation trajectory of all the cells in control, FAT4 or DCHS1 COs. The three bottom right 
panels show the expression levels of example genes for neurons (STMN2), NPCs (PAX6) and the altered neuronal state 
(ROBO3) during the NPC-Neuron differentiation trajectory. (b) Violin plots show the expression levels of some of the genes 
that are upregulated (top) or downregulated (bottom) in the altered neuronal population (black) compared with healthy 
neurons (dark grey) and NPCs (light grey) (Klaus et al., 2019). 
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2.2 SCOPE OF THIS THESIS 

All these studies have highlighted the importance of DCHS1 and FAT4 during cortical development. 

Moreover, it has also been possible to identify a subset of neurons with an altered neuronal state that 

resembles what we see in humans with PH in which only some neurons do not reach their destination 

in the developing cortex. 

Among the genes, GNG5 is the top differentially regulated gene. GNG5 is highly expressed in neuronal 

precursor cells and is downregulated when they differentiate to neurons. However, the altered 

subpopulation of neurons keeps expressing this gene. The results indicate a possible role of GNG5 in 

correct cortical development. In Chapter 4, I will investigate the function of this gene during the 

development of the cortex. 

Patients with PH frequently have intractable epilepsy. Analysis of DCHS1 and FAT4 mutant COs 

revealed that many of the genes differentially regulated in the altered subpopulation of neurons are 

essential for axon guidance and synapse formation. This data suggests that mutations in DCHS1 and 

FAT4 may alter the correct function of neurons in patients. In Chapter 5, I will characterise DCHS1 and 

FAT4 COs at later time points when they are functionally mature. By looking at the RNA and 

electrophysiological properties of the COs, it will be possible to better understand the functional role 

of DCHS1 and FAT4 in these patients. 

Finally, as explained during the introduction, looking at evolutionary changes in genes among different 

species has allowed us to understand in more detail how the human brain develops as it does. 

However, our closest living relative, the chimpanzee, and our ancestors diverged 6 million years ago 

(Fiddes et al., 2018) and the information we can get evolutionarily speaking is limited. Fortunately, 

researchers from the Max Planck Institute of Evolutionary Anthropology were able to sequence the 

genome of our closest extinct relative, the Homo neanderthalensis (Green et al., 2010). Interestingly, 

when comparing their genome to the human genome, only 78 proteins were found to be different 

between humans and the Neanderthals, who kept the ancestral form of the proteins. Fascinatingly, 

DCHS1 was one of those proteins. In Chapter 3, I will investigate the possible role of DCHS1 in human 

brain evolution using COs carrying the “neanderthalized” DCHS1 mutation. 

In summary, after combining the data obtained from these three different projects, I will show the 

importance of DCHS1, FAT4 and GNG5 in human brain evolution and development with the final aim 

to bring knowledge to the field of cortical development and help in the future design of treatments 

for these patients. 

 



 

 
 

 

 

 

 

 

In Chapter 3, I will show the results of the project: 

The role of DCHS1 in human brain evolution 

 

This project has been done in collaboration with Stefan Riesenberg in the group of Prof. Dr Svante Pääbo at the 
Max Planck Institute of Evolutionary Biology. 

 
Stefan Riesenberg generated the CRISPR/Cas9 cells used in the experiments that were performed by me. 
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CHAPTER 3: THE ROLE OF DCHS1 IN HUMAN BRAIN EVOLUTION

3.1 HUMAN BRAIN EVOLUTION 

The expansion of the brain and more precisely the neocortex and concretely the prefrontal cortex has 

been associated with increased intellectual, cognitive, emotional and social abilities in humans (Cikili-

Uytun, 2018; Fuster, 2002; Pirozzi et al., 2018; Roth and Dicke, 2005). Understanding which are the 

evolutionary changes behind these differences will help us to comprehend the complex process 

behind human brain development and the characteristics that make it so exceptional.  

As mentioned in Chapter 1 of this thesis, there are many reasons behind the differences between the 

brain of humans and other species in terms of development, including changes in the proportion of 

progenitor cells, the presence of a more complex extracellular material and the expression of genes 

that are specific to primates or humans are some of them. The only way for scientists to find these 

differences and understand the evolutionary changes that have driven human brain development has 

been to compare it to the brain of different animals. While the information collected has widely 

increased the knowledge of human brain development, it still does not allow us to appreciate the full 

image of human brain evolution. An alternative method to study human brain evolution has been to 

study the remains of our extinct ancestors. The access to soft tissue such as the brain is, of course, 

impossible. However, access to the endocasts or fossils has helped researchers to understand the 

differences with the brain of our ancestors. These studies have given scientists a better idea of the 

small changes that allowed the human brain to acquire higher cognitive and intellectual abilities and 

made us interact with the world as we do.  

In the next part, I will explain the essential discoveries that have been made regarding the differences 

between modern human and the Homo sapiens neanderthalensis or Neanderthals, our closest extinct 

relative. Modern humans and Neanderthals shared the same common ancestor.  

3.1.1 What do we know about the differences of the Homo sapiens neanderthalensis and Homo 

sapiens sapiens brain? 

Neanderthals lived in Europe and western Asia between 300.000 and 30.000 years ago and partially 

coexisted with modern humans. Scientists have stipulated that the gene divergence between modern 

humans and Neanderthals is between 550 and 789 million years ago (MYA) (Fig 3.1) (Beerli and 

Edwards, 2003; Krings et al., 1997).  Since the discovery of the first Neanderthal fossils, anthropologists 

have tried to find the most noticeable differences with the modern human.   

Some scientists indicated that the average adult brain size of Neanderthals is similar or slightly larger 

than that of the modern humans (Holloway, 1981; Pereira-Pedro et al., 2020; Ponce De León et al., 
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2008) while at birth, the brain size was comparable (Ponce De León et al., 2008). Additionally, it has 

been found that full brain growth in Neanderthals was delayed in comparison to modern humans 

(Rosas et al., 2017). This data could indicate an extended developmental period which may result in a 

larger brain (Ponce De León et al., 2008). However, it is very difficult to state the truthfulness of these 

data due to the limited amount of material to be studied. Moreover, it is still unclear if the extended 

brain growth could be due to an intrinsic difference in the growth rate or due to energetic constraints 

(Ponce De León et al., 2008; Rosas et al., 2017).  

Studies comparing the endocranial space between modern humans and Neanderthals have also 

shown differences in brain shape (De Sousa and Cunha, 2012; Gunz et al., 2010; Neubauer et al., 2018; 

Pereira-Pedro et al., 2020), the visual cortex (Pearce et al., 2013) and the cerebellum (Kochiyama et 

al., 2018). The Neanderthal brain is elongated while the modern human brain has a globular structure 

(De Sousa and Cunha, 2012; Gunz et al., 2010; Neubauer et al., 2018; Pereira-Pedro et al., 2020). The 

globularization phase that happens after birth is believed to be a characteristic specific to the modern 

human brain. This phase may have been essential for brain reorganization, which induces associated 

cognitive abilities and helped in the positive selection of modern humans  (Gunz et al., 2012). In 2019 

scientists integrated palaeoanthropology, comparative genomics, neuroimaging, and gene expression 

to shed light on this question (Gunz et al., 2019) and they found that some Neanderthal alleles could 

be involved in generating a more elongated brain shape. These alleles influence genes essential for 

neurogenesis and could induce a reduced proliferation which may lower the overall globularity (Gunz 

et al., 2019). The authenticity of this theory is, however, under debate. In 2016 (Ponce de León et al., 

2016) found opposite results after studying an extended sample of Neanderthal infants. They claimed 

that Neanderthal and the modern human at birth had different endocranial morphology but shared a 

similar postnatal model of endocranial development, indicating that maybe modern human and 

Neanderthal cognitive capacities were the same or at least similar. The question if this developmental 

feature was already found in their last common ancestor or it developed in parallel in both species 

remains elusive (Ponce de León et al., 2016). 

In summary, endocast studies have partially answered questions regarding the size, growth length or 

shape of the Neanderthal brain and similarities with the modern human brain. However, the 

possibility to access soft tissue limits a lot what we can know about the evolutionary differences 

between Neanderthals, modern humans and our last common ancestor and many questions remain 

to be answered. Which are the changes that made the development of the modern human brain 

possible? Are our intellectual and cognitive abilities specific to modern humans? Or did the 

Neanderthals and our last common ancestor have those abilities? These questions will be, of course, 
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complicated to answer, but progress in technology will help us to improve our methodology and start 

answering some of those questions. 

Thanks to the advances in human genetics, it has been possible to look at the genome of the Homo 

sapiens neanderthalensis, our closest evolutionary relative (Green et al., 2010). Modern humans and 

Neanderthals have the same common ancestor. In consequence, by looking at the genomic difference 

with Neanderthals, it has been possible to identify the genetic variations that give rise to the modern 

human. In this study, scientists were able to identify 78 nucleotide changes that altered the protein-

coding capacity of genes in modern humans and differ with the ones found in the Neanderthal genome 

that carry the ancestral form (Green et al., 2010).  By studying these changes, we could have a better 

understanding of the role of these proteins, and how through evolution they have allowed the modern 

human brain to become what it is now. Interestingly DCHS1 (or PCD16; Protocadherin-16) is one of 

the proteins with a substitution in the amino acid at the position 777. The change from the ancient 

aspartic acid (N) that is present in Neanderthals to the modern asparagine (D) that is present in 

humans (N777D) (Fig 3.2), indicates a human-specific change in the DCHS1 protein. DCHS1 has a 

critical role in correct cortical development, as described previously (Cappello et al., 2013; Klaus et al., 

2019). In this chapter, I will investigate its developmental role in the modern human brain through the 

context of evolution, by studying the human and ancient variants.  

 

Figure 3.1: Primate phylogenetic tree. 
Phylogenetic tree including some of the most representative primates. In its branch we can see how many years ago the two 
species diverged. In the genomes of modern humans and Neanderthals there only 78 loci with nucleotide substitutions in 
which Neanderthals keep the ancestral form. It is also possible to distinguish the difference elongation pattern of the 
Neanderthal and the human brain. Figure adapted from (Fiddes et al, 2018). 
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 3.1.2 How can we study human brain evolution in the laboratory? 

In collaboration with the group of Svante Pääbo in the Max Planck Institute of Evolutionary (MPI EVA) 

Biology, we have been able to study “DCHS1 neanderthalized COs” that contain the ancestral form of 

the protein. Thanks to the CRISPR/Cas9 technology our collaborator Stephan Riesengberg in the MPI 

EVA generated human iPSCs with the ancestral mutation D777N (asparagine (D) in modern humans 

and aspartic acid (N) in Neanderthals), that is present in the Neanderthals and not in modern humans 

(Fig 3.2). DCHS1 has a critical role in mouse and human brain development, by regulating progenitor 

pool maintenance and neuronal migration. Therefore, we believe it is an excellent candidate to have 

an essential role in human brain evolution. Using the “neanderthalized COs”, we have investigated the 

changes that D777N may have induced in the cell cycle and neuronal migration that could explain 

some of the differences between the human brain and the brain of our last common ancestor with 

the Neanderthals.  

 

  

Figure 3.2: Schematic representation of DCHS1 protein. 
This figure illustrates the structure of the Human and Neanderthal protocadherin. DCHS1 has 27 (hexagons) cadherin repeats. 
In red is represented the cadherin where the human and Neanderthal variation is located. In blue is the intracellular region 
of the protein. Figure adapted from (Klaus et al., 2019), courtesy of Melina Vaki. 

 



                                                                          Results I 
 

41 
 

3.2 RESULTS  

3.2.1 The N777D change is specific to modern humans 

N777D is an amino acid change that is present in humans but not in our closest extinct relative the 

Neanderthals. More concretely, while Neanderthals kept the ancestral form of the protein, modern 

humans acquired a different amino acid at position 777. To confirm that this change in the sequence 

was human-specific we aligned the FASTA sequences of DCHS1 obtained from NCBI from different 

primates including the one of modern humans, together with the Neanderthal sequence, changed 

manually according to (Green et al., 2010; Prüfer et al., 2014). Interestingly, the alignment obtained 

with the MAFFT program on UniPro UGENE confirmed that the specific change from asparagine (N) to 

aspartic acid (D) only happened in humans (Fig 3.3). 

3.2.2 The N777D change may have induced a loss of an N-glycosylation site in modern humans 

To investigate what changes the N777D substitution could induce in the human DCHS1 protein, we 

looked at different aspects of the structure and post-translational modifications of the protein. 

Interestingly, we found a difference in one type of post-translational modifications. We used the 

online platform NetNglyc which predicts the likelihood of glycosylation of the asparagine (N) amino 

acids in a protein sequence (Gupta et al., 2004). Interestingly, the asparagine (N) at position 777 is 

predicted to be glycosylated, meaning that the modern DCHS1 + loses an N-glycosylation site since 

aspartic acid (D) cannot be glycosylated (Fig 3.4). How this loss alters the function of the modern 

DCHS1 compared to the ancient one remains elusive and is something we would like to further 

investigate. 

Figure 3.3: N777D is a unique change that only happens in modern humans. 
Screenshot of the MAFFT alignment of the primate DCHS1 protein. The sequence of DCHS1 primate proteins were obtained 
with the Unipro UGENE program. The alignment shown in the pictures corresponds to the 735-810 amino acids according to 
the human coordinates. The species’ names are on the left and are shown in alphabetical order. The consensus sequence for 
DCHS1 is shown on top and the grey bars indicate the frequency of the consensus amino acid. The position 777 is marked 
with a white star. 
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3.2.3 The D777N change may induce a reduced progenitor pool in the “neanderthalized” COs 

To understand how the modern aspartic acid (D) in position 777 of the DCHS1 protein that is only 

present in modern humans may have altered the structure or development of the human brain, I 

generated COs (control) with the human sequence and COs with the ancient asparagine (N) in position 

777. From now on this “neanderthalized” COs that contain the ancient asparagine (N) will be called 

D777N COs.  

It was clear from the very beginning that even though there are only 78 loci that differ between 

modern humans and our closest extinct relatives, studying only one of those altered proteins would 

make it difficult to find a distinct phenotype or major differences between the control and the D777N 

COs. Therefore, we focused our efforts on doing a full characterization of the COs to have a good 

overview of possible differences. 

First, I decided to investigate any possible differences in the number or identity of NPCs in the COs as 

they will give rise to the rest of the cells. I looked at the levels of PAX6+ progenitor via FACS at two 

different time points, at 30 days when COs are still young and start presenting a germinal zone-like 

area (GZL) and a cortical plate-like area (CPL) and at 60 days in which both structures are clearly 

distinguished. The number of PAX6+ cells was significantly reduced in the D777N COs both at 30 and 

60 days (Fig 3.5 A-E). These data indicate that D777N COs contain a lower number of PAX6 dorsal 

progenitors. I also examined the thickness of the GZL identified by PAX6 staining. I analysed different 

ventricular-like cavities (VLs) surrounded by clear PAX6+ GZL in different control and D777N COs at 3 

different time points: 30, 60 and 75 days. More concretely I measured the thickness of the PAX6+ GZL. 

In the D777N COs, the PAX6+ GZL was significantly thinner than in controls at 30 and 60 days (Fig 3.5 

F-I, L). However, at 75 days the thickness was more similar, still with a tendency for thinner GZL in the 

D777N COs (Fig 3.5 F, G, J, L). By looking at the trajectory of the PAX6 thickness at the 3 different time 

points normalized to the thickness at day 30, while the increase in the thickness over time is quite 

stable in control COs, D777N COs show a faster increase indicating that in D777N COs they may reach 

the same GZL thickness but that they need more time (Fig 3.5 K). 

Figure 3.4: Modern DCHS1 may have lost an N-glycosylation site at position 777.  
Results from the NetNglyc online platform for the ancient (left) and modern (right) variants of DCHS1. A result is considered 
as positive above 0.5 threshold. The arrow indicates the “lost” N-glycosylation site.  
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Figure 3. 5: D777N COs present a thinner GZL. 
(A-C) Representative pictures of the FACS strategy used to select the PAX6+ cells. (A) Secondary control without any PAX6+ 
cells detected. (B, C) Control and D777N COs with PAX6+ cells. (D, E) Z-scores of the PAX6+ cells per parental cell at (D) 30 
days and (E) 60 days. (F, G) Representative pictures of PAX6+ GZL in (F) control and  (G) D777N. The lines show the way how 
the width of the GZL was measured. (H-J) Quantification of the thickness of the PAX6+ GZL of different VLs at (H) 30 days, (I) 
60 days and (J) 75 days. (K) Graph representing the trajectory of the PAX6+ GZL thickness normalized to day 30 in control and 
D777N COs. (L) Graph showing the thickness of the PAX6+ GZL in the control and D777N VLs at the 3 different time points in 
µm. FACS and PAX6 thickness statistical analysis were based on Mann-Whitney U-test, **** p<0.0001 and **p < 0.01. FACS 
PAX6+ 30 days: Control batches (b)=3, COs (o)=18; D777N b=2, o=12 and 60 days Control b=3, o=18; D777N b=2, o=15. PAX6+ 
thickness 30 days  b=2, o=10, ventricles (v)= 41; D777N b=2, o=9, v= 43 and 60 days Control: b=2, o=16, v=67; D777N b=2, 
o=13, v=47 and 75 days Control: b=1, o=6, v= 25; D777N b=1, o=7, v=16. Data shown as mean ± SEM. Scale bars: (F, G) 50µm. 
Abbreviations: CPL: cortical plate-like area, GZL: germinal zone-like area ns: no significant, VL: ventricle-like cavities. 
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 3.2.4 D777N COs do not show a reduced proliferative capacity of progenitors 

To determine if the reduced number of PAX6+ cells and the thinner PAX6+ GZL found in the D777N 

COs could be due to a reduction of the proliferative capacity of the progenitors in the D777N COs, I 

looked at two different parameters: the length of the apical belt and the number of apical dividing 

cells stained with the mitotic marker phospho-histone H3 (PH3) at 30, 60 days and 75 days. 

The length of the apical belt was similar both in control and D777N COs at the 3 time points (Fig3.6 A-

E, G). This data indicates that the decrease in the number of PAX6+ cells does not induce a general 

reduction of the GZL, but only a reduction of the thickness of the GZL. Interestingly, when I looked at 

the trajectory of the length of the apical belt normalized to day 30, it seems that while in controls the 

apical belt length stops growing at day 75, in D777N COs the length of the apical belt was still growing 

(Fig 3.6 F). It is well known that COs stop growing after a few weeks in culture. This is the time when 

neurons start maturing and neuronal networks start developing. This data could indicate that the GZLs 

of the D777N COs could continue expanding for a longer period while control COs stop.  

The number of PH3+ cells in the apical belt that indicates the number of dividing aRGs was also the 

same in control and D777N COs at the 3 different time points (Fig 3.7 A-E, G). This data indicates that 

the reduced number of PAX6+ cells in D777N and the reduction in the thickness of the PAX6+ GZL was 

not due to a reduction in the proliferative capacity of the aRGs. Finally, in contrast to what I saw with 

the trajectory of the length of the apical belt, the number of apical PH3+ cells was reduced over time 

in the same way in control and D777N COs (Fig 3.7 F), indicating that again that the number of apical 

PH3+ cells was not only the same between controls and D777N but that the reduction over time of 

mitotic cells had the same tendency. 

Why the number of apically diving cells was the same, but the thickness of the GZL was reduced in the 

D777N COs could be explained by the way those aRGs divide. Vertical or symmetrical division gives 

rise to the same daughter cells, if the division is proliferative the cells will have the same identity as 

the mother cell and if the division in consumptive or neurogenic the daughter cells will be different. 

The horizontal and oblique division also known as the asymmetric division will produce two daughter 

cells with a different identity. If the asymmetric division is self-renewing one of the daughter cells will 

have the same identity as the mother cell while if it is consumptive both daughter cells will have an 

identity different to the mother cell (Taverna et al., 2014). 

By looking at the way the cells divide apically we can therefore hypothesise the reason behind the 

reduced number of PAX6+ and thinner GZL but the same number of dividing cells. 
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Figure 3. 6: Control and D777N COs have the same apical belt length. 
(A, B) Control and D777N COs stained with the PH3 marker. The line above the VL represents the line used to measure the 
length of the apical belt. (C-E) Quantification of the length of the apical belt at (C) 30 days, (D) 60 days and (E) 75 days of 
different VLs. (F) Graph representing the trajectory of the length of the apical belt normalized to day 30 in control and D777N 
COs. (G) Graph showing the length of the apical belt in control and D777N COs at the 3 different time points in µm. Statistical 
analysis was based on Mann-Whitney U-test. Apical length: 30 days  b=2, o=16, v= 84; D777N b=2, o=16, v= 99 and 60 days 
Control: b=2, o=16, v=65; D777N b=2, o=12, v=46 and 75 days Control: b=1, o=5, v= 20; D777N b=1, o=10, v= 23. Data shown 
as mean ± SEM. Scale bars: (A, B) 50µm. Abbreviations: CPL: cortical plate-like area, GZL: germinal zone-like area ns: no 
significant, VL: ventricle-like cavities. 
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Figure 3. 7: Control and D777N COs have the same number of apically diving cells. 
(A, B) Control and D777N COs stained with the PH3 marker. The line above the VL represents the line used to measure the 
length of the apical belt and the arrows indicate the PH3+ cells (C-E) Quantification of the number of PH3+ cells divided by 
the length of the apical belt at (C) 30 days, (D) 60 days and (E) 75 days of different VLs. (F) Graph representing the trajectory 
of the of the number of PH3+ cells divided by the length of the apical belt normalized to day 30 in control and D777N COs. 
(G) Graph showing the length of the number of PH3+ cells divided by the length of the apical belt in control and D777N COs 
at the 3 different time points in µm. Statistical analysis was based on Mann-Whitney U-test. PH3+ cells: 30 days  b=2, o=16, 
v= 84; D777N b=2, o=16, v=99 and 60 days Control: b=2, o=16, v=65; D777N b=2, o=12, v=46 and 75 days Control: b=1, o=5, 
v=20; D777N b=1, o=10, v=23. Data shown as mean ± SEM. Scale bars: (A, B) 50µm. Abbreviations: CPL: cortical plate-like 
area, GZL: germinal zone-like area ns: no significant, VL: ventricle-like cavities. 
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3.2.5 D777N COs contain more vertically diving cells 

To determine the way cells divide I looked at the spindle orientation of the dividing cells. By looking 

at the cells in telophase by PH3 and DAPI staining it was possible to determine the angle of division of 

the proliferative cells in the apical belt. If the angle of the dividing cell with the apical belt was between 

0 and 60°C it was judged as horizontal-oblique division while if the angle was between 60 and 90° the 

division was considered vertical. This way of measuring was adapted from (Iefremova et al., 2017). 

The results indicated that D777N COs contain a higher number of vertically or symmetrically diving 

apical cells both at 30 and 60 days. The difference is significant at 30 days and it has the same tendency 

at 60 days (Fig 3.8). This data indicates that in D777N COs more cells are dividing symmetrically in the 

apical site. Considering the reduced number of PAX6+ cells and the thinner PAX6+ GZL it could be that 

there is an increased consumptive symmetrical division. 

3.2.6 D777N COs do not contain fewer IPs 

An increased number of IPs could be the consequence of consumptive symmetrical division. 

Therefore, using the IP marker TBR2, we looked at the number of TBR2+ cells per GZL area in control 

Figure 3.8: D777N COs contain more vertically diving cells in the apical belt. 
(A, B) Control and D777N COs stained with the PH3 marker. The line above the VL represents the line used to measure the 
length of the apical belt and the arrows and thinner lines indicate the plane of the cell division. (C, D) Percentage of the 
number of PH3+ cells dividing vertically or horizontal-obliquely at (C) 30 days and (D) 60 days. Statistical analysis was based 
on exact binomial test, * p<0.05. Cell division: 30 days  b=2, o=18, v= 36, cells (c)= 53; D777N b=2, o=19, v=58, c=85 and 60 
days Control: b=2, o=12, v=20, c=24; D777N b=2, o=11, v=12, c=14. Scale bars: (A, B) 50µm. Abbreviations: CPL: cortical plate-
like area, ns: no significant, VL: ventricle-like cavities. 
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and D777N COs at 30 and 60 days (Fig 3.9). The results indicated that at 30 days there is a reduced 

number of TBR2+ cells in the D777N COs while at 60 days there is a tendency for the same result. 

Surprisingly, all together, these data are in contrast with the more vertical or symmetric division as we 

observed a general reduction in progenitors, both PAX6+ cells and TBR2+ cells and a thinner GZL in 

D777N COs. 

Therefore, to shed new light on the mechanism underlying the phenotype, I also looked at the 

neuronal migration and maturation on the control and D777N COs. 

3.2.7 The D777N change may induce neuronal migration defects 

To study the possible differences between neurons and/or neuronal migration between control and 

D777N I performed different types of analysis. Through FACS I analysed the total number of early-born 

neurons using the appropriate marker DCX at 30 and 60 days (Fig 3.10 A-E). While at 30 days the 

number or level of DCX+ cells were not significantly reduced in D777N COs (Fig 3.10 D) at day 60 there 

was a clear reduction (Fig 3.10 E). A reduced number of PAX6+ cells and TBR2+ cells in the D777N COs 

could easily explain these results. If there is a lower number of progenitors, it is also expected to see 

a reduction in the number of neurons. 

Apart from quantifying the total number of neurons I also examined the migration dynamics of those 

cells. At 30 and 60 COs contain differentiated GZL and CPL areas. By using the DCX marker I looked at 

the number of VLs with a clear (Fig 3.10 F) GZL or with processes (Fig 3.10 G) and cell bodies (Fig 3.10 

H) inside the GZL. While at 30 days we can expect some migrating neurons, at 60 days most of the 

neurons should have reached the CPL. The results indicate that at 30 days control and D777N COs 

present a similar percentage of VLs with the presence of DCX+ processes and cell bodies in the GZL 

Figure 3.9: D777N COs do not contain fewer IPs. 
(A) Representative picture of a CO stained with the IP marker TBR2. (B, C) Quantification of the number of TBR2+ cells in the 
GZL at (B) 30 days and (C) 60 days. Statistical analysis was based on Mann-Whitney U-test,  ** p<0.01.  TBR2+ cells: 30 days  
b=2, o=5, v= 25; D777N b=2, o=6, v=35 and 60 days Control: b=1, o=4, v=19:; D777N b=1, o=3, v= 17. Scale bars: (A) 50µm. 
Abbreviations: CPL: cortical plate-like area,  GZL: germinal zone-like area, IP: intermediate progenitor, ns: no significant, VL: 
ventricle-like cavities. 
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(Fig 3.10 I). However, at 60 days while in controls the percentage of VLs with either processes or 

neuronal cell bodies was reduced, in D777N it increased, especially the percentage of VLs with 

neuronal DCX+ cell bodies in the GZL (Fig 3.10 J). This data indicates that at 60 days not only there was 

a total reduction in the number of DCX+ cells or a reduced expression of DCX by these cells, but that 

those neurons also have some migratory alterations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 10: D777N COs present neuronal migration problems. 
(A-C) Representative pictures of the FACS strategy used to select the DCX+ cells. (A) Secondary control without any DCX+ 
cells detected. (B, C) Control and D777N COs with DCX+ cells. (D, E) Z-scores of the DCX+ cells per parental cell at (D) 30 days 
and (E) 60 days. (F-H) Representative pictures of DCX+ COS with (F) a clear GZL, (G) ectopic processes in the GZL and (H) 
ectopic cells bodies. Arrows indicate the incidence of ectopic processes and cell bodies. (I-J) Percentage of VLs with clear, 
ectopic processes or ectopic cell bodies at (I) 30 days and (J) 60 days. FACS statistical analysis was based on Mann-Whitney 
U-test.  DCX intrusion statistical analysis was based on the multinomial Chi-Square goodness of fit test, ****p < 0.0001 and 
**p < 0.01. FACS DCX+ 30 days: Control batches b=3, o=18; D777N b=2, o=12 and FACS DCX+ 60 days Control b=3, o=18; 
D777N b=2, o=18. DCX intrusions 30 days  Control: b=2, o=18, v=80; D777N b=2, o=13, v=105 and 60 days Control: b=2, o=16, 
v= 52; D777N b=2, o=10, v=33. Data shown as mean ± SEM. Scale bars: (F-H) 50µm. Abbreviations: CPL: cortical plate-like 
area, GZL: germinal zone-like area, ns: no significant, VL: ventricle-like cavities. 
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3.2.8     There are no changes in the radial glial process neither in the apical belt integrity 

The neuronal migration defects could be due to two main reasons, intrinsic problems in the neurons 

that do not allow the cells to migrate properly and morphological or delamination problems in the 

scaffold (RGs) the neurons use to migrate (Cappello et al., 2012; Klaus et al., 2019). To understand if 

the neuronal migration phenotype found in the D777N COs was due to morphological alteration in 

the RGs I analysed their structure with the RG marker NESTIN (Fig 3.11 A, B). Thanks to these markers 

it is possible to identify the RG processes. After analysing the tortuosity of the processes, which 

indicates how straight a process is, I did not see any differences between the RGs of control and D777N 

COs at 30 and 60 days (Fig 3.11 C, D). I also looked at the integrity of the apical membrane in the VLs 

of control and D777N COs at 30 days by looking at the fraction of actin contained in fibres (F-ACTIN) 

by PHALLODIN immunostaining (Fig 3.12 A, B). Areas with an intact DAPI staining but with a 

PHALLOIDIN staining could indicate a disruption of the apical belt and possible premature 

delamination of progenitor cells. The results indicated that there were no differences between the 

percentages of VLs with an intact or disrupted apical belt between control and D777N COs (Fig 3.12 

c). All these data suggest that the neuronal changes could be due to changes in the neurons 

themselves. 

 

 

 

 

 

 

Figure 3.11: The neuronal migration defects in D777N COs are not due to disrupted RG morphology. 
(A, B) Representative pictures of a COs stained with the RG marker, arrows indicate different processes. NESTIN. (C) 
Quantification of the tortuosity of the RG processes in control and D777N COs at  (C) 30 day and (D) 60 days. Statistical 
analysis was based on Mann-Whitney U-test. NESTIN: 30 days b=1, o=3, v=16, processes (p)=90; D777N b=1, o=3, v= 18, p=80 
and 60 days b=1, o=3, v=20, p= 100; D777N b=1, o=3, v=13, p=65. Scale bars: (A, B) 50µm. Abbreviations: CPL: cortical plate-
like area, ns: no significant, VL: ventricle-like cavities. 
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3.2.9     D777N COs present an increased number of upper-layer neurons and reduced number of 

deep-layer neurons 

Finally, I investigated neuronal subtypes using different neuronal markers and quantifying the number 

of those cells in the CPL. I focused on the deep layer neurons that can be identified by the CTIP2 marker 

(Fig 3.13 A) and the upper layer neurons by the SATB2 marker (Fig 3.13 D). During cortical 

development, deep layer neurons are born before the upper-layer neurons. The results indicate that 

in control COs there are significantly less deep-layer neurons both at 30 and 60 days compared to 

D777N  (Fig 3.13 B, C) while there is a significant increase in the number of upper-layer neurons at 30 

days and a tendency at 60 days in D777N COs (Fig 3.13 E, F). 

This complementary data could indicate a possible premature differentiation of the progenitor cells 

in D777N COs or a shift in the generations of upper vs deep layer neurons. However, this is very 

preliminary data and many more experiments and analyses need to be done to prove this. 

In summary, D777N COs present some differences compared to controls. On the one hand, they 

contain a reduced number of PAX6+ and a thinner GZL that is stable over time. They also contain less 

amount of TBR2+ cells at early time points. However, there are more cells with a vertical division. The 

reduced number of PAX6+ and TBR2+ and the same levels of proliferative capacity could potentially 

mean that this type of symmetric division is potentially consumptive, however, this hypothesis should 

be further studied. On the other hand, D777N COs also present a reduced number of neurons or 

reduce expression of the DCX marker at later time points and migration defects that seem to be due 

to intrinsic neuronal problems. Additionally, there seems to be a difference in the number of deep and 

upper-layer neurons.  

Figure 3.12: The neuronal migration defects in D777N COs are not due to premature delamination. 
(A, B) Representative pictures of a COs stained with the apical belt marker, PHALLOIDIN. (C) Percentage of the number of VLs 
with an apical belt disruption at 30 days Statistical analysis was based on exact binomial test. PHALLOIDIN: b=1, o=7, v= 43; 
D777N b=1, o=6, v=37. Scale bars: (A, B) 50µm. Abbreviations: CPL: cortical plate-like area, ns: no significant, VL: ventricle-
like cavities. 
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Figure 3.13: D777N COs contain less CTIP2 and more SATB2 neurons. 
 (A) Representative picture of a CO stained with the deep neuronal layer marker, CTIP2. (B, C) Quantification of the number 
of CTIP2+ cells per area in the CPL at (B) 30 days and (C) 60 days. (D) Representative picture of a CO stained with the upper 
neuronal layer marker, SATB2. (E, F) Quantification of the number of SATB2+ cells per area in the CPL at (E) 30 days and (F) 
60 days.  Statistical analysis was based on Mann-Whitney U-test,  ** p<0.01, * p<0.05.  CTIP2+ cells: 30 days  b=2, o=8, v=29; 
D777N b=2, o=8, v=34 and 60 days Control: b=1, o=7, v= 34:; D777N b=1, o=4, v= 18. SATB2+ cells: 30 days  b=1, o=3, v= 15; 
D777N b=1, o=3, v=13 and 60 days Control: b=1, o=8, v= 12:; D777N b=1, o=4, v=10. Scale bars: (A, D) 50µm. Abbreviations: 
CPL: cortical plate-like area, ns: no significant, VL: ventricle-like cavities. 

 



  
 

 
 

 

 

 

 

 

 

In Chapter 4, I will show the results of the manuscript that is published in the journal Frontiers in 

Molecular Bioscience: 

GNG5 controls the number of apical and basal progenitors and alters 

neuronal migration during cortical development 

Ane Cristina Ayo-Martin, Christina Kyrousi, Rossella Di Giaimo, Silvia Cappello 

 

The work presented in this project contains all original work done by me. Data not included in the manuscript 
is also presented. Some of the figures, figure legends and results in this chapter are adapted from the 

manuscript with the permission of the Journal under the copyright: Copyright: “© 2020 Ayo-Martin, Kyrousi, 
Di Giaimo and Cappello. This is an open-access article distributed under the terms of the Creative Commons 
Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the 
original author(s) and the copyright owner(s) are credited and that the original publication in this journal is 

cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which 
does not comply with these terms.” Citation: (Ayo-Martin et al., 2020). 

   

 

 

 

 

 

 

 

 

 

 

 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


  
 

 
 

 

 

 

 



                                                                                                                                                                      Results II 
 
 

55 
 

CHAPTER 4: GNG5 CONTROLS THE NUMBER OF APICAL AND BASAL 

PROGENITORS  AND ALTERS NEURONAL MIGRATION DURING 

CORTICAL DEVELOPMENT 

4.1 GNG5 AND THE G-COUPLED PROTEINS FAMILY 

GNG5 codes for the G protein subunit gamma 5 (Gγ5). GNG5 is member of the G protein family. G 

proteins, together with their transmembrane partners, GPCRs, play significant roles inside and outside 

the cell (Gilman, 1987). In combination with the α and β subunits, the γ subunits form a heterotrimeric 

protein complex. On the cell membrane, they interact with the GPCRs by which they can transduce 

signals intracellularly (Clapham and Neer, 1997; Gilman, 1987; McCudden et al., 2005; Smrcka, 2008). 

In resting condition, the α subunit, which contains a guanine nucleotide-binding site occupied by GDP, 

and the βγ subunits form the heterotrimeric complex and are attached to the membrane (Pimplikar 

and Simons, 1993). When a ligand binds to the GPCRs, the α subunit becomes free, which induces the 

exchange of GDP to GTP and a consequent release of the βγ subunits from the membrane into the 

intracellular lumen (Bomsel and Mostov, 1992).  Once the α subunit and βγ subunits are free, they will 

take part in a wide variety of intracellular pathways (Clapham and Neer, 1997, 1993; Hewavitharana 

and Wedegaertner, 2012; Smrcka, 2008; Wedegaertner et al., 1995).  

In humans, there are at least 16 genes that code for 23 different α subunit proteins. These subunits 

have a range of size from 35-49 kDa (Im et al., 1988; McCudden et al., 2005). α subunits have been 

implicated in a variety of processes and interact with a variety of effectors such as adenylyl cyclase, 

retinal phosphodiesterase, phospholipase C, and ion channels (Gilman, 1987; Tang and Gilman G., 

1991).  In contrast, there are only 5 genes that code for different β subunits and 12 genes that code 

for the γ subunits (McCudden et al., 2005). These last two proteins are smaller in a size range around 

36-40 kDa and 7.5-8 kDa, respectively (McIntire, 2009). βγ subunits are non-covalently bound to each 

other and always work together under physiological conditions (Spiegel and Weinstein, 2004). All γ 

subunits are prenylated post-synthetically in the C-terminal. This post-translational modification is 

essential for the localization of the βγ dimer to the membrane (McCudden et al., 2005).  βγ subunits 

are necessary for different pathways such as MAP Kinase cascade or vesicular trafficking (Clapham 

and Neer, 1997, 1993; Hewavitharana and Wedegaertner, 2012; Smrcka, 2008; Wedegaertner et al., 

1995). Having such a large number of different subunits allows an incredible amount of different 

possible combinations. Scientists have been trying to understand which are the possible combinations 

that can be seen in vivo and which have important physiological roles in cellular pathways (McCudden 

et al., 2005; Schwindinger et al., 2004). Moreover, different combinations of heterotrimeric proteins 
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can be coupled to the same receptor. Interestingly, only a few of a large number of possible 

combinations have been detected experimentally (Giulietti et al., 2014). Besides being essential for 

the localization in the membrane and the activation of effectors in various pathways, G protein γ 

subunits may be necessary for the specificity of the hundreds of known receptors (Lim et al., 2001; 

Schwindinger et al., 2004). It is therefore important to understand the specific role of each subunit 

and to identify the pathways they are involved in. 

GNG5 was firstly discovered in 1992 by (Cali et al., 1992) and was found to be highly expressed in brain 

tissue (Betke et al., 2014; Kim et al., 2014). Gng5 KO is lethal in mice and they die at embryonic day 

10.5 (E10.5) due to defects both in the heart and the brain. One of the main reasons behind this is the 

reduction of cell proliferation in the absence of Gng5 (Moon et al., 2014). Furthermore, Gng5 is highly 

expressed in the NPCs of the embryonic and adult mouse brain (Asano et al., 2001; Morishita et al., 

1999; Telley et al., 2019). Additionally, in humans, it is highly expressed in a different type of 

progenitors especially on those located in the oSVZ, during development. Finally, in human-derived 

COs, GNG5 is mainly expressed in different types of NPCs and especially enriched in bRGs (Kanton et 

al., 2019; Polioudakis et al., 2019; Pollen et al., 2016). As explained in Chapter 1, these type of 

progenitors are highly abundant in gyrified species and are believed to be important for brain 

expansion and gyrification (Fietz et al., 2010; Florio and Huttner, 2014; Kelava et al., 2012; Penisson 

et al., 2019).  

Considering that in DCHS1 and FAT4 COs the transcript for GNG5 remains highly upregulated in the 

neurons with the altered state (Klaus et al., 2019) makes us believe that it could be one of the main 

responsible genes in these neurons not to behave as they should. We believe that these neurons may 

be the ones that form the heterotopia in patients with VMS and its associated PH. Understanding the 

role of GNG5 could thus help understand better what goes wrong during the development of the brain 

of these patients and will aid to elucidate a mechanism necessary for brain development that has not 

been studied before. The main aim of this chapter is to understand better how GNG5 is essential for 

brain development and more concretely how its upregulation in a subpopulation of neurons derived 

from VMS patients could be affecting the proper migration and localisation of new-born neurons in 

the brain. For this purpose, we have used two different approaches: An in vivo system using the 

developing mouse brain to understand the role of GNG5 in a real environment and a human 3D in 

vitro system (iPSCs-derived COs) to understand the species-specific role that GNG5 may have in human 

brain development. 
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4.2 RESULTS 

4.2.1 GNG5 is highly expressed in different types of progenitor cells in different model systems 

Our data from human COs showed that in control COs GNG5 is highly expressed in progenitor cells 

and is subsequently downregulated during neuronal differentiation. However, in the altered cluster 

of neurons in DCHS1 and FAT4 COs, GNG5 continues to be upregulated (Fig 4.1). 

 

 

 

Therefore, I examined the gene expression of GNG5 in different databases of mouse and human brain 

development. In mice, Gng5 is highly enriched in progenitor cells mainly in the first stages of 

development (Fig 4.2 A-D) while in humans its expression is high in all progenitors, with an important 

enrichment in bRGs (Fig 4.2 E-G). Moreover, if we look at the expression of GNG5 especially in human-

derived COs, it is also highly expressed in a different type of progenitors including bRGs (Fig 4.3). 

Figure 4. 1: GNG5 is highly expressed in NPCs and in the altered population of neurons while being downregulated in 
control neurons. 
Violin plot representing the expression levels of GNG5 in NPCs (yellow), neurons (purple) and the altered population of 
neurons (grey) in DCHS1 and FAT4 mutant COs. Abbreviations: NPCs: Neuronal precursor cells. Figure adapted from (Klaus 
et al., 2019). 
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Figure 4. 2: GNG5 expression levels in mice and humans. 
Schematic of the (A) mouse developing cortex. Figure adapted from (Buchsbaum et al., 2019). (B) GNG5 expression in the 
different areas of the developing mouse cortex adapted from (Fietz et al, 2012). (C, D) The level of Gng5 expression and the 
expression landscape in different cellular groups of the developing mouse cortex at E12-E15 (Telley et al., 2019). (E)  
Schematic of the human developing cortex. Figure adapted from (Buchsbaum et al., 2019). (F) GNG5 expression in the 
different areas of the developing human cortex adapted from (Fietz et al, 2012). (G) GNG5 expression in the different type 
of cells of the human developing neocortex (Polioudakis et al., 2019). Abbreviations: AP: apical progenitor, BP: Basal 
progenitor,  CP: cortical plate, FPKM: fragments per kilobase of exon model per million reads mapped, IP: intermediate 
progenitor, iSVZ: inner subventricular zone, IZ: intermediate zone, MZ: marginal zone, N4D: differentiated neurons, oSVZ: 
outer subventricular zone, RG: radial glia (v=ventral, o=outer), SP: subplate, VZ: ventricular zone. 
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4.2.2 Acute overexpression of GNG5 alters the morphology and distribution of electroporated 

cells in human-derived COs  

A good way to study the role of different candidate genes in COs is to electroporate the gene of 

interest in VLs structures and study how its overexpression or downregulation alters the morphology 

and the surroundings of the electroporated cells. Therefore, to understand the role of GNG5 in early 

stages of development and corticogenesis, I overexpressed GNG5 by the electroporation of the pCAG-

GNG5-IRES-GFP plasmid into the VLs of COs at an early and a later timepoint: at day 20 and day 35. At 

day 20, most of the cells in CO ventricles are progenitor cells and neurons are in the very early stages 

of development/differentiation and migration, while at 35 days, a more mature stage is reached in 

which progenitors and neurons are organized into clear GZL and CPL areas. COs were analysed 7 days 

post electroporation (dpe) for both time points. Fig 4.4 illustrates the electroporation chamber used 

(Fig 4.4 A) and shows the picture of an electroporated organoid; in green electroporated cells can be 

distinguished (Fig 4.4 B).  

To be able to better visualize the cell profile and better detect the morphology of the cells, I also co-

electroporated the COs with a plasmid that codes for GAP43-GFP. This fused protein labels the cell 

membrane (Attardo et al., 2008). 

 

 

 

 

 

Figure 4. 3: GNG5 expression levels in human-derived COs. 
Data from scRNA-seq data in human-derived COs and the expression of GNG5 in the different cellular clusters identified 
(Kanton et al, 2020). Abbreviations: NPCs: neural precursor cells, NSC: neural stem cells. 
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At 20+7 days, after the acute overexpression (OX) of GNG5, the electroporated cells in the COs show 

an altered morphology. The cells contain less process and the few processes that stay are less straight 

compared to controls (Fig 4.5 A-B’).  

Moreover, not only the morphology of the cells looks different, but the distribution of the GFP+ cells 

in the GZL area was different. To analyse the distribution of the GFP+ cells in the COs, I divided the 

GZL area into two equal Bins. At day 20, 7 days after acute OX of GNG5, electroporated GFP+ cells stay 

closer to the VL (BinA), while in the COs electroporated with the control plasmid GFP+ cells migrate 

further to the upper parts of the GZL (BinB) (Fig 4.5 C-E). 

4.2.3 Forced overexpression of GNG5 induces neuronal migration defects in COs 

Besides a possible intrinsic problem in neurons, neuronal migration problems have also been shown 

to be a consequence of faulty RG morphology (Cappello et al., 2013, 2012; Klaus et al., 2019). 

Therefore, I examined the position of MAP2+ neurons by counting the number of VLs with neuronal 

cell bodies or processes in the GZL of electroporated COs (Fig 4.6 A-C’). An increased number of any 

of the parameters could indicate neuronal migration defects.   

At 20+7 days, there was already an increased percentage of VLs with MAP2+ neuronal cell bodies in 

the GZL consequence of the forced expression of GNG5, in contrast to the COs in which the control 

plasmid was electroporated and where most neurons migrated properly (GNG5 OX 45% of the VLs 

with MAP2+ neuronal cell bodies in the GZL and controls 21%; GNG5 OX 30% of the VLs with neuronal 

processes in the GZL and controls 39%) (Fig 4.6 D). The neuronal migration phenotype was also 

significantly different at 35+7 days (GNG5 OX 33% of the VLs with MAP2+ neuronal cell bodes in the 

GZL and controls 5%;  GNG5 OX 39% of the VLs with neuronal processes in the GZL and controls 33%) 

(Fig 4.6 E).  

 

Figure 4.4: Electroporation of a CO and the electroporation chamber. 
(A) Representation of the organoid electroporation chamber. (B) Representative image of an organoid after electroporation. 
In green, electroporated cells can be distinguished, most of which are localized inside the VZ of the COs. 
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The presence of MAP2+ neuronal processes in GZLs, which is more abundant during the first stages of 

developmental, is representative of the neurons that are migrating and that start to become more 

mature and start expressing the corresponding markers. In control conditions, this proportion was 

reduced at later time points (Fig 4.6 D, E). Remarkably, the percentage of clear GZLs in GNG5 OX COs 

was the same in the two-time points, which indicates a delay in neuronal migration (Fig 4.6 D, E).  

 

Figure 4. 5: Force expression of GNG5 alters the morphology of cells and the distribution of the electroporated cells in 
COs.  
 (A-B’) Representative pictures of cells from COs in which the GNG5 OX or control plasmids were co-electroporated with the 
GAP43-GFP plasmid. Arrows show disrupted or delaminated RGs and arrowheads intact cells. (C, D) Representative pictures 
of cells from COs in which the GNG5 OX or control plasmids are co-electroporated with the GAP43-GFP plasmid. The GZL is 
divided into two equal Bins and the GFP+ cells localize in each Bin are counted. Arrows indicate apically located GFP+ cells 
(BinA) and arrowheads point at basally located GFP+ cells (BinB). The statistical analysis was based on Mann-Whitney U-test, 
***p < 0.001. CTRL b=1, o=4, v=10; GNG5 OX b=1, o=3, v=10. Data shown as mean ± SEM. Scale bars: (A’, B’) 20 μm, (A-D) 
50 μm. Abbreviations: CTRL: control, GZL: Germinal zone-like area; OX: Overexpression, VL: ventricle-like cavities.  
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To confirm the migration problem in COs at 20+7 days and 35+7 days, I also stained for the general 

neuronal nuclear marker NEUN. Same as the results obtained with the MAP2 staining in which there 

was an increased number of ectopic neuronal processes and neuronal cell bodies in the GNG5 OX COs, 

there was an increased number of NEUN+ neuronal cell bodies in the GZL of GNG5 OX COs (Fig 4.7). 

At day 20+7, the proportion of VLs with the presence of NEUN+ cells in the GZL was significantly higher 

in GNG5 OX COs (more than 60%  of VLs with ectopic NEUN+ neuronal nuclei in GNG5 OX compared 

to 22% in control) (Fig 4.7 A-C). At the later time point, the tendency was still there, but the results 

were not significant (Fig 4.7 D). These data are in line with previously presented findings and indicate 

a delay in neuronal migration upon acute GNG5 OX.  

 

 

Figure 4. 6: Forced expression of GNG5 promotes neuronal migration defects in COs.  
(A, A’) Representative image of a clear GZL area at 20+7 days in control electroporated COs. (B) Representative picture of  a 
GZL area with the presence of neuronal processes upon GNG5 OX. (C, C’) Representative picture of a GZL in which neurons 
do not migrate properly and there are neuronal bodies in GZL upon GNG5 OX. Arrows show the presence of processes or 
neuronal cell bodies in the GZL. (D, E) Percentage of VLs without any MAP2 staining in the GZL (clear), MAP2+ processes in 
the GZL or MAP2+ neuronal cell bodies in the GZL in control and GNG5 OX COs (D) at 20+7 and (E) at 35+7 days. MAP2 
statistical analysis was based on the multinomial Chi-Square goodness of fit test, **p < 0.01, ****p < 0.0001. D20+7: CTRL 
b=2, o=11, v=61; GNG5 OX b=2, o=11, v=33 and 35+7 CTRL b=2, o=8, v=21; GNG5 OX b=2, o=9, v=18. Scale bars: (A’-C’) 30 
μm and (A-C) 50 μm. Abbreviations: CPL: cortical plate-like area, CTRL: control, GZL: germinal zone-like areas OX: 
Overexpression, VL: ventricle-like cavities. Figure adapted from (Ayo-Martin et al., 2020) with permission from Frontiers in 
Molecular Biosciences. 
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4.2.4 Forced expression of GNG5 promotes apical belt disruptions in COs 

As previously reported in DCHS1 and FAT4 mutant COs (Klaus et al., 2019), the disrupted morphology 

in RGs, as well as defects in neuronal migration, might be induced by premature delamination of RGs. 

Normally, the delamination of aRGs happens together with the disruption of the apical junctions, that 

is why I examined the integrity of the apical membrane by looking at the fraction of actin contained in 

fibres (F-ACTIN) by PHALLODIN immunostaining (Fig 4.8 A-B’). Areas with PHALLOIDIN- patches in the 

apical belt were distinguished as a consequence of the forced expression of GNG5 at the 2-time points.  

Approximately, 40% of the VLs at 20+7 days and 27% of the VLs at 35+7 days presented a defective 

apical membrane upon GNG5 OX while in controls only 11% and 9% of VLs presented a defective apical 

membrane respectively (Fig 4.8 C-D).  

 

 

 

Figure 4. 7: Forced expression of GNG5 promotes neuronal migration defects in COs.  
 (A, B). Representative figures of COs stained with the neuronal nuclear marker NEUN after the electroporation of the control 
or the GNG5 OX plasmid. (A) Representative picture of a VL in which there are no NEUN+ cell bodies in the GZL (clear). (B) 
Representative picture of a VL in which there are few NEUN+ cell bodies in the GZL (cell bodies). Arrows indicate the location 
of the ectopic NEUN+ cell bodies. NEUN statistical analysis was based on exact binomial test **p < 0.01. NEUN: 20+7 CTRL 
b=2, o=6, v=32; GNG5 OX b=2, o=4, v=9 and 35+7 CTRL b=2, o=8, v=18; GNG5 OX b=2, o=5, v=7. Scale bars: (A, B) 50 μm. 
Abbreviations: CPL: cortical plate-like area, CTRL: control, GZL: germinal zone-like areas, ns: no significant, OX: 
Overexpression, VL: ventricle-like cavities. Figure adapted from (Ayo-Martin et al., 2020) with permission from Frontiers in 
Molecular Biosciences. 
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4.2.5 Acute overexpression of GNG5 does not induce any significant changes in the number of 

progenitor cells in COs 

Finally, due to the increased number of GFP+ cells in the apical part of the GZL after forced expression 

of GNG5, I also looked at the number of proliferative cells to detect a possible increase in the 

proliferative capacity due to the GNG5 OX. Interestingly, there was not a significant increase in the 

total number of the 3 progenitor markers I looked at, phospho-VIMENTIN (pVIMENTIN) Fig 4.9, PH3 

or KI67, indicating that GNG5 OX does not induce an increase in the proliferative capacity of neural 

progenitor cells in human-derived COs.  

In summary, the data obtained after the overexpression of GNG5 in COs suggest that it promotes 

morphological changes that induce the premature delamination and alteration in the position of the 

electroporated aRGs in the GZL. Since neurons need a proper RG scaffold for their radial migration, 

alterations in the morphology and/or distribution of RGs may induce defective neuronal migration to 

the CPL  Remarkably, the phenotypes observed in DCHS1 and FAT4 mutant COs in which RGs also have 

a disrupted morphology and neurons present migratory problems are evocative of the data obtained 

in COs after GNG5 OX.  

Figure 4. 8: Forced expression of GNG5 promotes premature aRG delamination in COs.   
(A). Representative images of a control CO with an intact apical belt visualized with the PHALLOIDIN antibody and (B) 
disrupted apical membrane after GNG5 OX. Arrows show the area of the apical belt that is disrupted. (C) Percentage of VLs 
in which the apical belt is intact or disrupted at 20+7 days and (D) 35+7 days. PHALLOIDIN statistical analysis was based on 
exact binomial test **p < 0.01, ****p < 0.0001. PHALLOIDIN: 20+7 CTRL b=2, o=11, v=68; GNG5 OX b=2, o=10, v=43 and 
35+7 CTRL b=2, o=5, v=21; GNG5 OX b=2, o=7, v=26. Scale bars: (A’, B’) 20 μm, and (A, B) 50 μm. Abbreviations: CPL: cortical 
plate-like area, CTRL: control, OX: Overexpression, VL: ventricle-like cavities. Figure adapted from (Ayo-Martin et al., 2020) 
with permission from Frontiers in Molecular Biosciences. 
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Since the expression of GNG5 was significantly altered in DCHS1 and FAT4 mutant COs, we theorized 

that alterations in the expression levels of GNG5 could be the reason behind the changes identified in 

those COs (Klaus et al., 2019), indicating that GNG5 may have a crucial role in RG function and 

morphology. 

 

 

 

 Figure 4.9: Forced expression of GNG5 does not alter the levels of proliferative cells in COs.  
(A) Representative images of VL structured stained for the proliferative marker pVIMENTIN after control electroporation. (B) 
Quantification of the total number of pVIMENTIN+ cells per electroporated area at 20+7 and (C) 35+7 days. (D) 
Representative picture of VL structured stained for the proliferative marker PH3. (E) Quantification of the total number of 
PH3+ cells per electroporated area at 20+7 and (F) 35+7 days. (G) Representative image of VL structured stained for the 
proliferative marker KI67. (H) Quantification of the total number of KI67+ cells per electroporated area at 20+7 and (I) 35+7 
days. The statistical analysis was based on Mann-Whitney U-test. pVIMENTIN: 20+7 CTRL b=2, o=10, v=44; GNG5 OX b=2, 
o=7, v=24 and 35+7 CTRL b=1, o=6, v=11; GNG5 OX b=1, o=6, v=10; PH3: 20+7 CTRL b=2, o=9, v=44; GNG5 OX b=2, o=8, v=18 
and 35+7 CTRL b=2, o=6, v=10; GNG5 OX b=2, o=4, v=5; KI67: 20+7 CTRL b=2, o=8, v=35; GNG5 OX b=2, o=4, v=15 and 35+7 
CTRL b=2, o=4, v=16; GNG5 OX b=2, o=4, v=6. Data shown as mean ± SEM. Scale bars: (A, D, G) 50 μm. Abbreviations: CPL: 
cortical plate-like area, CTRL: control, ns: no significant, OX: Overexpression, VL: ventricle-like cavities. 
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4.2.6 Acute overexpression of GNG5 promotes alterations in the morphology of RGs and the 

distribution of electroporated cells in vivo 1 dpe 

After the results obtained in vitro in human-derived COs, I decided to examine the role of GNG5 in 

cortical development in vivo. For that purpose, I overexpressed GNG5 by acute IUE in the cortex of the 

developing mouse at embryonic day 13 (E13) and examined 1, 3 and 6 dpe.  

1 dpe, it was already possible to see alterations in the location/distribution of the cells overexpressing 

GNG5. These results could indicate possible alterations in their fate and/or migration (Fig 4.10). To 

better examine the position of the mislocalized GFP+ cells, I subdivided the cortex into five equally 

sized bins starting from apical belt until the basement membrane (Fig 4.10 A, B). On the one hand, 

most of the GFP+ cells in control embryos were mainly positioned between BinA and BinB, the areas 

roughly corresponding to the VZ and SVZ, respectively (Fig 4.10 A, C). On the other hand, in the brain 

of embryos overexpressing GNG5, most GFP+ cells accumulated between BinB and BinC with a smaller 

proportion of cells in upper Bins (BinD) (Fig 4.10 B, C).  

These results, together with the in vitro data obtained from COs, suggest that the mislocalization of 

the cells electroporated with GNG5 OX could be the consequence of disrupted morphology and 

premature delamination or differentiation of aRGs to IPs. To answer the first hypothesis, I co-

electroporated the GNG5 plasmid with the control pCAG-GFP plasmid, that has a stronger GFP signal 

Figure 4.10: Forced expression of GNG5 in mouse embryos at E13 changes the distribution of electroporated cells 1 dpe. 
(A, B) Pictures of the electroporated lateral cortex of mouse brain sections stained with the GFP antibody. Sections were 
divided into five equal bins for quantification. (A) The GFP+ cells of the brain of embryos electroporated with a control 
plasmid localized to  BinA and BinB while in (B) the embryos electroporated with the GNG5 OX plasmid, GFP+ cells localized 
to BinB, BinC and to a less extend in BinD. (C) Graph showing the proportion of GFP+ cells per bin in control and GNG5 OX 
mice at E13-E14. Statistical analysis was based on Mann-Whitney U test *p<0.05 and **p < 0.01. Control n=6 and GNG5 OX 
n=4 brains. Data shown as mean ± SEM. Scale bars: (A, B) 30 μm.  Abbreviations: CTRL: control, dpe: day post electroporation 
, OX: Overexpression, V: ventricle. Figure adapted from (Ayo-Martin et al., 2020) with permission from Frontiers in Molecular 
Biosciences. 
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and it is useful to visualize the entire cell morphology. Notably, upon GNG5 overexpression, most of 

the GFP+ cells presented a disrupted cell morphology compared to controls, with less or missing radial 

processes and with a star-like shape, characteristic of IPs (Fig 4.11). Considering the star-like shape 

and to answer if the presence of GFP+ cells in upper bins could be due to premature differentiation, I 

counted the number of Tbr2+ IPs. Nevertheless, the distribution and the total number of Tbr2+ cells 

were quite consistent between control and GNG5 OX mice. There was only a small predisposition for 

Tbr2+ cells to accumulate in the upper Bins (BinC and BinD) in GNG5 OX brains (Fig 4.12). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11: Forced expression of GNG5 in mouse embryos at E13 changes the morphology of electroporated cells 1 dpe. 
(A-B’) Representative images of brain sections from embryos electroporated with a  (A, A’) control or (B, B’) GNG5 OX plasmid 
with the pCAG-GFP. Cells electroporated with the GNG5 OX plasmid show an altered morphology with a lower number or 
the absent of processes. Arrows point at examples of electroporated cells with a non-radial morphology. Scale bars: (A, B) 
30 μm.  Abbreviations: CTRL: control, dpe: day post electroporation, OX: Overexpression, V: ventricle. Figure adapted from 
(Ayo-Martin et al., 2020) with permission from Frontiers in Molecular Biosciences. 
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4.2.7 Acute  overexpression of GNG5 promotes changes in the distribution of electroporated cells 

in vivo 3 dpe 

Just 1 dpe the forced electroporation of GNG5 in brains of mouse embryos it was possible to visualize 

small but substantial changes in the location and morphology of the GFP+ cells. I thus hypothesized 

that overexpressing GNG5 in progenitor cells for a longer time could induce a more pronounced 

phenotype (Fig 4.13-15). 3 days dpe (E13-E16), there was an accumulation of GFP+ cells in BinB and 

BinC which correspond approximately to the SVZ and IZ in the brains overexpressing GNG5. In control 

embryos, however, a larger proportion of GFP+ cells migrated to the basal part of the cortex (Fig 4.13).  

 

 

 

Figure 4.12: Forced expression of GNG5 does not change the distribution or number of IPs 1 dpe.  
(A, B) Pictures of the electroporated lateral cortex of mouse brain sections electroporated at E13 and analysed 1 day after 
stained with the Tbr2 antibody. Sections were divided into five equal bins for quantification. (C) Graph showing the 
proportion of Tbr2+ cells per bin in control and GNG5 OX mice at E13-E14. (D) The total number of Tbr2+ IPs in the lateral 
cortex per embryonic brain shown as z-scores. There is no significant difference in the distribution between control and 
GNG5 OX mice. Statistical analysis was based on Mann-Whitney U test. Tbr2: Control n=5 and GNG5 OX n=4 brains. Data are 
presented as mean ± SEM. Scale bars: (A, B) 30 μm.  Abbreviations: CTRL: control dpe; day post electroporation, IPs: 
intermediate progenitors, OX: Overexpression, V: ventricle. Figure adapted from (Ayo-Martin et al., 2020) with permission 
from Frontiers in Molecular Biosciences. 
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4.2.8 Acute overexpression of GNG5 induces alterations the proportion of basal progenitor cells 

in vivo 3 dpe 

As an increase in the number of GFP+ cells in BinB and BinC could be due to an increased proliferative 

capacity of the GNG5 OX cells, I examined the number of dividing cells using the mitotic marker PH3. 

Interestingly, there was an increase in the proportion of PH3+ cells in BinB and a slight but not 

significant increase in BinC at the expense of BinA in GNG5 OX compared to control embryos (Fig 4.14). 

Moreover, there was also a general increase in the number of PH3+ cells in GNG5 OX brains (Fig 4.14 

D).  

The increase in GFP+ cells in intermediate areas of the cortex and a higher number of proliferative 

cells in BinB and BinC could indicate an increased number of progenitor cells due to the overexpression 

of GNG5. Moreover, considering the enrichment of GNG5 in BPs (and especially in bRGs in humans), 

which mainly localize in BinB and BinC, I wanted to investigate further the possible BP identity of the 

cells accumulating in that area in which GNG5 OX cells accumulated. Hence, I performed different 

immunohistochemical analyses using several BP markers. In humans, HOPX is mainly expressed in 

bRGs (Pollen et al., 2016) while in mice, its expression is similar to Pax6,  which is mainly expressed in 

aRGs since bRGs cells are infrequent (Telley et al., 2019; Wang et al., 2011) (Fig 4.15 G). The analysis 

of the distribution of the number of Hopx+ cells after forced expression of GNG5 in vivo showed an 

accumulation of Hopx+ cells in BinB and BinC which, as I mentioned before, correspond to the SVZ and 

IZ approximately, and which normally do not contain RGs in the mouse brain (Fig 4.15 A-C). 

Interestingly, while the total number of apical Hopx+ cells (total number of Hopx+ cells in BinA and 

Figure 4.13: Forced expression of GNG5 in mouse embryos at E13 changes the distribution of electroporated cells 3 dpe. 
(A, B) Pictures of the electroporated lateral cortex of mouse brain sections electroporated at E13 with (A)  control or (B)  
GNG5 OX plasmid and analysed 3 dpe after, stained with the GFP antibody. Sections were divided into five equal bins for 
quantification. (C) Graph showing the proportion of GFP+ cells per bin. In the brain of embryos in which the control plasmid 
was electroporated, GFP+ cells were spread throughout all bins with an increased amount in BinD and BinE. In GNG5 OX 
mice, GFP+ cells were significantly enriched in BinB and BinC. Statistical analysis was based on Mann-Whitney U test *p<0.05 
and **p < 0.01. Control n=4 and GNG5 OX n=7 brains. Data are presented as mean ± SEM. Scale bars: (A, B) 30 μm.  
Abbreviations: CTRL: control, dpe: day post electroporation, OX: Overexpression, V: ventricle. Figure adapted from (Ayo-
Martin et al., 2020) with permission from Frontiers in Molecular Biosciences. 
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BinB) was not different between GNG5 OX and control (Figure 4.15 G), the total number of basal 

Hopx+ cells (total number of Hopx+ cells in BinC-BinE) was different. These results indicate a possible 

cellular transition from aRGs to bRG (Fig 4.15 H). I also analysed the distribution and number of IPs by 

Tbr2 immunohistochemistry, paralleling the analysis at 1 dpe. While the total number of Tbr2+ IPs was 

also increased by 3 dpe (Fig 4.15 I), the distribution of Tbr2+ IPs was the same in control and GNG5 

OX. As Tbr2+ are normally basally located, this indicates an overall increase of Tbr2 in the Bins in which 

IPs can usually be found (Fig 4.15 D-F).  

 

 

 

 

These results indicate that forced expression of GNG5 enhances the capacity of progenitor cells to 

proliferate, especially of the cells located in more basal positions including IPs and bRGs. The results 

also suggest that in mice, forced expression of GNG5 induces the transition from aRGs to bRGs, a type 

of cells that are rare in the mouse brain. Remarkably, the analysis of the GFP expression level of the 

PH3+, Hopx+ or Tbr2+ quantified cells revealed that most of them did not show any green labelling. 

This indicates that GFP may either be quickly downregulated after electroporation or a that GNG5 has 

cell non-autonomous function. 

Figure 4.14: Forced expression of GNG5 in mouse embryos at E13 changes the distribution and number of proliferative 
cells 3 dpe. 
(A, B) Pictures of the electroporated lateral cortex of mouse brain sections electroporated at E13 and analysed 3 days later 
after stained with the PH3 antibody. Sections were divided into five equal bins for quantification. (C) Graph showing the 
proportion of PH3+ cells per bin. In the brain of embryos in which the control plasmid was electroporated, PH3+ cells were 
mainly located in the apical part of the cortex (BinA) while in GNG5 OX there was an increased number of PH3+ cells in BinB 
and few in BinC. (D) The total number of PH3 + cells per brain shown as z-scores. Statistical analysis was based on Mann-
Whitney U test *p<0.05 and **p < 0.01. Control n=4 and GNG5 OX n=7. Data are represented as mean ± SEM. Scale bars: (A, 
B) 30 μm.  Abbreviations: CTRL: control, dpe: day post electroporation, OX: Overexpression, V: ventricle. Figure adapted 
from (Ayo-Martin et al., 2020) with permission from Frontiers in Molecular Biosciences. 
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Figure 4.15: Forced expression of GNG5 in mouse embryos at E13 changes the distribution and number of basal progenitor 
cells 3 dpe. 
(A, B) Pictures of the electroporated lateral cortex of mouse brain sections electroporated at E13 and analysed 3 dpe after 
stained with the Hopx antibody. Sections were divided into five equal bins for quantification. (C) Graph presenting the 
proportion of Hopx+ cells per bin. In the brain of embryos in which the control plasmid was electroporated, Hopx+ cells were 
mainly located in the apical part of the cortex (BinA), while upon GNG5 OX there was an increased proportion of Hopx+ cells 
in BinB and BinC. (D, E) Images of the electroporated lateral cortex of mouse brain sections electroporated at E13 and 
analysed 3 dpe after stained with the Tbr2 antibody. (F) Graph representing the distribution of Tbr2+ cells per bin. In the 
brain of embryos in which the control plasmid was electroporated, Tbr2+ cells were mainly located in the apical part of the 
cortex, (BinA and BinB), while in GNG5 OX even if not significant there was a tendency for an increased proportion of Tbr2+ 
cells in BinC. The total number of BPs per section per brain shown as Z-scores for: (G) apically located Hopx+ cells; (H) basally 
located Hopx cells and (I) Tbr2+ cells. Statistical analysis was based on Mann-Whitney U test *p<0.05 and **p < 0.01. Control 
n=4 and GNG5 OX n=7 brains. Data shown as mean ± SEM. Scale bars: (A, B, D, E) 30 μm.  Abbreviations: CTRL: control, dpe: 
day post electroporation, OX: Overexpression, V: ventricle. Figure adapted from (Ayo-Martin et al., 2020) with permission 
from Frontiers in Molecular Biosciences. 
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Finally, I also compared the role that GNG5 has in progenitors in mouse and human by examining the 

integrity of the apical belt using the β-catenin antibody. In contrast to the results in vitro, in which the 

integrity of the apical belt was affected, in mice, it was mostly comparable between GNG5 OX and 

control. Only 2 out of the 7 analysed embryos presented disruptions of the apical belt, which indicates 

a weaker penetrance of GNG5 in mice compared to human RGs, a reduced fraction of transfected cells 

between COs and mice. I can also be because the brain is a more stable structure and the disruption 

of the apical belt is less likely to happen in mice compared to COs. (Fig 4.16).   

Previous data from the acute downregulation of Dchs1 and Fat4 in mice showed comparable changes 

in the distribution and number of progenitor cells (Cappello et al., 2013). Taken together, a 

comparison of the phenotypes suggests that overexpression of GNG5 and downregulation of DCHS1 

and FAT4 could produce comparable effects both in vivo and in vitro.  

4.2.9 Forced expression of GNG5 affects the distribution of neurons in vivo 3 and 6 days dpe 

One of the reasons behind the expansion and folding of the human cortex is believed to be the 

increased number of progenitors at basal locations. Interestingly, mutant DCHS1 and FAT4 COs contain 

a population of neurons with an altered transcriptome profile in neurons that also show alterations in 

their migratory dynamics (Klaus et al., 2019). Taking all this information into consideration, I examined 

the position of neurons upon overexpression of GNG5 in mouse embryos. I analysed 2 different time 

points (3 and 6 dpe) in which the migration of neurons can be analysed properly (Fig 4.17 and Fig 

Figure 4.16: Acute overexpression of GNG5 induces small changes in the apical belt integrity 3 dpe. 
(A, B) Pictures of the electroporated lateral cortex of mouse brain sections electroporated at E13 and analysed 3 dpe after 
stained with the β-Catenin antibody. The arrow indicates the disrupted apical belt in GNG5 OX. (C’) Representative pictures 
of mouse embryos electroporated at E13 and analysed 3 dpe and stained with the β-Catenin marker. Percentage of embryos 
with alteration in the integrity of the apical membrane. Statistical analysis was based on exact binomial test ****p < 0.0001. 
β-Catenin: Control n=6 and GNG5 OX n=8 brains. Scale bars: (A, B, C’, D’) 30 μm and (C, D) 100 μm.  Abbreviations: CTRL: 
control, dpe: day post electroporation, OX: Overexpression, V: ventricle. Figure adapted from (Ayo-Martin et al., 2020) with 
permission from Frontiers in Molecular Biosciences. 
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4.18). Remarkably, the forced expression of GNG5 induced different neuronal alterations even at 3 

dpe. More concretely, forced expression of GNG5 induced diverse forms of neuronal mispositioning 

(Fig 4.17 A-D) in 62.5% of the analysed embryos (Fig 4.17 E). Among the different neuronal 

phenotypes, we can distinguish: disrupted neuronal layering which was present in 25% of the embryos 

(Fig 4.17 A, B, B’, F); the presence of ectopic neurons at apical locations which was found in 25% of 

embryos and resembles the human PH phenotype (Fig 4.17 A, C, C’, G); and the presence of basally 

located neurons which occurred in 50% of the embryos. These basally located clusters of neurons 

sometimes resembled the formation of a small cobblestone (Fig 4.17 A, D, D’, H). I also performed the 

analysis at a later timepoint (6 dpe) and this confirmed the phenotypes found at 3 dpe (Fig 4.18 A-C). 

Interestingly, the neuronal phenotypes were more visible. For example, the clusters of apically located 

ectopic neurons were more pronounced (Fig 4.18 A-B’). The same happened with basally located 

ectopic neurons which generated formations that could be described as rudimental folds (Fig 4.18 A, 

C, C’). In total, 75% of the embryos had some type of neuronal migratory defect at 6dpe (Fig 4.18 D). 

By Laminin immunohistochemistry, I could also confirm that the basement membrane was not totally 

destroyed, indicating that the formation of the clusters of basally located neurons was a  consequence 

of the overexpression of GNG5 (Fig 4.19). All these results suggest that during the development of the 

mouse cortex, proper expression levels of GNG5 are essential for correct neuronal migration and 

neuronal layering. 
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Figure 4.17: Forced expression of GNG5 promotes migration alterations in mice 3 dpe. 
(A) Pictures of the electroporated lateral cortex of a control mouse brain section electroporated at E13 and analysed 3 dpe 
with a proper neuronal layer marker. (B-D’) Representative pictures of brain sections after GNG5 OX with different neuronal 
migratory alterations: (B, B’) disruption in the neuronal layer; (C, C’) apically located ectopic neurons or (D, D’) basally located 
ectopic neurons. (E-H) Percentage of brains from different embryos with a neuronal migratory alteration 3 dpe. Statistical 
analysis was based on exact binomial test ****p < 0.0001. Scale bars: (B’-D’) 30 μm, (A-D) 100 μm. E13-E16 Control n=6 and 
GNG5 OX n=8 brains. Abbreviations: CTRL: control, dpe: day post electroporation, OX: Overexpression, V: ventricle. Figure 
adapted from (Ayo-Martin et al., 2020) with permission from Frontiers in Molecular Biosciences. 
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Figure 4. 18: Forced expression of GNG5 promotes migration alterations in mice 6 dpe. 
(A) Pictures of the electroporated lateral cortex of a control mouse brain section electroporated at E13 and analysed 6 days 
later with a proper neuronal layer marker. (B-C’) Representative pictures of brain sections after GNG5 OX with different 
neuronal migratory alterations: (B, B’) apically located ectopic neurons or (C, C’) basally located ectopic neurons. (D) 
Percentage of brains from different embryos with a neuronal migratory alteration 6 dpe.  Statistical analysis was based on 
exact binomial test ****p < 0.0001. Scale bars: (B’-C’) and (A-C) 150 μm. E13-E19 Control n=3 and GNG5 OX n=8 brains. 
Abbreviations: CTRL: control, dpe: day post electroporation, OX: Overexpression, V: ventricle.  Figure adapted from (Ayo-
Martin et al., 2020) with permission from Frontiers in Molecular Biosciences. 
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Figure 4.19: Forced expression of GNG5 induces basally located neurons but does not lead to a disruption of the basal 
membrane. 
Pictures of the electroporated lateral cortex of mouse brain sections electroporated with the control or the GNG5 OX plasmid 
at E13 and analysed 3 and 6 dpe. (A, A’) Laminin staining 3 dpe indicates the intact basal membrane in control embryos at 
E13-E16 and (C, C’) at E13-E19. (B, B’, B’’) The forced expression of GNG5 induces the accumulation of basally located ectopic 
neurons, but the basal membrane stays intact in (C, C’) E13-E16 and (D, D’, D’’) only slightly altered at E13-E19. Scale bars: 
(A’, B’, B’’, C’, D’, D’’) 30 μm, (A, B) 100 μm and (C, D) 150 μm.  Abbreviations: CTRL: control, dpe: day post electroporation, 
OX: Overexpression, V: ventricle. Figure adapted from (Ayo-Martin et al., 2020) with permission from Frontiers in Molecular 
Biosciences. 
 
 



  
 

 
 

 

 

 

 

 

 

In Chapter 5, I will show the results of the project: 

Functional characterization of mature FAT4 and DCHS1 mutant cerebral 

organoids and astroglial cells 

 

Part of this project has been done in collaboration with: 

1) Francesco di Matteo and Dr Matthias Eder at the Electrophysiology core facility of the Max 
Planck Institute of Psychiatry who performed the Silicon probe recording and data analysis 

2) Dr Cristiana Cruceanu, Anthi Krontira, Susann Sauer, Maik Ködel and Dr Darina Czamara from the 
group of Dr Prof. Elisabeth Binder who helped me in the preparation of the libraries and analysis 

for the bulk RNA sequencing of the astroglial cells. 
3) Dr Tobias Straub from the Biomedical Center in Munich performed the analysis of the bulk-RNA 

sequencing of PAX6+ and NEUN+ extracted nuclei 
4) Dr Filippo Cernilogar from the Biomedical Center in Munich helped me with the differential 

expression analysis of the astroglial cells 
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CHAPTER 5. FUNCTIONAL CHARACTERIZATION OF MATURE DCHS1 

AND FAT4 MUTANT CEREBRAL ORGANOIDS AND ASTROGLIAL CELLS 

5.1 PERIVENTRICULAR HETEROTOPIA AND SEIZURES 

Patients with Van Maldegem Syndrome suffer from intellectual disability, craniofacial malformations, 

auditory problems, skeletal anomalies, and the presence of ectopic neurons resembling PH-like 

phenotype (Maldergem et al., 2008; Mansour et al., 2012). Mutations in the two protocadherins 

DCHS1 and FAT4 are causative of this syndrome (Cappello et al., 2013). Many patients with any type 

of PH have seizures and epilepsy. It is, indeed, the presence of seizures in patients that precedes the 

MRI-supported diagnosis of PH in many cases (Lerche et al., 2001).  

A seizure is defined as an incorrect neuronal activity in which neurons are hypersynchronized and 

overactive. Epilepsy is defined as the recurrent presence of seizures and it is one of the neurological 

conditions that mostly complicate the daily life of patients and make “normal life” almost impossible 

(Stafstrom and Carmant, 2015). It is therefore essential to understand and investigate the machinery 

that is important to maintain the synchronicity and the right level of neuronal activity for the correct 

function of the brain. 

Interestingly, if we look at our scRNA-seq data from Van Maldergem patient cells, we can detect that 

in the altered cluster of neurons, there are genes essential for synapse formation, axon guidance and 

the generation of ion channels that are differentially regulated in comparison to control cells (Klaus et 

al., 2019) (Fig 5.1). This knowledge on dysregulated genes related with neuronal activity suggests that 

mutations in DCHS1 and FAT4, apart from interfering with the correct neuronal progenitor pool 

preservation and neuronal migration, may also interfere with the maintenance of a correct neuronal 

activity. 

Figure 5.1: scRNA-seq reveals a cluster of neurons with an altered neuronal state. 
Violin plots show the expression levels of some example genes that are upregulated in the altered neuronal population 
(grey) compared with normal neurons (purple) and NPCs (yellow) (adapted from Klaus et al., 2019). Most of these genes are 
important for synapse and circuit formation. Figure adapted from (Klaus et al., 2019). 
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On the one hand, in this project, we have tried to understand if the mutations in these two 

protocadherins could be responsible for the disrupted neuronal activity found in patients with 

mutations in DCHS1 and FAT4. On the other hand, we tried to understand if the use of COs and novel 

techniques for their electrophysiological characterization, could be good systems to study functional 

neuronal activity in a dish. 

For that purpose, we have analysed and characterised mature (more than 8-9 months old) control, 

DCHS1 and FAT4 COs at different levels by looking at different features. These COs contain functional 

neurons with a defined neuronal activity and neurons are found together with other important players 

for proper neuronal functioning such as astroglial cells. 

First, we have examined the transcriptome of mature COs from which we isolated different types of 

nuclei. Second, in collaboration with Dr Matthias Eder and Francesco di Matteo at the MPI of 

Psychiatry, we have established a 3D extracellular recording system (Silicon probes) to study aged COs 

at functional levels. Finally, I have established a protocol to generate astroglia from mature COs. The 

generation of astroglial cells from control and DCHS1 and FAT4 COs has been useful for two different 

aspects of this project. On the one hand, to understand if the astroglial cells in DCHS1 and FAT4 COs 

differ from controls and may, in consequence, contribute to the phenotypes found in these patients. 

On the other hand, the generation of astroglial cells from control and mutant COs is an important 

technology to improve the quality of intracellular electrophysiological recordings, which has not been 

successful in our hands in previous approaches. 

 

 

 



                                                                                                                                                                     Results III 
 

81 
 

5.2 RESULTS

5.2.1 Mature COs contain most of the cell types expected in mature COs and present 

characteristics of functional neurons 

The COs generated with the protocol in this thesis (Lancaster and Knoblich, 2014) can be maintained 

in culture for over a year. However, since very few scientists have examined COs that have been in 

culture for several months, it was important to characterize and look at the cell types present in 

control COs at this stage. Our analysis revealed that COs contain cells that are dividing or in an active 

cell cycle shown by different types of proliferative markers such as KI67. The presence of the 

progenitor markers PAX6, SOX2, NESTIN and TBR2 indicated the presence of aRGs and IPs; and the 

different astroglial markers such as GFAP or S100β indicated the presence of astrocytes (Fig 5.2).  

I also examined the different types of neuronal cells present in control COs at this stage and looked at 

different synaptic markers which could indicate a sign of maturity and network formation. 8-9 months 

old COs presented general neuronal markers such as MAP2, DCX and NEUN at a similar level as they 

do at earlier time points. However, it is important to mention that the organization is lost and that the 

presence of clear GZL and CPL zones disappears with time. COs also presented markers of the different 

neuronal layers: the deep neuronal layer markers TBR1 and CTIP2, as well as the upper neuronal layer 

maker SATB2, could be clearly distinguished (Fig 5.3). 

Figure 5.2: Mature COs contain different progenitor and astroglial markers. 
Representative pictures of COs at 8-9 months. COs contain different markers of proliferating cells, KI67 and makers for 
different types of NPCs: PAX6, SOX2 and NESTIN as markers of aRGs and TBR2 as a maker of IPs. COs also contain astroglia 
cells that can be detected by GFAP and S100β stainings. Scale bars: 50µm. Abbreviations: aRGs: apical radial glial cells; COs: 
cerebral organoids and IPs: intermediate progenitors. 
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 Moreover, aged COs also presented a significant amount of different synaptic markers: presynaptic 

vesicles of excitatory neurons were detected by VGLUT1, VGLUT2, SYNAPSIN1 and SYNAPTOPSHYSIN1 

immunohistochemistry and the postsynaptic vesicles of excitatory neurons were detected by PSD95 

(Fig 5.3). 

Finally, since the COs obtained with this protocol are unpatterned, I also detected the presence of 

inhibitory neurons indicated by the GAD67 marker, as well as the presence of synapses of inhibitory 

neurons detected with the GABAergic marker VGAT (Fig 5.3). 
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Figure 5.3: Mature COs contain different neuronal and synaptic markers. 
Representative pictures of COs at 8-9 months. COs contained both immature and mature neurons, stained by DCX and MAP2. 
Aged COs also presented markers of the different neuronal layer such as deep layer neurons stained by CTIP2 and TBR1, or 
upper layer neurons stained by SATB2. COs also contained more general mature neuronal nuclei markers such as NEUN. A 
sign of maturity in neurons is the presence of pre- and postsynaptic densities. 8-9 months COs contained both presynaptic 
vesicles stained by VGLUT1, VGLUT2, SYNAPSIN1 and SYNAPTOPHYSIN 1 as well as post-synaptic vesicles stained by PSD95. 
Finally, COs also presented a small fraction of inhibitory neurons detected by GAD67 staining, which also contained 
presynaptic vesicles of inhibitory neurons detected by VGAT staining. Scale bars: 50 µm. Abbreviations: COs: cerebral 
organoids. 
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5.2.2 Nuclear extraction protocol and the validation of sorted nuclei by quantitative PCR 

We have already examined the differences between DCHS1 and FAT4 mutant COs at early stages of 

development and we found interesting differences in the transcriptome of the different mutant COs 

(Klaus et al., 2019). Once aged COs were characterized and I detected signs of maturity at 8-9 months, 

we also wanted to examine the transcriptome of control, DCHS1 and FAT4 mutant COs at this later 

time point. Knowing that in early stages of development there are already differences in the 

expression of genes important for synapse formation and axon guidance in a proportion of neurons in 

the mutant COs, we expected these differences to be more significant once COs have reached 

maturity. For that purpose, we designed an experiment that can be visualized in Fig 5.4.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4: Visual summary for the transcriptome analysis of aged COs. 
Control, DCHS1 and FAT4 COs were dissociated, nuclei isolated and PAX6+ and NEUN+ nuclei separated via FACS. The RNA 
from the nuclei was obtained and validated before preparing the samples for RNA sequencing. The obtained sequences were 
analysed with the help of Dr Tobias Straub.   
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I collected COs from control, DCHS1 and FAT4 mutant COs at 4 and 8-9 months, isolated the nuclei 

and sorted into progenitor cells (PAX6+) or neurons (NEUN+). After the RNA extraction, I validated the 

quality and the identity of the 4 months old control COs, by qPCR before continuing with the library 

preparation and RNA sequencing. This step was essential to understand if the protocol for sorting the 

nuclei was correct and powerful enough. The results (Fig 5.5) indicate that indeed this was the case. 

NEUN+ cells showed an increased relative expression of neuronal markers such as NEUN (significant) 

and DCX and TUBB3 (not significant but with a clear tendency), compared to PAX6+ nuclei. On the 

contrary PAX6+ nuclei show and increase expression of PAX6 and NESTIN which are progenitor 

markers. Finally, I also examined the expression of GNG5 and even if not significant its relative 

expression was higher in PAX6+ nuclei compared to NEUN+ as expected due to its high expression in 

progenitor cells (Fig 5.5). 

 

 

 

 

 

 

Figure 5.5: PAX6+ and NEUN+ nuclei present characteristics or progenitor and neuronal cells respectively. 
Real-time qPCR results from control COs at 4 months for the level of expression of PAX6, NEUN, NESTIN, DCX, TUBB3 and 
GNG5. The results are from PAX6+ and NEUN+ FACS selected nuclei. Statistical significance was based on Student's t-test 
*p< 0.05, **p< 0.01. Data are represented as mean ± SEM. For NEUN, NESTIN, and GNG5, 9 COs were examined as biological 
replicates: 5 for PAX6+ nuclei and 4 for NEUN+ nuclei. For PAX6, DCX and TUBB3 10 COs were analyses as biological 
replicates: 5 for PAX6+ nuclei and 5 for NEUN+ nuclei. Abbreviations: COs: cerebral organoids. Part of this data was also 
published in (Di Matteo et al., 2020). 
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5.2.3 Transcriptome analysis of nuclei extracted from mutant DCHS1 and FAT4 aged COs 

Once I validated that the PAX6+ nuclei and NEUN+ nuclei contain characteristics of progenitor and 

neuronal cells respectively we sequence the RNA of 8-9 months old COs-derived nuclei. The 

sequencing results were analysed with the help of Dr Tobias Straub. Preliminary results from NEUN+ 

nuclei, that is, from neurons isolated from DCHS1 and FAT4 mutant COs at 8-9 months showed very 

interesting results. We compared the list of differentially regulated genes from this nuclei to the genes 

that were altered in neurons in the mutant DCHS1 and FAT4 COs at 60 days (Klaus et al., 2019). 

Interestingly, many genes that were dysregulated at that stage were still differentially expressed. At a 

later time point- A GO term analysis carried in STRING.db (Szklarczyk et al., 2017) showed that the 

proteins these genes code for are involved in a different subset of processes essential for proper 

neuronal communication and maturation. On the one side, we see that 19 of these proteins are 

important for neuronal differentiation, 14 are necessary for proper axon development and 8 for 

proper axon guidance among many other processes. On the other side, some proteins are implicated 

in different types of brain disorders such as autism (AUTS2, CNTNAP2) and proper excitatory (SEZ6, 

NPTX1, NSMF) or inhibitory (LAMB5, JAKMIP1) synapse connectivity. All these results confirmed our 

hypothesis that in mutant DCHS1 and FAT4 COs there are neurons with altered neuronal 

differentiation and maturation abilities. Therefore, we focused on establishing a method to study 

neuronal functionally in this in vitro system. 
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Figure 5.6: GO term analysis of proteins differentially regulated in NEUN+ DCHS1 and FAT4 mutant nuclei and in DCHS1 
and FAT4 mutant neurons at 60 days old COs. 
GO term analysis was carried out in STRING.db. Many of the proteins found to be dysregulated in 60 days old neurons from 
DCHS1 and FAT4 mutant COs are still differentially regulated in NEUN+ nuclei from DCHS1 and FAT4 aged COs at 8 months. 
Different colours represent the biological process in which those proteins are involved. (Yellow) neuron differentiation, 
(Pink) nervous system development, (Green) neuron projection development, (Blue) axon development and (Red) axon 
guidance. 
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5.2.4 Aged COs have functional excitatory and inhibitory activity 

Knowing the implication of mutation in DCHS1 and FAT4 in PH and that patients suffering from this 

disorder are affected with seizures and epilepsy it is important to know the possible implication of 

these mutations in the presence of aberrant neuronal activity. Moreover, we know that these two 

mutations affect the expression of genes important for synapse formation. Since COs at 8-9 months 

present characteristics of maturity, we also examined their extracellular activity with the help of Dr 

Matthias Eder and Francesco di Matteo.   

With the use of a Silicon probe (Fig 5.7), it was possible to look at the activity of neurons in different 

areas of control, DCHS1 and FAT4 mutant COs.  

The first thing we examined was the presence of spontaneous neuronal activity (Fig 5.8). We 

confirmed that this activity was real by adding KCl which increased the frequency of that spontaneous 

activity (Fig 5.8 A) and by adding Tetrodotoxin (TTX) a toxin which blocks the sodium channels and 

stops any kind of specific neuronal activity (Fig 5.8 B). Since the mere presence of presynaptic and 

postsynaptic vesicles does not necessarily indicate the existence of functional synapse and proper 

neuronal communication, we also added agonist and antagonist of excitatory and inhibitory 

neurotransmitters. By adding  NMDA, an agonist of NMDA excitatory receptors, we showed a 

reduction of neuronal activity, but when we added the antagonist, D-AP5 the activity came back 

indicating the presence of functional excitatory neurons (Fig 5.8 C). The same happened when we 

Figure 5.7: Silicon probe recording of spike activity in COs. 
(A) Representative photo of a Silicon probe inserted in a COs. Photos are courtesy of Dr Matthias Eder. (B) Representative  
scheme of figure A in which the CO and the Silicon probe can be distinguished. (C) Illustration of the appearance of the 16 
channel acute silicon probe and (C’)  magnified image of the tip of the probe containing the 16 electrodes. Figures B and C 
are  adapted from  Cambridge Neurotech Company´s booklet. 
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added GABA, an agonist of GABA inhibitory receptors and its antagonist Bicuculline, also indicating 

the presence of functional inhibitory neurons (Fig 5.8 D). 

5.2.5 DCHS1 and FAT4 mutant COs present higher frequency of spontaneous activity 

Once the extracellular recordings with the use of the Silicon probes were validated and the presence 

of functional excitatory and inhibitory neurons confirmed we focused on examining the frequency of 

spontaneous activity in control, DCHS1 and FAT4 mutant COs. Interestingly, even if the number of 

spikes recorded in a fixed amount of time (5 minutes) was not different between control and mutant 

COs (Fig 5.9 B, D, F) the percentage of high-frequency spikes (less than 200 milliseconds between each 

spike) was significantly different between control and mutant COs (Fig 5.9 A, C, E). Both DCHS1 and 

FAT4 mutant COs presented and increased the percentage of high-frequency activity. Remarkably, 

when comparing DCHS1 and FAT4 mutant COs we also saw differences in the frequency of spikes, 

DCHS1 mutant COs showed a more active neuronal activity which could indicate a more severe 

phenotype (Fig 5.9 E). 

Figure 5.8: Mature COs contain functional excitatory and inhibitory activity.  
Pharmacological treatment in mature control COs at 8-9 months. COs have functionally active neurons. (A) COs are reactive 
to high levels of KCl and (B) are reactive to the TTX toxin. (C) COs are reactive to the excitatory agonist NMDA and (D) the 
inhibitory agonist GABA. (C) Adding the antagonist of NMDA (D-AP5) and (D) the antagonist of GABA (Bicuculline) inverts the 
activity, suggesting the presence of active excitatory and inhibitory neurons. Figure is a courtesy of Dr Matthias Eder. 
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These results even if preliminary and basic, give us two important conclusions: (a) COs are a valid 

model to study basic functional activity in a 3D system and the silicon probes are a valid tool to 

examine their extracellular activity; and (b) we have detected differences at a functional level between 

control, DCHS1 and FAT4 mutant COs. The increased high-frequency activity could be an indication of 

different neuronal behaviour between mutant and control neurons. These results, of course, need to 

be further investigated to conclude more concrete alterations. Additionally, intracellular recordings of 

DCHS1 and FAT4 mutant COs or neurons will be essential to find the reasons behind the differences 

in the frequency of this spontaneous activity. 

5.2.6 Astroglial cell generation and characterization obtained from aged COs 

In the last part of this project, I focused on the generation of astroglial cells from mature COs. Even if 

many times are forgotten, it is well known that astroglial cells play an important role in neuronal 

communication. Additionally, the presence of astrocytes is essential for the correct maturation of 

neurons and proper intracellular recordings in vitro. That is the reason why I established a protocol to 

generate astroglial cells from mature COs. Most of the protocols for the generation of astrocytes are 

Figure 5.9: Recording of spontaneous activity in mature COs suggest an increased high-frequency activity in DCHS1 and 
FAT4 COs. 
(A) DCHS1 and (C) FAT4 mutant COs contain a higher number of spikes with increased frequency compared to control COs. 
(E) The increase in the frequency is also higher in DCHS1 compared to FAT4 COs. (B, D, F) The total number of spikes is the 
same in control, DCHS1 and FAT4 COs. Statistical significance was based on Mann-Whitney test *p<0.05 and ***p < 0.001. 
CTRL b=1, o=6-8, n=31; DCHS1  b=1, o=6-8, n=31 and FAT4  b=1, o=6-8, n=24 . n= number of records spots in the COs. Data 
are represented as mean ± SEM.  Abbreviations: COs: cerebral organoids; min: minutes; ms: milliseconds; ns: no significant. 
Results obtained by Francesco di Matteo. 
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long and tedious or do not recapitulate all the qualities and characteristics of human astrocytes 

(Dezonne et al., 2017; Krencik et al., 2011; Li et al., 2018; Palm et al., 2015; Pasca et al., 2015; Roybon 

et al., 2013; Shaltouki et al., 2013; Sloan et al., 2017; Zhou et al., 2016). The protocol I established also 

requires the generation of mature COs (over 8 months), however, it is an interesting protocol to use 

when generating COs for experiments that also require long-term cultures such as functional activity 

essays. Moreover, it has also been shown that the astrocytes grown for long-term in a 3D system, are 

one of the most similar to the astrocytes to human mature astrocytes (Sloan et al., 2017). In Fig 5.10 

there is the visual representation for the generation and validation of these astroglial cells. I collected 

control, DCHS1 and FAT4 mutant COs at 8-9 months, dissociated them and plated the cells. After some 

days in culture, the surviving cells presented and astroglial cell morphology which was validated by 

different astroglial markers such as the transcription factors SOX9 and NFIA and the marker S100β (Fig 

(Fig 5.11). Additionally, the lack of MAP2 staining which is a marker for neurons indicated the only 

presence of astroglial cells in these in vitro cultures (Fig 5.11). It is important to mention that the 

astroglial cells generated from mature COs thought this protocol do not express well-known astrocytes 

markers such as GFAP. The reason behind this result, however, could be due to the stage of the cells. 

It is possible that after the dissociation they acquire a less mature identity and express a different set 

of astroglial markers.  

 

 

 

 

 

 

 

 

 

 

Figure 5.10: Visual summary for the characterization of astroglial cells and their transcriptome analysis. 
Control, DCHS1 and FAT4 COs were dissociated, and single cells plate for the generation of astroglial cells. The RNA from the 
nuclei was obtained and the samples prepared for BULK RNA sequencing with the help of Dr Cristiana Cruceanu, Ani Krontira, 
Susann Sauer and Maik Ködel. In parallel astroglial cells were characterized by immunohistochemistry. The obtained 
sequences were analysed with the help of Dr Filippo Cernilogar and Dr Darina Czamara.   
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However, to confirm the identity of the generated cells and also to examine a possible difference in 

the transcriptome of astroglial cells in DCHS1 and FAT4 mutant COs with the help of members from 

the group of Prof. Dr Elisabeth Binder and the help of Dr Filippo Cernilogar we sequence and analyse 

the transcriptome of the cells (Fig 5.11). 

5.2.7    DCHS1 and FAT4 astroglial cells are not very different from controls 

The transcriptome data indicates that the cells mainly expressed genes that are compatible with the 

known genes expressed by astrocytes, bRGs (also known as oRGs) and radial glial cells in general and 

not of early developed neurons (Fig 5.12, A). These data, therefore, confirms the astroglial identity of 

the cells and validates the protocol for future use. 

The results obtained when comparing control, DCHS1 and FAT4 astroglial cells however were not so 

interesting. Very few genes were differentially regulated in DCHS1 and FAT4 mutant astroglial cells (42 

and 14 respectively) (Fig 5.12, B). After examining the genes that were differentially regulated and 

doing a GO term analysis using the STRING.db database, none of them seemed to be part of the same 

pathway, there were no significantly enriched biological processes or cellular component. In addition, 

none of the genes seemed to be important for any processed relevant for the type of research we 

perform, such us, neurogenesis, differentiation, cell migration… (Fig 5.12, C and Fig 5.13). 

Interestingly, when we looked at the expression of DCHS1 and FAT4 in astroglial cells derived from 

COs, the results indicated that the expression of the two protocadherins is very limited (Kanton et al., 

2019). Therefore, the expression of DCHS1 and FAT4 in astroglial cells could be the reason for not 

seeing a big difference in the transcriptome of mutant DCHS1 and FAT4 astroglial cells compared to 

controls or they may not have a specific function in this type of cells. 

In summary in this project, we have characterized 8-9 months COs at different levels. We have found 

differences in the transcriptome and at the functional level of DCHS1 and FAT4 mutant COs compared 

to controls. Finally, we have established a protocol for the generation of astroglial cells which could 

be very useful to further investigate the defective neuronal activity found in mature DCHS1 and FAT4 

mutant COs. 

 

 

 

Figure 5.11: Astroglial cells obtained from mature COs express different astroglial markers. 
Representative pictures of astroglial cells obtained from COs at 8-9 months. Control, DCHS1 and FAT4 astroglial cells express 
different astrocytic markers like SOX9, NFIA and S100β. On the contrary they do not express neuronal markers such as MAP2. 
Scale bars: 50µm. Abbreviations: COs: cerebral organoids. 
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Figure 5.12: Transcriptome analysis of the astroglial cells generated from mature COs. 
(A) The expression level of the most highly expressed genes in control and DCHS1 and FAT4 mutant cells indicate that they 
have characteristics of astrocytes and astroglial cells. 
(B) DCHS1 and FAT4 mutant astroglial cells contain 42 and 14 genes respectively that are differentially regulated from 
controls and 16 genes that are also differentially regulated in DCHS1 and FAT4 mutant astroglial cells together. (C) The list 
of genes that are differentially regulated. Abbreviations: COs: cerebral organoids, oRGs: outer radial glial cell, RG: radial glial 
cell. Analysis done by Dr Filippo Cernilogar. 

oRGs RGs Early neurons Astrocytes 
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Figure 5.13: GO term analysis of DCHS1 and FAT4 mutant astroglial cells. 
(A) Functional enrichment of DCHS1 and (B) FAT4 mutant derived astroglial cells. The list of dysregulated genes both in 
DCHS1 and FAT4 astroglial cells do not show enrichment for any biological process or cellular component. Network analysis 
was performed in STRING.db. 
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CHAPTER 6. DISCUSSION

6.1 GENERAL DISCUSSION 

The development of the human cortex is a very complex process and scientists have been trying for 

decades to understand the machinery that allows it to happen. The function, pathways and 

mechanism of many genes have been completely understood; however, the majority remain elusive. 

I believe there are two major paths we can follow to study and understand the processes of cortical 

formation. On the one hand, we can look at different genes, pathways and mechanisms that have 

been associated and analyse each of the components in depth. On the other hand, we can look at the 

wide variety of known neurodevelopmental disorders and look for the genetic cause behind them. By 

finding the genes that are mutated or dysregulated, we can find key players in corticogenesis. This last 

approach has been the starting point of the thesis. 

I have concretely focused on a neuronal migration disorder, PH, and the genes that have been 

associated with this disorder: GNG5, DCHS1 and FAT4.  Thanks to this tactic it has not only been 

possible to better understand how PH happens and in consequence, increase the future knowledge 

for finding new treatments for this disorder, but it has also been possible to study and understand the 

role of key players in correct cortical development that were not well known before or not so well 

understood. Additionally, thanks to previous studies and collaborative work I have also studied the 

role of DCHS1 in modern human brain evolution.   

This thesis contains new information important for understanding human cortical development from 

three different perspectives: 

1) From an evolutionary point of view: DCHS1, one of the genes found to be mutated in patients 

with PH, has also been shown to be one of the 78 loci that differ between modern humans 

and its last common ancestor with Neanderthals (Green et al., 2010). In Chapter 3 I have 

analysed the alterations that this change from the ancestral form of DCHS1 to the one of 

modern humans may have induced in human brain evolution using COs. 

2) From a developmental point of view: Mutant DCHS1 and FAT4 Cos, which have recapitulated 

some of the features patients with PH have, contain a subset of neurons with an altered 

neuronal state. The gene that is mostly dysregulated in those neurons is GNG5 (Klaus et al., 

2019). In Chapter 4 I have studied the role GNG5 has in neurogenesis and neuronal migration. 

3) From a functional point of view: Patients with PH normally suffer from seizures. Until now it 

has not been possible to study the role that DCHS1 and FAT4, the genes associated with VMS 

and PH, may have in neuronal activity and maturation. In Chapter 5 I have suggested that COs 
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could be a good model to study neuronal functionality in vitro and I have shown preliminary 

results that suggest that DCHS1 and FAT4 are important for proper neuronal communication. 

6.2 UNDERSTANDING HUMAN CORTICAL DEVELOPMENT BY LOOKING AT EVOLUTIONARY 

DIFFERENCES 

In Chapter 3 I have analysed the possible alteration of an amino acid substitution in position 777 of 

DCHS1 protein in modern human brain evolution. Thanks to the full sequence of the Neanderthal 

genome it was possible to find 78 nucleotide substitutions that were fixed in the genome of modern 

humans while Neanderthals kept the ancestral form (Green et al., 2010). Modern DCHS1 was one of 

the few genes that showed a different sequence compared to the ancestral form. Interestingly, 

modern humans are the only primates that contain this amino acid substitution (Fig 3.3). In this 

project, I have therefore tried to understand how just one amino acid change in position 777 of DCHS1 

protein, in which Neanderthals kept the ancestral form and modern humans acquired a new amino 

acid substitution, may have induced important evolutionary changes in modern human’s brain 

development. 

Unfortunately, access to living Neanderthal material is impossible for obvious reasons. However, due 

to the advances in genome edition, as well as in vitro cellular cultures, it is now possible to design cell 

lines with the desired genome alteration, convert it to the desired cell type and grow tissue from 

specific organs. Thanks to this technology and the collaboration with Prof. Dr Svante Pääbo and 

Stephan Riesenberg at the MPI EVA, it has been possible to grow COs with the ancestral DCHS1 protein 

and examine the contribution of the modern human change in brain development. 

It is important to remember that we are studying one of the 78 changes that were found, which is just 

one of the amino acid substitutions. Right now, it is not possible to generate a cell line that contains 

all the amino acid substitutions. Moreover, this is an in vitro system and the information that can be 

obtained is limited. Thus, the changes or alterations found are not conclusive. Additionally, all the 

results explained in the thesis are from 1 iPSCs clone and to make those results stronger, the obtained 

data should be replicated in at least one other clone. However, the results, although difficult to 

interpret, are very interesting and could give us some insights into the role of the modern DCHS1 

compared to its ancestral form.  

6.2.1 D777N COs show small differences in the developmental trajectory 

On the one side, we have seen a total reduction in the number of PAX6+ progenitors in the COs with 

the ancestral form of DCHS1, D777N. The reduction was specific to the width of the GZL areas (Fig 

3.5). However, the length of the apical belt and the number of mitotic cells was the same in control 
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and D777N COs (Fig 3.6 and Fig 3.7). Moreover, the size of the COs was also the same. This set of 

results indicates that the general growing speed and size of D777N COs are the same as controls but 

the size of the GZL is different. It is essential to remember that a CO does not recapitulate a unique 

“brain” or “brain region” but that inside a CO there are different VLs with their corresponding GZL and 

CP that represent independent developing brain areas. Since the COs I have grown are unpatterned, 

different brain regions could develop from them, though there is a general tendency for the formation 

of cortical-like regions identifiable by the progenitor marker PAX6 which stains aRGs. A smaller PAX6+ 

GZL in the D777N COs could indicate a smaller proliferative cortical-like structure. There is no material 

from the last common ancestor between the Neanderthals and modern humans and it is therefore 

very difficult to understand what are the differences that arise that made modern humans and 

Neanderthals so different. However, we can compare material from Neanderthals and modern 

humans to understand the most important evolutionary changes. Reconstruction studies from 

Neanderthal brain differ from one another, but most recent studies did not show a significant 

difference between the total size of the modern human and Neanderthal brain. However, most of the 

studies claim that the shape was different as well as the size of specific regions (Gunz et al., 2012, 

2010; Neubauer et al., 2018; Pereira-Pedro et al., 2020). That is the case of the visual cortex or the 

cerebellum for example (Kochiyama et al., 2018; Pearce et al., 2013). The areas we are interested in, 

that is, the cortex and more concretely, the prefrontal cortex, responsible for the increased 

intellectual, cognitive, emotional and social abilities in humans (Cikili-Uytun, 2018; Fuster, 2002; 

Pirozzi et al., 2018; Roth and Dicke, 2005) has also shown some differences. Even though the general 

size of the frontal lobe does not differ between Neanderthals and modern humans, areas of the 

prefrontal cortex appear to be different (Gunz et al., 2019). For example, the orbitofrontal cortex, 

important for decision making, seems to be smaller (Pearce et al., 2013). If this is true or what this 

means evolutionarily speaking, is complicated to say. Unfortunately, there is no soft tissue that we 

could study to prove that parts of the frontal cortex of Neanderthals were different. All the analyses 

are based on the shape and size of very few endocasts. However, considering the importance of the 

different regions of the prefrontal cortex regarding cognitive abilities, differences in the size or 

morphology of any of the regions would be something interesting to examine. 

The presence of a smaller PAX6+ GZL could also be due to a delayed developmental program. 

Especially when looking at the trajectory of the widening of the PAX6+ GZL over time from 30 to 75 

day (Fig 3.5K), the slope for the D777N COs is more pronounced than the one in controls. Which could 

indicate that while control COs have a stable growing tendency, the growth of the D777N COs is more 

substantial between 30 and 60 days. Besides, there is an increased number of symmetric divisions at 

earlier stages of development of the D777N COs compared to controls measured by the angle of 



Discussion 

102 
 

division of mitotic cells in the telophase stage (Fig 3.8). The spindle orientation has been previously 

used as a guidance to understand which type of division a progenitor is going through. A cell will be 

dividing asymmetrically when the spindle is between 0-60° while in the symmetric division it is 

between 60-90° (Iefremova et al., 2017). However, this type of analysis does not give us information 

regarding the type of symmetric or asymmetric division as they can either be proliferative when the 

mother and at least one of the daughter cells are the same or consumptive when none of the daughter 

cells is the same as the mother cell (Taverna et al., 2014). An increased number of proliferative 

symmetric divisions together with the increased size of the PAX6+ GZL width over time could indicate 

as previously mentioned a delayed developmental program in D777N COs. Interestingly, few 

paleontological studies have hypothesized about delayed development in the brain of Neanderthals 

infants compared to modern humans. By studying the endocast of a juvenile Neanderthal skeleton 

they found that the brain growth was not completed by the time when in modern humans it would 

have been finalised. The difference in the growth length was assumed to be due to energetic 

constraints Neanderthals had to grow a slightly larger body and brain (Rosas et al., 2017).  

However, according to the generally reduced number of PAX6+ progenitors a consumptive division 

could make more sense. This would mean that in D777N COs, PAX6+ progenitors divide symmetrically 

but instead of producing more aRGs they will give raise to IPs. Nevertheless, the reduced number of 

TBR2+ IPs at 30 days in the D777N COs may be in contrast with this hypothesis (Fig 3.9). Unless there 

is a very rapid generation of neurons from these IPs that could be reflected in the increased number 

of SATB2+ cells and reduced number of CTIP2+ in D777N COs, marking upper and deep layer neurons 

respectively (Fig 3.13). An increased number of upper-layer neurons could be reflective of the faster 

developmental program as this type of neurons, colonising the upper cortical layers, are produced 

later in time. Interestingly, it has been shown that in chimpanzees, even if there is no difference in the 

spindle orientation of progenitor cells, there is a reduced proliferative capacity of aRGs (Mora-

Bermúdez et al., 2016).  

It is important to remember that all these are preliminary data and difficult to interpret. Life imaging 

studies would be very useful to understand which type of symmetric division is the one happening in 

D777N COs. Additionally, by studying earlier time points we could also have some insights into the 

speed of the development program in D777N COs. Finally, it would also be interesting to see if there 

are differences in the length of the cell cycle of progenitor cells as it has also been shown that humans 

have a longer prometaphase-metaphase compared to chimpanzees (Mora-Bermúdez et al., 2016).  
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6.2.2 D777N COs show small alterations in neuronal migration 

On the other side, there are also differences in the neuronal population in D777N COs. First, there is 

a general reduction of DCX+ neurons at 60 days (Fig 3.11). DCX is a maker for young neurons, therefore 

these data could indicate a general reduction of the number of neurons expressing this marker or just 

a reduced expression of this protein, due to the reduced number of PAX6+ or the production of more 

mature neurons. Secondly, at 60 days, many neurons seem to have migratory alterations in D777N 

COs. There is an increased number of neuronal processes and cell bodies in the GZL of the D777N COs 

(Fig 3.11). Neuronal migration alterations during cortical development could be due to different 

reasons: (a) alterations in the morphology of RGs or (b) intrinsic neuronal problems (Klaus et al., 2019). 

The correct morphology of the RGs and the intact apical belt in D777N COs indicated that the neuronal 

migration alterations were not due to problems in the scaffold these neurons need to migrate to the 

correct place but due to intrinsic problems (Fig 3.11 and Fig 3.12). The loss of the N-glycosylation could 

be the reason for neurons in modern humans to increase their migratory dynamics as this post-

translational modification is important for neuronal development and neuronal migration (Medina-

Cano et al., 2018; Scott and Panin, 2014). To prove that this is true and how it happens further 

experiments should be performed. By analysing neuronal dynamics, it would be possible to 

understand why these neurons migrate differently: if they are slower, they have differences in 

following a specific trajectory or they are just not able to reach their correct place in the CPL at the 

same time as modern human neurons. Analysing later time points could also allow us to understand 

if the neurons are not able to reach their destination or they just need more time. Additionally, 

proteomic and biochemistry analyses could be useful to study how the loss of the N-glycosylation site 

affects the different migration dynamics. 

Even though many questions remain elusive and data must be replicated, this is one of the first studies 

in which an ancestral form of a protein that differs from modern humans and the last common 

ancestor is studied using COs. Thanks to this type of studies it will be possible to have more 

insights into human brain evolution and cortical development. 

6.3 GNG5, A KEY PLAYER IN CORTICAL DEVELOPMENT? 

In Chapter 4 I have examined the role of GNG5 in the development of the mouse and human cortex. 

After the analysis of scRNA-seq data from DCHS1 and FAT4 mutant patient-derived COs, we found that 

in both types of COs there was a subset of neurons with a different transcriptional expression. Among 

the list of differentially regulated genes, GNG5 was the top one. I, therefore, focused on mimicking 

what we found in DCHS1 and FAT4 mutant COs and if it was possible to recapitulate the phenotype 
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observed with mutations in DCHS1 and FAT4 or with their downregulation in mice and humans. It is 

important to remember that in this project I have only studied one of the dysregulated genes. 

However, many others could be very interesting to study due to their role in axon guidance or synapse 

formation, essential for proper neuronal migration and maturation (Klaus et al., 2019).  

6.3.1 GNG5 controls the numbers of proliferative cells and is necessary for proper neuronal 

migration 

Interestingly, the results indicate that by overexpressing GNG5 we have alterations that resemble the 

phenotypes obtained in mutant DCHS1 and FAT4 COs or after the downregulation of those 2 genes in 

mice and COs. 

On the one hand, the results indicate that in mice GNG5 has a clear role in controlling the number of 

different types of progenitors since after its overexpression we see an increased number of 

proliferative cells. More concretely there is a general increase of IPs and a specific increase of basally 

located Hopx cells+ (Fig 4.14 and Fig 4.15). Moreover, there is also a change in the distribution of 

progenitor cells with an increased number of proliferative cells in higher parts of the cortex 

corresponding to the SVZ and IZ as well as an increased number of bRGs (Fig 4.14 and Fig 4.15). GNG5 

is regulated by transcription factors essential for proper cortical development, for example, PAX6 and 

SOX2 (Lachmann et al., 2010; Matys et al., 2006, 2003). Additionally, it is highly expressed in a different 

type of progenitor cells but with a high incidence in bRGS (Fig 4.2 and Fig4.3). This information made 

us believe that GNG5 is an essential gene in proper neurogenesis. It is therefore not surprising that 

after overexpressing it in mice we see alterations in these types of cells. Moreover, in mouse, the 

presence of bRGs is very reduced and Hopx+ mainly marks aRGs (Penisson et al., 2019; Wang et al., 

2011). The presence of ectopic bRGs in bins corresponding to the SVZ and IZ, an area where there are 

no or very few bRGs in the mouse cortex could indicate that indeed GNG5 is important for the 

generation of this type of “primate enriched” cells. If it does so by switching the state of aRGs to bRGs 

or just increases the proliferative capacity of the very few existing bRGs in the mouse cortex remains 

elusive. 

The increased number of bRGs in primates and specifically in humans is believed to be one of the 

reasons behind the gyrification of the cortex (Fietz et al., 2010; Florio and Huttner, 2014; Kelava et al., 

2012; Penisson et al., 2019). Interestingly, acute overexpression of GNG5 3 dpe induces migratory 

alterations in mice (Fig 4. 17) and more concretely few of the brains show an increased number of 

basally located ectopic neurons which increases over time (at 6 dpe) (Fig 4.18 and 4.19). Those basally 

located ectopic neurons have the form of a very small fold or cobblestone-like formations. The 

increased number of bRGs produced after the overexpression of GNG5 may be responsible for the 

generation of those “folds” or cobblestones. It is not the first time that a gene that is enriched in 
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human bRGs induces these types of phenotypes. That is the case of ARHGAP11B, a gene that appears 

uniquely in humans after a partial duplication of the gene ARHGAP11A, it has a radial glial specific 

signature and its overexpression induces not only an increased amount of bRGs but also expands the 

mouse cortex and induces its gyrification (Florio et al., 2015). 

On the other side, the data obtained from COs also indicates that acute overexpression of GNG5 in 

human induces neuronal migration defects (Fig 4.6 and 4.7) that may be induced by premature 

delamination of the RG observed by the disrupted apical belt upon GNG5 overexpression (Fig 4.8). 

Another reason for the neuronal migration defects found both in mice and COs could be due to the 

defective RG morphology (Fig 4.5 and 4.11). It has been previously stated that an alteration in the 

scaffold for the neurons to migrate to the CP, could induce migratory defects in these cells (Cappello 

et al., 2006; Klaus et al., 2019).  

In contrast to the data obtained in mouse, in COs there was no significant change in the number of 

different types of progenitor cells (Fig 4.9). This could be due to a species-specific difference as we 

have also observed with the phenotypes obtained after the downregulation of Dchs1 and Fat4 in mice 

and the phenotype of mutant DCHS1 and FAT4 COs (Cappello et al., 2013; Klaus et al., 2019). After the 

acute overexpression of GNG5 in mice, the downregulation of Dchs1 and Fat4 induces a change in the 

number and distribution of progenitors (Cappello et al., 2013). In mutant COs, on the contrary, there 

is a population of neurons with an altered neuronal migration dynamic and those are the cells that 

highly expressed GNG5 (Klaus et al., 2019). 

6.3.2 Hypothesis on the pathways GNG5 is involved  

These data indicate that GNG5, DCHS1 and FAT4 may be part of the same pathways or somehow 

interconnected as the phenotypes obtained both in mice and humans are very similar. Unfortunately, 

I have not been able to find the answer to how these 3 genes are related. But it is possible to formulate 

different hypotheses on how they could be interconnected. 

GNG5 is highly expressed in mitochondria (MitoCarta). One of our first hypothesis was that any 

alteration in genes that are important for cell metabolism could be behind the neuronal defects found 

in the mutant COs. Even if the brain is only 2% of the entire body weight it consumes 20% of the 

produced energy. In consequence, cell metabolism must be perfectly regulated in the different brain 

cells to obtain the required energy (Harris et al., 2012; Rolfe and Brown, 1997). The lack of energy that 

could be produced after defective mitochondrial functioning could be behind the slow migration 

found in the altered cluster of cells in DCHS1 and FAT4 mutant COs. Interestingly, the atypical cadherin 

Fat in Drosophila, that is the homologue of FAT4 in mammals, has been shown to have an important 

regulatory role in this subcellular compartment (Sing et al., 2014). The information not only shows the 
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possible role of GNG5 in cell metabolism but also indicates a possible connection between those two 

proteins (Ayo-Martin et al., 2020). GNG5 is not the only gene that is highly expressed in bRGs to be 

found in mitochondria. ARHGAP11B, is also found in this subcellular organelle and as I explained 

before is essential for correct human brain development (Namba et al., 2020). . Additionally, it has 

been shown that mitochondria play a very important role in correct cortical development and cell fate 

decision (Iwata et al., 2020). 

Another question that I was not able to answer is via which mechanism or pathway is GNG5 

functioning. As explained in the introduction of this thesis, for the subunit βγ to be released and 

function in a different type of pathway, it is necessary that a ligand binds to a GPCRs (Gilman, 1987; 

McCudden et al., 2005). Unfortunately, until now it is not very clear to which GPCRs GNG5 is linked. 

Interestingly, when looking at the list of differentially regulated genes in DCHS1 and FAT4 COs, it was 

possible to distinguish a few candidates that are part of the G-protein family and could be related to 

GNG5 (Ayo-Martin et al., 2020; Klaus et al., 2019). 

One of those genes is the G protein-coupled receptor 56 (GPR56 or ADGRG1). Mutations in this gene 

in humans induce bilateral frontoparietal polymicrogyria with phenotypic features of cobblestone-like 

lissencephaly (Bahi-Buisson et al., 2010). These patients suffer from seizures. In mice mutations in the 

gene produce cobblestone-like formations due to an increased proliferative capacity of NPCs and an 

over migration that induces the disruption of the pia membrane (Bae et al., 2014; Li et al., 2008).  

Another gene that is highly upregulated and concretely is part of the genes that were used to 

distinguish the altered population of neurons is the Endothelin receptor B (EDNRB) (Klaus et al., 2019) 

and it has an important role in the cerebellum controlling the proper proliferation of NPCs (Vidovic et 

al., 2008). ECE2 which has recently been shown to be essential for neuronal migration and progenitor 

proliferation during cortical development is necessary for the generation of biologically active EDNRB 

ligands. Manipulation of ECE2 induces cell fate alterations and neuronal mispositioning as well as 

premature cell delamination similar to what we see after the overexpression of GNG5 in mice and COs 

(Buchsbaum et al., 2020).   

Finally, as observed in most of the results and especially in the mouse data, most of the ectopic, 

altered or disrupted cells are GFP- which implies a possible cell non-autonomous role of GNG5. That 

GNG5 is being secreted and plays a role extracellularly could be one of the explanations for the 

phenotypes observed. This is a very important observation as until now there are no studies on the 

possible role GNG5 may have in intercellular communication. However, some proteomic analyses (also 

performed in the lab)  have shown that GNG5 is being secreted through exosomes. Not only GNG5 

but also DCHS1, FAT4 and GPR56 are secreted in this type of vesicles (Sharma et al., 2019). This means 
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that all these proteins may have an important role in cell to cell communication. The fact that the 

phenotypes observed after mutations or dysregulation of these genes are similar made us believe that 

they are part of similar secretory pathways. Understanding how all these proteins play a role through 

exosomes and modulate neurogenesis could help us answer the question on the pathways in which 

GNG5 is involved (Ayo-Martin et al., 2020). 

In summary,  in this project presented in Chapter 4, apart from studying the role of GNG5 in human 

and mouse cortical development I have validated a previous study in which this project is based on 

(Klaus et al., 2019). I have proven that GNG5, the top dysregulated gene in the altered population of 

neurons in DCHS1 and FAT4 COs is a good candidate and could be responsible for the phenotype found 

in the COs of patients with VMS. 

6.4 STUDYING NEURONAL FUNCTIONALITY USING COS AS A MODEL SYSTEM  

The project presented in Chapter 5 has been a collaborative project. Thanks to the expertise in 

different areas of the people involved we have been able to characterize 8-9 month-old COs from 

different perspectives. Additionally, I have been able to establish a protocol to generate astroglia cells 

from those COs. 

6.4.1    COs are a good in vitro system to study neuronal functionality 

The generation of COs and their use in the study of corticogenesis and cortical malformations is a 

relatively new technology, which was firstly published in 2013 (Lancaster et al., 2013; Lancaster and 

Knoblich, 2014). It is therefore essential to better understand the limits of this technology and to 

implement new techniques that could be used on them to understand different aspects of cortical 

development. 

It is well known that many patients with different cortical malformations suffer from seizures and 

epilepsy (Pang et al., 2008). A seizure is defined as a failure in proper neuronal communication, 

characterized by a  hypersynchronous neuronal activity. Epilepsy is the condition where there are 

recurrent seizures (Stafstrom and Carmant, 2015). To study how this hypersynchronous activity 

happens as a consequence of malformations during the development of the cortex it is important to 

have good model systems. Animal models (Kandratavicius et al., 2014) and different in vitro systems 

such as the use of primary cultures (Dichter and Pollard, 2006) and organotypic slices (Wong, 2011) 

derived from animals have widely increased our knowledge in proper neuronal communication and 

functionality. The use of iPSCs and genome editing techniques have also contributed to a better 

understanding of specific disorders and the contribution of specific genes important for proper 

neuronal functionality (Hirose et al., 2020). However, new and better model systems are needed. COs 
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are a good alternative as they allow us to study the function of specific genes in a 3D system 

recapitulating some aspect of human brain development. Nevertheless, even if many studies have 

shown their usefulness for studying cortical malformations from a morphological and structural point 

of view, very few studies have shown their utility as a good model to study malformation of the cortex 

and their associated conditions such as epilepsy from a functional perspective. One of the very first 

studies in which they studied COs from a functional point of view was performed by the group of Paola 

Arlotta in 2017 where they grew retina-like brain organoids and performed extracellular recordings 

using a Silicon Probe. They found that the neurons were not only functional but also reactive to light 

(Quadrato et al., 2017). Another study by the group of Alysson Muotri also recorded functional activity 

in long term cultured COs using a multielectrode array system (MEA) (Trujillo et al., 2019). However, 

this system has been mainly established to study functionality in 2D in vitro systems and the benefits 

of having a 3D system are lost. The group of Sergiu Pașca developed patch-clamp recording techniques 

in slices of another 3D culture system, brain spheroids (Pasca et al., 2015). The group of Bennet 

Novitch also recorder neuronal activity in acute slices of 3 months old COs (Watanabe et al., 2017).  

Finally, the group of Guo Li Ming also recorder functional neuronal activity in acute slices of 80 days 

old COs grown in the so-called, mini reactors (Qian et al., 2016). Not only is the number of studies in 

which the neuronal maturity of COs is analysis reduced, but the studies in which patient-derived COs 

are used is almost inexistent to date. Moreover, from the studies explained above only one of them 

took advantage of studying the neuronal activity in an intact 3D system. For this reason, we believed 

it was essential to validate our in vitro system at different levels and probe that they are appropriate 

for functional studies. That is what we have done in the first part of the project explained in Chapter 

5. 

On the one side, we could confirm that COs grown for over 8 months in culture contain all the essential 

elements for proper neuronal functioning: progenitors, astrocytes, excitatory and inhibitory neurons 

and more importantly, pre- and post-synaptic excitatory and inhibitory vesicles, elements essential for 

proper neuronal communication and network formation (Fig 5.2 and Fig 5.3). On the other side, we 

confirmed the presence of spontaneous and functional neuronal activity  (Fig 5.7) as well as the 

existence of functional excitatory and inhibitory receptors (Fig 5.8).  

But what makes our project so unique is that for the very first time, we have recorded neuronal activity 

in patient-derived COs with a neurodevelopmental disorder, more concretely, in COs carrying 

mutation in DCHS1 or FAT4. As previously described, these COs contain an altered neuronal population 

with a subset of dysregulated genes among which we can find important players in axon guidance and 

synapse formation (Klaus et al., 2019) (Fig 5.1). Interestingly, we found differences in the number of 

high-frequency spikes over time both in DCHS1 and FAT4 COs compared to control (Fig 5.9). These 
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results are very preliminary data but give us two important take-home messages. Firstly, that COs 

cultured for a long period are very valid in vitro system to study neuronal activity for healthy and 

patient-derived iPSCs in a 3D system. Secondly, there are important functional differences in DCHS1 

and FAT4 mutant COs.  

Nevertheless, there are still many questions to be answered and experiments that could be performed 

to increase the knowledge on the usefulness of COs as an in vitro model to study functional neuronal 

activity and network formation. Moreover, more experiments should be performed to detect the 

reason behind the functional alterations in DCHS1 a FAT4 mutant COs. On the one side, we did not 

perform any pharmacological treatment in DCHS1 and FAT4 mutant COs while recording their activity. 

This type of experiments will give us more insights into which kind of activity is disrupted and which 

type of receptors are involved. On the other side, with the Silicon Probes, we are only looking at the 

extracellular activity. However, it would be very useful to establish patch-clamp techniques to record 

intracellular activity in our COs to also analyse the intrinsic properties of neurons grown in a 3D 

structure and have a full overview on the functional alteration in DCHS1 and FAT4 mutant COs. The 

group of Sergiu Pașca also developed techniques to dissociated brain spheroids as well as COs to 

performed patch-clamp to study the neuronal activity from COs. They used this technology to study 

neuronal activity from patients COs with the 22q11.2 deletion syndrome (22q11DS), causative of 

neuropsychiatric disorders (Khan et al., 2020). Similarly, in the lab, we have developed a protocol to 

grow neurons from COs in a monolayer with the idea of performing patch-clamp in them. Francesco 

di Matteo, a PhD student in the lab, is establishing this technique which would be a perfect 

complementary data to the extracellular recording already performed. A combination of 

pharmacology, extracellular and intracellular recordings will give us all the necessary information to 

understand which are the possible defects in DCHS1 and FAT4 mutant mature neurons. Additionally, 

we are also differentiation neurons from DCHS1 and FAT4 mutant NPCs, that is, a 2D system.  By 

comparing the results obtained from the 2D and 3D systems we could have a better overview on the 

advantages of COs in disease modelling from a functional perspective as COs recapitulate better 

aspects of human brain development in vivo.  Furthermore, as it has recently been shown, COs could 

also be transplanted in the mouse developing brain (Daviaud et al., 2018; Mansour et al., 2018). By 

doing so, COs could grow in a real environment with a proper vascular and immune system. It would 

therefore be possible to study human to human neuronal connectivity inside the COs in an in vivo 

system.   

Finally, the question if the difference in neuronal activity in the mutant COs is caused by the altered 

population of neurons remains elusive.  To be able to study the altered population of neurons we 

should be able to identify them in the COs and record their activity. One way to assess this question 
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could be by using one of the dysregulated genes that is found in the cell membrane such as ROBO3. 

ROBO3 is a transmembrane receptor important for commissural axon guidance (Friocourt and 

Chédotal, 2017). While ”normal” neurons do not express this receptor, the altered population of 

neurons does. Being a receptor, it would be easy to select the neurons that express it and in 

consequence, we could detect the altered population of neurons, label them and possibly record their 

intracellular activity.  

6.4.2    The establishment of new technology to study the transcriptome of aged COs 

Combining the recording and analysis of the functional neuronal activity of COs kept in culture for a 

long term with scRNA-seq data would be the perfect approach to have a full overview of the reason 

behind the pathology of any given neurological disorder in which there are alterations in neuronal 

activity, function and/or communication. Unfortunately, scRNA-seq may not be the most optimal 

technique due to its high cost and the actual difficulties of getting the proper material to perform this 

technique in aged COs (over 8-9 months). After keeping COs in culture for a very long period, the tissue 

is tight and getting single-cells sometimes is complicated. In Chapter 5 I have developed a protocol for 

the isolation of neuronal (NEUN+) and progenitor (PAX6+) nuclei in COs adapted from (Krishnaswami 

et al., 2016) (Fig 5.4). By following this protocol, it is possible to isolate both neurons and progenitors 

from long-term cultured COs which can then be analysed as desired. We verified the suitability of the 

protocol by real-time qPCR confirming the high level of expression of NEUN and PAX6 in isolated 

neurons and progenitors respectively (Fig 5.5).  

The preliminary data from the Bulk RNA sequencing of the neurons and progenitors from aged DCHS1 

and FAT4 mutant COs gave us more insights into the possible alterations behind the phenotype found 

in patients with VMS from a functional perspective. Similarly to the neurons from DCHS1 and FAT4 

mutant COs at 60 days (Klaus et al., 2019), aged DCHS1 and FAT4 mutant neurons (NEUN+) still contain 

some of the same dysregulated genes essential for proper neuronal differentiation (BCL11B, TBR1, 

CNTNAP2, SOX11…), axon development (EPHA5, FLRT2, EPBA1L3…) or axon guidance (FLRT2, UNC5A, 

FEZF1…), processes essential for proper neuronal maturation and connectivity (Fig 5.6). By looking 

closer to specific genes, we distinguished some that may be interesting for further study. That is the 

case of SE6Z which has been associated with febrile seizures and is necessary for the proper cell to cell 

signalling and arborization of cortical neuron dendrites as well as their proper excitability (Gunnersen 

et al., 2007; Mulley et al., 2011). LAMP5 is another interesting gene, essential for proper GABAergic 

synaptic transmission (Tiveron et al., 2016). Another interesting gene is CNTNAP2 which is necessary 

for cell to cell interaction in the nervous system.  It has been associated with different developmental 

disorders such as autism or intellectual disability (Rodenas-Cuadrado et al., 2014). Mouse models of 

KO models of Cntnap2 suffer from epilepsy and neuronal migration problems (Peñagarikano et al., 
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2011). These are just some of the examples we could look at. By combining a further analysis of the 

dysregulated genes with proper functional studies it would be possible to shed light into the complete 

mechanisms and pathways that are disrupted in DCHS1 and FAT4 mutant COs and better understand 

the reason behind the malformation of the cortex in those patients. 

6.4.3   Generation of astrocytes from aged COs 

Astrocytes are a type of glial cells, one of the types of non-neuronal cells that populate the brain. Even 

if until now there is no clear data on the real amount of these cells populating the human brain, it has 

been clearly stated that they are essential for proper neuronal communication (Durkee and Araque, 

2019). 

The implementation of astrocytes in neuronal cultures to improve the quality of the neuronal 

recordings has been widely used in the past, however, most of the neuronal in vitro cultures were 

enriched with mouse or rat derived primary cultures of astrocytes (Sofie et al., 2012). This technique 

may not be the most appropriate one due to the species-specific differences. Many scientists have 

therefore tried to generate astrocytes from hESC or iPSCs. Most of the protocols are long and tedious, 

it takes between 2 to 6 months to get a mature astrocytic culture, and relies on the generation of 

progenitor cells for a further differentiation to astrocytes (Krencik et al., 2011; Palm et al., 2015; 

Roybon et al., 2013; Shaltouki et al., 2013). Fortunately, in recent years, scientists have developed 

protocols in which astrocytes can be obtained in up to 30 days (Emdad et al., 2012; Mormone et al., 

2014; Zhou et al., 2016). However, those astrocytes have not been so well characterized and the 

quality regarding improving neuronal communication remains in most of the cases elusive. Other 

scientists have tried to accelerate the natural process of astrocyte generation by the expression of 

specific transcription factors (Li et al., 2018). Even if the quality and the function of these astrocytes 

has been properly validated, adding artificial factors for a certain type of experiments may not be 

ideal. Additionally, thanks to the development of 3D in vitro cultures such as the generation of 

spheroids or brain organoids, and the presence of astrocytes in these structures later during 

development, some researchers have also isolated and characterized astrocytes from these 

structures. In the case of brain spheroids astrocytes have been isolated at 17-20 months (Pasca et al., 

2015; Sloan et al., 2017) while from COs at 45 days (Dezonne et al., 2017).  Even though in both cases 

astrocytes showed signs of functionality and the expression of characteristic markers, it has been 

shown that by keeping astrocytes in culture over time they transition to a more mature state (Sloan 

et al., 2017). 
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In this Chapter 5, I have established a very similar and quick protocol to the one from Dezonne et al., 

2017, but for the generation of astroglial cells from 8-9 month-old COs to obtain a more mature state 

of these cells (Fig 5.10).  

Even though the astrocytes generated with this protocol have not been fully characterized in terms of 

improving the quality of neuronal activity and maturity, we have been able to show some 

characteristics that could make them good candidates for proper neuronal-astrocyte coculture. 

Immunostaining analysis indicates that they express astrocytic markers such as S100β, NFIA or SOX9 

and do not express neuronal marker such as MAP2 (Fig 5.11). Moreover, the differential gene 

expression analysis performed in control astroglial cells indicates that they mainly express markers of 

astroglial identity (Fig 5.12). 

Nevertheless, to claim that the astroglial cells generated from aged COs are functional more 

experiments should be performed. On the one hand, it is important to see if the co-culture of neurons 

with these astroglial cells improves the quality of the neuronal activity recordings. On the other hand, 

it is important to understand the maturity level of these astroglial cells. Even though they were grown 

for over 8 months in a 3D system, we do not know how the dissociation and replanting of the cells 

affected their maturity.  

Finally, since our final aim is always to study the healthy and disease brain and look for possible 

dysregulated pathways with a final aim of understanding better brain development and maturation, 

we also analysed the astroglial cells derived from mutant DCHS1 and FAT4 COs. Unfortunately, and 

possibly due to the low expression of these two genes in astroglial cells (Kanton et al., 2019) we did 

not find any remarkable difference after the differential expression analysis (Fig 5.13).   

6.5 CONCLUSIONS AND FUTURE PERSPECTIVES  

This thesis contains the results of three different projects that are interconnected. All the three 

projects are based on previous studies carried out in the lab where mutations in the two 

protocadherins, DCHS1 and FAT4 have been associated with PH, a malformation of the cortex 

characterized by the failure of neurons to migrate (Cappello et al., 2013).  

In Chapter 3 I have investigated the role of DCHS1 in human brain evolution by studying D777N COs, 

that contain the ancient form of the protein. The unique amino acid change seems to have been 

important for the generation of the proper number of apical progenitors and may have induced a 

change in neuronal migration. The role of DCHS1 and FAT4 in proper progenitor pool maintenance 

and neuronal migration were previously shown (Cappello et al., 2013; Klaus et al., 2019).   

Interestingly, in COs derived from patient iPSCs with mutations in DCHS1 and FAT4, it was possible to 
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identify a cluster of neurons with an altered neuronal state (Klaus et al., 2019). One of the signatures 

of these neurons was the upregulation of the progenitor marker GNG5. In Chapter 4 I have shown 

that remarkably, the acute upregulation of GNG5 also induces differences in the numbers of 

progenitors in mice and controls proper neuronal migration in mice and human. Taken together this 

data indicates that GNG5, DCHS1 and FAT4 may be part of the same pathway. Finally, in Chapter 5, 

apart from confirming the appropriateness of COs as a good in vitro model system for the study of 

neuronal activity, we have proved that mutations in DCHS1 and FAT4 induce neuronal activity changes. 

Futures studies will try to understand how a unique amino acid change has induced the changes found 

in D777N COs. How the upregulation of GNG5 induces similar results to the downregulation and or 

mutations of DCHS1 and FAT4, may induce similar phenotypes and via which pathways and 

mechanism they are connected. Finally, how mutations in DCHS1 and FAT4 induce neuronal activity 

differences. 

Even if many questions remain indefinable, that is the beauty of science. Trying to answer a question 

many others arise, however, I strongly believe that any small discovery is an open door for others to 

continue investigating, with a final aim of better understanding how the brain develops, how different 

disorders arise so to find better treatments and increase our quality of life. 
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CHAPTER 7: MATERIALS AND METHODS 

7.1 TABLES FOR MATERIALS AND METHODS 

Table 1: List of all the general components used in this thesis. 

Compound Catalogue # Vendor 
100 μm cell strainer  352360 Corning®, New York, USA 
5-bromo-2'-deoxyuridine (BrdU) B5002 Sigma Aldrich, St. Louis, MO, USA  
AMPure XP beads  A63881 Beckman Coulter, California, USA 
Aqua-Poly/Mount 18606-20 PolyScience, Illinois, USA 
BD round bottom polystyrene test tubes with cell 
strainer snap cap 352235 Corning®, New York, USA 

Boric acid (H3BO3) 6943.1 Carl Roth, Karlsruhe, Germany 
Bovine serum albumin (BSA) A4503-50G Sigma Aldrich, St. Louis, MO, USA  
Chloroform 102445 Millipore, Massachusetts, USA 
microTUBE AFA Fiber Pre-Slit Snap-Cap 6x16mm 520045 Covaris, Chicago, USA 

DH5 α subcloning efficiency competent  bacteria 18265017 Thermo Fisher Scientific, 
Waltham, MA, USA 

Dithiothreitol (DTT) D0632 Sigma Aldrich, St. Louis, MO, USA  
DNase I (RNAase free) M0303 NEB, Massachusetts, USA 
Ethanol (C2H5OH) 5054.3 Carl Roth, Karlsruhe, Germany 
Fast Green FCF F7252 Sigma Aldrich, St. Louis, MO, USA 

Glass Micro pipets  5-000-
1001-X10 

Drummond Scientific, Broomall, 
PA, USA 

Hydrochloric acid (HCl) 20 252 290 VWR chemicals, Radnor, PA, USA 
Magnesium chloride (MgCl2) HN03.1 Carl Roth, Karlsruhe, Germany 
Monopotassium phosphate (KH2PO4) 3904.1 Carl Roth, Karlsruhe, Germany 
Normal goat serum (NGS) S-1000 Vector Laboratories, CA, USA 
OCT Compound  361603E VWR chemicals, Radnor, PA, USA 
Paraformaldehyde (PFA) 30525-89-4 Millipore, Massachusetts, USA 
Potassium chloride (KCl) 6781.3 Carl Roth, Karlsruhe, Germany 
Protease Inhibitor Cocktail  P2714 Sigma Aldrich, St. Louis, MO, USA 
QIAzol® Lysis Reagent  79306 Qiagen, Hilden, Germany 

Random primers  481900-11 Thermo Fisher Scientific, 
Waltham, MA, USA 

Murine RNase inhibitor (RNAse IN)  M0314 NEB, Massachusetts, USA 

Recombinant restriction enzymes: NheI & EcoRV R0131 & 
R0195 NEB, Massachusetts, USA 

Sodium chloride (NaCl) 3957.1 Carl Roth, Karlsruhe, Germany 
Sodium citrate tribasic dihydrate (C6H5Na3O7 · 2 
H2O) 4088.1 Carl Roth, Karlsruhe, Germany 

Sodium phosphate dibasic (Na2HPO4) 10049-21-5 Millipore, Massachusetts, USA 
Sucrose (C12H22O11) S7903-1KG Sigma Aldrich, St. Louis, MO, USA  
Tris (C4H11NO3) 4855.2 Carl Roth, Karlsruhe, Germany 
Triton ® X 100 3051.1 Carl Roth, Karlsruhe, Germany 
Tween® 20 9127.1 Carl Roth, Karlsruhe, Germany 
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Table 2: List of all the cell culture components used in this thesis. 

 

 

 

 

 

Compound Catalogue # Vendor 

2-Mercaptoethanol (50 mM) 31350010 Thermo Fisher Scientific, Waltham, MA, 
USA 

Accutase® solution A6964 Sigma Aldrich, St. Louis, MO, USA 
Antibiotic Antimycotic Solution (100X) A5955 Sigma Aldrich, St. Louis, MO, USA 

B-27™ Supplement (50X) 17504044 Thermo Fisher Scientific, Waltham, MA, 
USA 

B-27™ Supplement (50X), minus 
vitamin A 12587010 Thermo Fisher Scientific, Waltham, MA, 

USA 
basic fibroblast growth factor (bFGF) 100-18B Peprotech, Rocky Hill, NJ, USA 
DMEM/F-12, HEPES 11330032 Sigma Aldrich, St. Louis, MO, USA 

DMEM/F-12+GlutaMAX™ Supplement 10565018 Thermo Fisher Scientific, Waltham, MA, 
USA 

Dimethyl Sulfoxide (DMSO) D2650 Sigma Aldrich, St. Louis, MO, USA 
Dulbecco’s Phosphate Buffered Saline 
(DPBS) D8537 Sigma Aldrich, St. Louis, MO, USA 

GlutaMAX™ Supplement 35050061 Thermo Fisher Scientific, Waltham, MA, 
USA 

Heparin H3149 Thermo Fisher Scientific, Waltham, MA, 
USA 

hESC-quality Fetal Bovine Serum (FBS) 10270106 Thermo Fisher Scientific, Waltham, MA, 
USA 

Insulin I9278 Sigma Aldrich, St. Louis, MO, USA 

KnockOut™ Serum Replacement 10828028 Thermo Fisher Scientific, Waltham, MA, 
USA 

Matrigel® Basement Membrane Matrix, 
LDEV-free 354234 Corning®, New York, USA 

MEM Non-Essential Amino Acids 
Solution (100X) 11140035 Thermo Fisher Scientific, Waltham, MA, 

USA 

mTESR1 medium and supplement 85850 Stem Cell Technologies, Vancouver, 
Canada 

N2™-Supplement (100X) 17502048 Thermo Fisher Scientific, Waltham, MA, 
USA 

Neurobasal™ Medium 21103049 Thermo Fisher Scientific, Waltham, MA, 
USA 

Rock inhibitor Y-27632(2HCl) 72304 Stem Cell Technologies, Vancouver, 
Canada 

0.5% trypsin-EDTA no phenol red 15400054 Thermo Fisher Scientific, Waltham, MA, 
USA 

Round bottom Ultra-Low Attachment 
24-Well Plates CLS3473 Corning®, New York, USA 

Ultra-Low Attachment 96-Well Plates CLS7007 Corning®, New York, USA 
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Table 3: List of all the antibodies used for immunostaining in this thesis. 

 

Antigen Dilution Species Vendor Catalogue # 
Alexa Fluor® 
secondary antibodies 

1:1000 Many Thermo Fisher Scientific, Waltham, 
MA, USA 

Different #s 

CTIP2 1:500 Rat Abcam, Cambridge, UK AB18465 
4,6-diamidino-2 
phenylindole (DAPI)  

1:1000 - Sigma Aldrich, St. Louis, MO, USA D9542 

DCX 1:2000 Guinea P. Millipore, Massachusetts, USA AB2253 
GAD67 1:800 Mouse Millipore, Massachusetts, USA MAB5406 
GFAP 1:500 Rabbit Dako, Agilent Technologies, 

California, USA 
Z0334 

GFP 1:1000 Chicken Aves Lab, Oregon, USA GFP-1020 
Isotype control  1:200 Rabbit Abcam, Cambridge, UK 27478 
KI67 (1) 1:500 Mouse Dako, Agilent Technologies, 

California, USA 
M7248 

KI67 (2) 1:500 Rabbit Abcam, Cambridge, UK AB15580 
LAMININ 1:500 Rabbit Millipore, Massachusetts, USA AB2034 
MAP2 1:500 Mouse Sigma Aldrich, St. Louis, MO, USA M4403 
NESTIN 1:200 Mouse Millipore, Massachusetts, USA MAB5326 
NEUN 1:500 Mouse Millipore, Massachusetts, USA MAB377 
NFIA 1:500 Rabbit Novus Biologicals, Colorado, USA NBP1-81406 
PAX6 (1) (human) 1:500 Rabbit BioLegend, California, USA PRB-278p 
PAX6 (2) (mouse) 1:500 Rabbit Millipore, Massachusetts, USA AB2237 
PH3 1:500 Rabbit Millipore, Massachusetts, USA 6570 
PHALLOIDIN 
(Conjugated-546) 

1:40 - Thermo Fisher Scientific, Waltham, 
MA, USA 

A12381 

PSD95 1:200 Rabbit Thermo Fisher Scientific, Waltham, 
MA, USA 

516900 

PVIMENTIN 1:2000 Mouse Abcam, Cambridge, UK ab22651 
S100β 1:250 Mouse Millipore, Massachusetts, USA S2532 
SATB2 1:500 Mouse Abcam, Cambridge, UK AB51502 
SOX2 1:500 Rabbit Cell Signalling, Massachusetts, USA 2748 
SOX9 1:500 Rabbit Millipore, Massachusetts, USA AB5535 
SYNAPSIN1 1:500 Mouse Synaptic Systems, Göttingen, 

Germany 
106 001 

SYNAPTOPHYSIN1 1:200 Rabbit  Millipore, Massachusetts, USA AB9272 
TBR1 1:500 Rabbit Abcam, Cambridge, UK AB31940 
TBR2 1:500 Rabbit Abcam, Cambridge, UK AB23345 
VGAT 1:500 Mouse Synaptic Systems, Göttingen, 

Germany 
131011 

VGLUT1 1:500 Rabbit Synaptic Systems, Göttingen, 
Germany 

135303 

VGLUT2 1:500 Rabbit Synaptic Systems, Göttingen, 
Germany 

135403 

β-CATENIN 1:500 Mouse BD Biosciences, New Jersey, USA 610154 
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Table 4: List of all the primers used in this thesis. 

 

 

Table 5: List of all the kits used in this thesis. 

 

  

 

 

 

 

 

 

 

Gene Forward Primer (5’-3’) Reverse Primer (5’-3’) Reference 

DCX TCCCGGATGAATGGGTTGC GCGTACACAATCCCCTTGAAGTA (Di Matteo, et al, 
2020 

GAPDH AATCCCATCACCATCTTCCAGGA TGGACTCCACGACGTACTCAG (Di Matteo, et al, 
2020 

GNG5 GCTCAACATGACCCTCTGCT GGAGTGGTTTGGGAAACCTTTG - 

NEUN CCAAGCGGCTACACGTCT GCTCGGTCAGCATCTGAG (Di Matteo, et al, 
2020 

PAX6 ACCCATTATCCAGATGTGTTTGC ATGGTGAAGCTGGGCATAGG (Di Matteo, et al, 
2020 

Kits Catalogue # Vendor 
5 μM PCR_SMARTer II A  634925 Takara, California, USA 
Agilent DNA 1000 kit 5067-1505 Agilent Technologies, California, USA 
Agilent RNA 6000 Pico kit  5067-1513 Agilent Technologies, California, USA 
AllPrep DNA/RNA Micro kit  80284 Qiagen, Hilden, Germany 
Clean & Concentrator Kit  R1013 Zymo Research, California, USA 
EndoFree Plasmid Maxi Kit  12362 Qiagen, Hilden, Germany 
LightCycler® 480 SYBR Green I Master  4707516001 Roche, Basel, Switzerland 
Microplex Library preparation kit v2  C05010012 Diagenode, Liege, Belgium 
NEBNext Poly(A) mRNA Magnetic 
Isolation Module  E7490 NEB, Massachusetts, USA 

NEBNext Ultra II Directional Library 
Prep kit for Illumina  

E7765/L 
96R NEB, Massachusetts, USA 

RNA Clean & Concentrator Kit  R1013 Zymo Research, California, USA 
Qiagen Plasmid Mini Kit  12123 Qiagen, Hilden, Germany 
Qubit™ dsDNA HS Assay kit  Q32851 Thermo Fisher Scientific, Waltham, MA, USA 
SMARTer® PCR cDNA Synthesis Kit 634925 Takara, California, USA 
SMART-Seq® v4 Ultra® Low Input RNA 
Kit for Sequencing  634888 Takara, California, USA 

SuperScript III reverse transcriptase  18080-044 Thermo Fisher Scientific, Waltham, MA, USA 
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7.2 COMMON TECHNIQUES 

7.2.1 Maintenance, splitting and freezing  of iPSCs 

HPS0076 cells used in Chapters 3 and 4  were generated from human fibroblasts and obtained from 

the RIKEN Bioresource Center, Japan and generated according to the protocol in (Okita et al., 2011). 

Control, DCHS1 and FAT4 mutant iPSCs used in Chapter 5 were generated from patients’ fibroblast. 

They were produced by Ejona Rusha, at the Helmholtz-Center Munich, before the start of this PhD 

project. The detailed protocol can be found in (Klaus et al., 2019). 

For the general maintenance, iPSCs were kept in the incubator at 37 °C, 5% CO2 and ambient oxygen 

level and were grown in Matrigel® Basement Membrane Matrix, LDEV-free coated plates. Matrigel® 

coated plates were used in the 2 weeks after preparing them to keep the cells in the best possible 

condition. Cells were cultured with mTESR1 medium supplemented with 1x mTESR1 supplement.  The 

medium change was performed every day. For passaging, cells were first washed off with DPBS and 

treated with Accutase® solution diluted 1:4 in DPBS at 37 °C for 5 min. Detached colonies were washed 

with off DMEM/F-12, HEPES, and centrifuged at 300 g for 5 min to collect the pellet. Colonies were 

then resuspended in mTESR1 with 1x mTESR1 supplement and 10 μM Rock inhibitor Y-27632(2HCl) 

and diluted as needed to the desired density. Dilution was never over 1/6 to avoid the differentiation 

of the colonies due to the low number of cells. For freezing, cells were washed with DPBS and detached 

from the plate with Accutase® solution diluted 1:4 in DPBS  at 37 °C for 5 min. Detached colonies were 

washed with DMEM/F-12, HEPES, and centrifuged at 300 g for 5 min to collect the pellet. 1 ml of 

freezing medium  (50% DMEM/F-12, HEPES, 40% hESC-quality FBS and 10% DMSO) was added to the 

collected cells. Afterwards, iPSCs were directly moved to a freezing vial which was kept at -80 °C for 

at least 24 hours before being moved to the liquid nitrogen tank. 

7.2.2 COs generation 

COs were generated following the protocol published in (Ayo-Martin et al., 2020; Klaus et al., 2019; 

Lancaster and Knoblich, 2014). During the whole CO generation, they were kept at 37°C, 5% CO2 and 

ambient oxygen level. iPSCs were washed once in DPBS and detached with Accutase® solution at 37 

°C for 5 min to obtain single cells. 9000 cells per well were plated in Round Bottom Ultra-Low 

Attachment 96-Well Plates with hES medium (DMEM/F12+Glutamax supplemented with 20% 

KnockOut™ Serum Replacement, 3% hESC-quality FBS, 0.1 mM 2-Mercaptoethanol (50 mM), 1% MEM 

Non-Essential Amino Acids Solution (100X) and freshly added 4 ng/ml bFGF, and 50 μM Rock inhibitor 

Y-27632(2HCl)). Cells were maintained in hES medium for 6 days until EBs were generated, adding 

Rock inhibitor and bFGF only for the first 4 days. After day 6, EBs (two EBs per well) were moved to 

Ultra-Low Attachment 24-Well Plates with NIM medium (DMEM/F12+Glutamax supplemented with 
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1:100 N2™-Supplement (100X), 1% MEM Non-Essential Amino Acids Solution (100X) and 5 μg/ml 

Heparin) and kept in culture for 6 additional days. EBs were embedded in Matrigel® Basement 

Membrane Matrix, LDEV-free on day 12  and moved to a 10 cm dish (30 EBs per plate) with NDM-A 

medium (DMEM/F12+Glutamax and Neurobasal™ Medium in a 1:1 ratio supplemented with 1:200 

N2™-Supplement (100X), 1:100 B-27™ Supplement (50X) minus vitamin A, 0.5% MEM Non-Essential 

Amino Acids Solution (100X), 0.5% GlutaMAX™ Supplement, 50 μM 2-Mercaptoethanol (50 mM), 

1:100 Antibiotic Antimycotic Solution (100X)  and 2.5 μg/ml Insulin). For embedding, each EB was 

transferred to a parafilm sheet with 30 small moulds using a cut p200 pipette. The medium was 

removed and a drop of Matrigel® was added to each single EB. The parafilm sheet was then transferred 

to a 10 cm dish and kept at 37 °C for 30 min for the solidification of the matrix. Then NDM-A medium 

was added to the plate, washing embedded EBs off the parafilm. After 4 days in NDM-A medium, COs 

were cultured with NDM+A medium (DMEM/F12+Glutamax  and Neurobasal™ Medium in a 1:1 ratio 

supplemented with 1:200 N2™-Supplement (100X), 1:100 B-27™ Supplement (50X), 0.5% MEM Non-

Essential Amino Acids Solution (100X), 0.5% GlutaMAX™ Supplement, 50 μM 2-Mercaptoethanol (50 

mM), Antibiotic Antimycotic Solution (100X) and  2.5 μg/ml Insulin) and put over an orbital shaker 

rotating at 55 rpm. NDM+A medium was changed every 3 days.  

7.2.3 Buffers for Immunostaining 

Phosphate-Buffered Saline (PBS) 

- 137 mM NaCl 

- 2.7 mM KCl 

- 10 mM Na2HPO4 

- 1.8 mM KH2PO4 

- pH = 7.4 

Citric buffer 

- 0.01 M C6H5Na3O7 · 2 H2O 

- pH = 6 

Boric buffer 

- 0.1 M H3BO3 

- pH = 8.5 

Blocking solution 

- 0.1% Tween® 20 

- 3% BSA  

- 10% NGS 
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7.4.3  Fixation and cryosectioning of COs and mouse brains 

When the desired moment arrived COs and mouse brain were washed with 1X DPBS, fixed in 4% PFA 

for 1-2 hours for the COs to overnight for the mouse brains. Next, for cryopreservation, they were 

moved to 30% sucrose in 1X PBS overnight. COs and mouse brains were frozen in OCT Compound and 

stored at -20°C. For immunohistochemistry, COs were cut in sections of 14 μm while mouse brains in 

sections of 12 μm with the help of a cryostat. 

7.2.4 Immunostaining 

The preparation of frozen mouse brain and COs sections for immunostaining was done by thawing 

them for 20 min at room temperature (RT) and rehydration with 1X PBS  for 5 min.  

Antigen retrieval with fresh citric buffer (0.01 M, pH = 6) was used for the exposure of nuclei antigen. 

Sections were incubated for 1 min at 720 W and 10 min at 120 W in the citric buffer. Afterwards, 

sections were kept at RT for 20 min. To completely cool down the sections half of the citric buffer was 

removed, and water added for another 10 min. Finally, sections were washed once with 1X PBS  for 5 

min and then the staining was continued with the standard immunostaining protocol. 

After the complete antigen retrieval procedure, sections were fixed for 10 min with 4% PFA. Next, 

sections were washed twice with PBS and permeabilized with 0.3% Triton ® X 100 in 1X PBS  for 5 min. 

At that point, sections were washed 3 times with PBS for 5 min before performing the blocking of the 

antigens with blocking solution (10% NGS, 1% BSA  in 0.1% Tween® 20 in 1X PBS) for 1 hour at RT. 

Subsequently, the primary antibody was diluted in blocking solution in the desired concentration and 

sections were incubated in this mix at 4°C overnight (see list of antibodies in Table 3). Next, several 

washes with 0.01% Tween in 1X PBS  were performed and sections were incubated for 1 hour at RT 

with AlexaFluor-conjugated secondary antibody of the desired species and fluorophore at 1:1000 

dilution together with 0.1 μg/ml DAPI to detect nuclei. For the detection of F-ACTIN, sections were 

incubated with Alexa Fluor 546-conjugated PHALLOIDIN together with the secondary antibodies. 

Finally, after several washes with 0.01% Tween in 1X PBS, sections were mounted with Aqua-

Poly/Mount and left to dry in the dark before confocal imaging.  

Astroglial cells were cultured in 24-well plates with coverslips. Once the desired confluency was 

obtained, they were fixed at RT for 15 min with 4% PFA. Finally, the immunostaining protocol was 

followed precisely as for mouse brain and COs sections. 
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7.2.5 Confocal imaging 

Mouse brain and COs sections, as well as astroglial cells, were visualised using a Leica SP8 confocal 

laser-scanning microscope with 10x, 25x and 40x objectives. For mouse brain sections and COs 

sections, Z-projections were taken to obtain the full 3D image, while for astroglial cells only a single 

plane was taken.  
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7.3 TECHNIQUES SPECIFIC TO CHAPTER 3 

7.3.1 Generation of the Dataset 

The reference for the DCHS1 human variant (NCBI RefSeq NP_003728.1) and all the primate protein 

sequences were found on the NCBI Protein Basic Logical Alignment Search Tool (pBLAST) and 

downloaded as FASTA files. The DCHS1 Neanderthal sequence was manually generated by altering the 

FASTA file and including the aspartic acid (D) to asparagine (N) change in position 777. 

7.3.2 Protein Alignments 

For the alignment of the DCHS1 protein in different species, the Unipro UGENE programme was used 

(Okonechnikov et al., 2012) as it contains different sequence alignment methods. The MAFFT program 

was used to align the different human and primate DCHS1 proteins (Pais et al., 2014) using the 

following parameters: gap opening penalty=1.53, offset=0.123 and number of iterative 

refinement=1000 (Long et al., 2016).  

7.3.3 Post-Translational Modification Investigation 

The server NetNglyc was used to predict N-glycosylation sites in the modern and ancient DCHS1 

variants (Gupta et al., 2004). 

7.3.4 CRISPR-CAS9 

The genetically modified human iPSCs were generated in collaboration with the Max Planck Institute 

of Evolutionary Anthropology in Leipzig by Stephan Riesenberg in the group of Prof Dr Svante Pääbo. 

In short, 409-B2 human iPSCs were edited using the CRISPR Cas9 system to modify DCHS1 to express 

asparagine (N) at position 777 instead of aspartic acid (D). The full protocol can be found in 

(Riesenberg and Maricic, 2018).  

The sequence for the donor DNA is (DCHS1_N777D):  

AAAAAACATACTGTAGTTGCTCAAATATGGGTGGTGTGGGGGTTCCAGGCACGATGCTGATGTTCACTCGGG

CACTGGGTTCTGCTTGTAGGCCACCTCCGTCCTCAGCCCCGATCTCCAGCTGCACCACAGAATT 

7.3.5  FACS analysis 

COs were analysed by FACS at day 30 and day 60. For each condition, 3 COs were mixed, and all the 

procedures were done in triplicates or quadruplets (i.e. using 3 x 3 or 3 x 4 COs). COs were washed 

once with 1X DPBS and incubated in Accutase® solution at 37°C for 10 min and then manually 

dissociated by pipetting 10 times using a p1000. If required, this incubation and manual dissociation 

was repeated maximally 2 times. Resulting dissociated cells were washed with 1X DPBS and 

centrifuged for 5 min at 12000 rpm. Cells were resuspended in 1 ml of DPBS and filtered with a 100 
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μm cell strainer. Cells were mixed with 5 ml of 70% ice-cold ethanol while vortexing and kept at -20°C 

for 1 hour for fixation. Subsequently, the mixture was centrifuged for 30 minutes at 4°C and 2000 rpm, 

the supernatant was discarded, and the pellet was washed with the blocking solution (1% FBS in  1X 

DPBS). The mixture was centrifuged again for 30 min at 4°C and 2000 rpm and the pellets were 

resuspended in 100 µl of the leftover blocking solution. Primary antibodies were diluted in blocking 

solution and incubated with the cells for 30 minutes on ice (PAX6 1:200; TBR2 and DCX 1:500; PH3 

1:300). Cells were washed with blocking solution and centrifuged for 30 min at 4°C at 2000 rpm. Cells 

were then resuspended and incubated with a secondary antibody (1:1000) on ice and in the dark for 

30 min. Finally, cells were washed with blocking solution and centrifuged for 30 min at 4°C and 2000 

rpm. Cells were then resuspended in DPBS and transferred to FACS tubes. For the FACS analysis, a 

FACS Melody TM cell sorter (BD) was used. Samples were analysed in BD FACS Flow TM medium. The 

nozzle had a diameter of 100 μm. Forward scatter and sideward scatter were used to gate out the cell 

debris and aggregates. For the gating of fluorophores samples stained with an isotype control (IC) or 

a secondary antibody only were used. 

7.3.6 Image analysis, quantification, and statistical analysis 

The cell quantification and analysis of the electroporated COs was performed in Fiji (Schindelin et al., 

2012). Data were obtained from the analysis of several COs per condition. Data are shown with 

n=number of analysed VLs structures except for the angle of division in which n=number of cells and 

NESTIN staining in which n=number of processes. The exact number of VLs, COs and batches analysed 

per experiment and condition are indicated in the corresponding figure legend. 

The number of apically dividing cells was assessed by PH3 staining. For each VL, one z-stack was used 

and only the PH3+ cells found on the apical side of the ventricle were counted. The number of PH3+ 

cells was normalized to the apical length of each GZL which was measured using the DAPI staining and 

looking at the morphology of the GZL. 

The angle of the division was assessed by the morphology of dividing cells in the apical part of the VLs. 

Division angles were classified as horizontal-oblique (0-60°) or vertical (60-90°) following similar rules 

as in (Iefremova et al., 2017). The apical belt of the COs was used as a baseline and the angle of the 

division was measure in relation to this baseline. 

The neuronal migration phenotype was assessed by DCX+ stainings and VLs were classified into 

different categories depending on their phenotype. On the one hand, if there were three or more 

DCX+ processes inside the GZL, VLs were included in the processes category. On the other hand, if 

there was a DCX+ cell body in the apical site of the GZL or two or more DCX+ cell bodies in the GZL, 

VLs were included in the cell bodies category. 
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The tortuosity of the RG processes was identified by NESTIN staining.  The straightness of the 

processes was measured by tracing the total length of the process which was divided by the straight 

distance from the apical part to the basal part of the process. Five processes per ventricle were 

measured.  

The disruption of the apical belt was analysed with PHALLOIDIN immunohistochemistry. If a VL 

contained areas of the apical belt without PHALLOIDIN staining, but with intact DAPI staining, it was 

included in the disrupted apical belt category. 

The number of TBR2+, CTIP2+ and SATB2+ cells was assessed by measuring the number of cells in the 

GZL areas for TBR2, and in CPL areas for CTIP2 and SATB2 in different COs and the number of positive 

cells was normalized to the area in which those cells were located. 

Finally, for the trajectory of the width of the PAX6+ GZL, the length of the apical length and the number 

of PH3+ cell per apical length, as well as the  PAX6 FACS results, all independent values in control and 

D777N COs for each time point were normalized to the mean of the data obtained at day 30 in controls 

and D777N respectively. 

Statistical analysis and data representation were completed with GraphPad Prism® version 6.01. The 

statistical test performed for each analysis is explained in each figure legend 
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7.4 TECHNIQUES SPECIFIC TO CHAPTER 4 

7.4.1 Cloning 

The generation of the pCAG-GFP-IRES-GNG5 plasmid was done by cloning the open reading frame 

(ORF) of the human GNG5 gene (Ensemble ENST00000370645.9) into a pCAGGS plasmid containing a 

GFP sequence (Cappello et al., 2013) following standard cloning methods. To gain the ORF of human 

GNG5, cDNA from neuroblastoma (SH-SY5Y) cells was used and amplified using the following primers: 

- Forward: 3’ – TCCTCTTCAGACCCCCTCTT – 5’ 

- Reverse:  5’ – ATTGTATGCTGCTGCCAGTG – 3’ 

The primers for the amplification of the ORF and the introduction of the restriction sites (5’ NheI and 

3’EcoRV) to clone the ORF into the pCAGGS-GFP vector were as follow:  

- Forward with NheI restriction enzyme:  3’ – AAAGCTAGCATGTCTGGCTCCTCCAGC –  5’           

- Reverse with EcorV restriction enzyme: 5’ –  ATAGATATCCTACAAAAAGGAACAGACTTTCTGGGG – 3’ 

The pCAG-GFP-IRES-GNG5 overexpression plasmid and the control empty pCAG-GFP plasmid were 

electroporated in COs and embryonic mouse brains at different time points which are explained later 

in the section. For the analysis of the cell profile and membrane, COs were co-electroporated with the 

pCAG-GAP43-GFP plasmid (Attardo et al., 2008; Cappello et al., 2006; Klaus et al., 2019). On the 

contrary, mice were co-electroporated with the pCAG-GFP-IRES-GNG5 and the pCAG-GFP. 

7.4.2  Plasmid preparation 

DH5α strains of competent bacteria were transformed with 1 µg/µl plasmid DNA. Bacteria were 

incubated with the plasmid DNA on ice 30 min and for the transformation, a heat shock at 42°C for 45 

seconds was performed. Afterwards, the bacteria were left on ice for 5 min and then incubated for 30 

min to 1 hour in 1 ml in LB-medium warmed to 37°C while shaking. Subsequently, 100 ml of bacteria 

were spread on an Agar plate with the corresponding antibiotic.  

For the generation of small-scale plasmids, independent colonies were picked and grown in 5 ml of 

LB-medium with the corresponding antibiotic. Colonies were grown overnight at 37°C on the shaker 

at 180 rpm. The day after, with the help of the Qiagen Plasmid Mini Kit and following the 

manufacturer´s protocol the plasmid DNA was extracted. 

For the generation of large-scale plasmid, independent colonies were picked and grown in 250 ml of 

LB-medium with the corresponding antibiotic. Colonies were grown overnight at 37° on the shaker at 

180 rpm. The day after, with the help of the endotoxin-free, Endofree Qiagen Plasmid Maxi Kit and 

following the manufacturer´s protocol the plasmid DNA was extracted.  
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7.4.3  Electroporation, fixation and cryosectioning of COs 

COs were electroporated at day 20 and day 35 after the start of the CO generation. During the entire 

procedure, COs were maintained in NDM+A medium without Antibiotic Antimycotic solution and 

placed into an electroporation chamber (Harvard Apparatus, Holliston, MA, USA). With the help of a 

stereoscope, the VLs were localized. To visualize the plasmid DNA, it was mixed with 0.1% Fast-Green 

FCF. 1-2 μl of the respective plasmid (pCAG-GFP, pCAG-GFP-IRES-GNG5, 2/3 of pCAG-GFP + 1/3 of 

pCAG-GAP43-GFP or 2/3 of pCAG-GFP-IRES-GNG5 + 1/3 of pCAG-GAP43-GFP)  at a final concentration 

of 1μg/μl were injected into each VL using Glass Micropipets. After DNA injection and to enable the 

entry of the plasmid from the VLs into the neighbouring cells, five pulses were applied at 80 mV for 50 

ms each at intervals of 500 ms (ECM830, Harvard Apparatus). 24 hours after electroporation new 

NDM+A medium with Antibiotic Antimycotic solution was added to the COs and they were kept in 

culture for 7 additional days. COs were then washed with 1X DPBS, fixed in 4% PFA for 1-2 hours, and 

for cryopreservation moved to 30% sucrose in 1X PBS overnight. Finally, COs were frozen in OCT 

Compound and stored at -20°C. For immunohistochemistry, COs were cut in sections of 14 μm with 

the help of a cryostat.  

7.4.4  In Utero Electroporation in mice 

IUEs were performed in pregnant C57BL/6 mice under the license number 55.2-1-54-2532-79-2016 

approved by the Government of Upper Bavaria. Animals were anaesthetized with an intraperitoneal 

injection in which a saline solution was mixed with the following combination of drugs: fentanyl (0.05 

mg per kg body weight), midazolam (5 mg per kg body weight) and medetomidine (0.5 mg per kg body 

weight) (Btm license number 4518395). Embryos were always electroporated at E13 and the protocol 

used was based on the paper by (Saito, 2006). In short, the uterus was exposed and with the help of 

a lamp, the brain and the ventricles of each embryo were localized.  To visualize the plasmid DNA, it 

was mixed with 0.1% Fast-Green FCF. 1-2 μl of each plasmid (pCAG-GFP, pCAG-GFP-IRES-GNG5 or 2/3 

of pCAG-GFP-IRES-GNG5 + 1/3 of pCAG-GFP)  at a final concentration of 1 μg/μl were injected into the 

lateral ventricles using Glass Micropipets. After the electroporation, anaesthesia was finalised by an 

intraperitoneal injection in which a saline solution was mixed with the following combination of drugs: 

buprenorphine (0.1 mg per kg body weight), atipamezole (2.5 mg per kg body weight) and flumazenil 

(0.5 mg per kg body weight). Brains were fixed in 4% PFA at 1 dpe, 3 dpe or 6 dpe for 4 hours (1 dpe) 

or overnight (3 and 6 dpe). For cryopreservation, brains were kept in 30% sucrose in PBS overnight. 

Finally, brains were frozen in OCT Compound and stored at -20°C. For immunohistochemistry, brains 

were cut in sections of 12 μm with the help of a cryostat.  
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7.4.5 Image analysis, quantification, and statistical analysis 

For the cell quantification and analysis of the in vivo experiments after IUE, Adobe Photoshop CS6 was 

used. Brain sections were divided into five equally divided bins for the binning or distribution analysis. 

At least 2 sections were analysed per brain. At E13-E14 6 controls and 4 GNG5 OX for GFP 

quantification and 5 controls and 4 GNG5 OX for Tbr2 quantification, while at E13-E16 4 controls and 

7 GNG5 OX brains were counted. The neuronal disruption phenotype was analysed at E13-E16 in 6 

controls and 8 GNG5 OX brains and at E13-E19 in 3 controls and 8 GNG5 OX brains. The integrity of 

the apical belt was analysed at E13-E16 in 6 controls and 8 GNG5 OX brains. All brains were obtained 

from mouse embryos electroporated in at least two independent experiments. The exact number of 

analysed brains are indicated in the corresponding figure legend. 

The cell quantification and analysis of the electroporated COs was performed in Fiji (Schindelin et al., 

2012). Data were obtained from 2 independent batches of COs generation from which several COs 

were analysed (except for the GPF+ cell distribution and the pVIMENTIN quantification at day 35+7, in 

which only 1 batch was analysed). Data are represented with n=number of analysed VLs structures 

(see figure legends). The exact number of VL, COs and batches analysed per experiment and condition 

are indicated in the corresponding figure legend. 

The distribution of GFP+ cells in COs was passed by diving the GZL in two equal bins (Bina and BinB). 

GFP+ cells in each bin were counted and the percentage of GFP+ cells per bin calculated.  

The neuronal migration phenotype was assessed by MAP2+ stainings and VLs were classified into 

different categories depending on their phenotype. On the one hand, if there were three or more 

MAP2+ processes inside the GZL, VLs were included in the processes category. On the other hand, if 

there was a MAP2+ cell body in the apical site of the GZL or two or more MAP2+ cell bodies in the GZL, 

VLs were included in the cell bodies category. 

Migration defects were also analysed by NEUN+ staining. VLs were categorised as showing neuronal 

migration defects whenever there were two or more NEUN+ cell bodies in the GZL of the 

electroporated VLs.  

The integrity of the apical belt in COs was examined by PHALLOIDIN immunohistochemistry and in 

mice by β-CATENIN staining. A VL or brain section was classified as disrupted apical belt whenever the 

DAPI staining was intact and there were patches without the corresponding marker in an 

electroporated area. 

The number of progenitor cells (KI67, PH3 and pVIMENTIN) was examined by counting the positive 

cells for each marker and normalizing it to the electroporated area. 
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Statistical analysis and data representation were completed with GraphPad Prism® version 6.01. The 

statistical test performed for each analysis is explained in each figure legend.  
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7.5 TECHNIQUES SPECIFIC TO CHAPTER 5 

7.5.1  Buffers for Nuclei extraction  

Nuclei Isolation Medium 1 (NIM1) 

- 250 mM Sucrose 

- 25 mM KCL 

- 5 mM MgCl2 

- 10 mM Tris, pH=8 

- Nuclease free H2O  

Nuclei Isolation Medium 2 (NIM 2)  

- NIM1 

- 0.5M DTT 

- 1:10 Protease Inhibitor Cocktail 

Homogenization Buffer  

- NIM1 

- 20% Triton ® X 100  

- 1:1000 DAPI  

- 0.4 units/µL  RNaseIN   

- 1units/µl DNaseI   

Blocking buffer  

- DPBS 

- 2% BSA  

- 0.2unita/µL RNaseIN  

7.3.2     Nuclei extraction and FACS sorting 

Nuclei from 4 and 8-9 months old COs were isolated following the protocol from (Krishnaswami et al., 

2016) with small modifications (Di Matteo, et al, 2020). For each condition, 2 to 3 COs were used, and 

all the procedure was done in triplicates. In short, COs were washed with 1X DPBS and dissociated by 

Dounce homogenization in homogenization buffer (5 strokes of the loose pestle and 10 strokes of the 

tight pestle). Dissociated cells were filtered with BD Falcon tubes with a cell strainer cap to get single 

cells and were collected by centrifugation at 1000 g for 8 min at 4˚C. The pellet of cells was then 

resuspended in blocking buffer for 15 minutes at 4˚C. Primary antibodies for PAX6  and NEUN were 

added to the blocking buffer solution containing the single cells in 1:2500 dilution and 1:1000, 

respectively, and incubated under rotation for 30 min at 4˚C. Cells were washed with blocking solution 

and collected by centrifugation at 500 g for 30 min at 4˚C. Secondary antibodies goat anti-rabbit-Alexa 
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Fluor® 488 and Alexa Fluor® 546 Goat Anti-Mouse IgG1 (γ1) were used in 1:2500 dilution in blocking 

solution and cells were incubated under rotation for 30 min at 4˚C. DAPI (0.5 mg/ml) was added in the 

last 10 min of incubation of the secondary antibody. Cells were collected by centrifugation at 500 g 

for 30 min at 4˚C and resuspended in DPBS containing RNAse inhibitor (0.2 units/µl). For the FACS 

analysis, a FACS Melody TM cell sorter (BD) was used. Samples were analyzed in BD FACS Flow TM 

medium. The nozzle had a diameter of 100 μm. Forward scatter and sideward scatter were used to 

gate out the cell debris and aggregates. For the gating of single cells, FSC-W/FSC-A was used. For the 

gating of fluorophores samples stained with a secondary antibody only were used (as isotype control). 

Sorted cells were collected in DPBS containing RNAse inhibitor (0.2 units/µl) and 1ml QIAzol® Lysis 

Reagent was added to the mix and kept in -80°C until further analysis. 

 

7.6.3 RNA extraction, cDNA synthesis and Real-Time-qPCR 

The FACS sorted NEUN+ and PAX6+ nuclei were lysed in QIAzol® Lysis Reagent. Nuclear RNA was 

isolated using the RNA Clean & Concentrator Kit following the manufacturer’s protocol and cDNA was 

synthesised with the SuperScript III reverse transcriptase with random primers according to the 

manufacturer’s protocol. Afterwards, qPCR was performed in triplicates on a LightCycler® 480 II 

(Roche, Basel, Switzerland) with the LightCycler® 480 SYBR Green I Master mix. qPCR was done 

according to the following protocol: denaturation at 95 °C for 10 min, 45 cycles of 95 °C 10 s, 60 °C 10 

s and 72 °C 10 s). qPCR primer information can be found in Table 4. Relative gene expression (E) was 

calculated using the ΔΔCp method: E = 2^-ΔΔCp. ΔΔCp represents the difference between the Cp value 

of the gene of interest and the Cp value of the housekeeper (GAPDH) for PAX6+ and NEUN+ nuclei. 

Statistical analysis and data representation were completed with GraphPad Prism® version 6.01. The 

statistical test performed is explained in the respective figure legend. 

7.6.4 cDNA amplification library preparation and data analysis 

All the steps for the library preparation from the RNA extracted from the PAX6+ and NEUN+ were 

done according to (Ramsköld et al., 2012). First, the integrity of the extracted RNA was analyzed at 

the Bioanalyzer by using the Agilent RNA 6000 pico kit following the manufacturer’s protocol. 

First-Strand cDNA synthesis and cDNA amplification were done with the SMART-Seq® v4 Ultra® Low 

Input RNA Kit for Sequencing following the manufacturer´s protocol. For the cDNA amplification, we 

performed a range of PCR cycles. 

To determine the optimal number of PCR cycles of amplification for each sample, we performed a real 

time-PCR (RT-PCR) reaction on an aliquot of 5 μl of cDNA produced after the 4th cycle of the PCR 

reaction according to the manufacturer´s protocol. The RT-PCR was performed in a final volume of 15 

µl containing 1 μl of 5 μM PCR_SMARTer II A primer, 7.5 μl 2x PCR Master Mix SensiMix from the 
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SMARTer® PCR cDNA Synthesis Kit. The amplification protocol was as follows: 95°C for 10 min; 20 X 

98°C for 10 sec, 65°C for 30 sec, 68°C for 3 min; 72°C for 10 min; 4°C forever. Once the optimal number 

of cycles was established, the normal PCR reaction was continued accordingly. 

The amplified cDNA was purified with AMPure XP beads. In short, one volume of AMPure XP beads 

was added to each sample, the mix was transferred into 1.5 ml low binding tube and mixed by 

pipetting the entire volume up and down at least 10 times. Samples were incubated for 10 min at RT 

to let the cDNA bind to the beads in a magnetic separation device. The supernatant was discarded and 

200 μl of freshly prepared 80% ethanol were added to each sample twice. The leftover ethanol was 

removed, and the samples were dried at RT for 5 min. Finally, the beads were resuspended in 17 μl 

Elution Buffer (10 mM Tris pH = 8) for 5 min at RT. The beads were removed from the mixture by 

placing them in the magnetic separation device. The clean (15 μl) supernatant was collected and its 

concentration was measured with the Qubit DNA HS kit following the manufacturer´s protocol. The 

concentration was ranging between 0.5-2 ng/μl. 

The cDNA shearing was performed using the S220 Covaris with AFA technology (Covaris, Chicago, USA) 

and the library was prepared with Microplex Library preparation kit v2 following the manufacturer’s 

protocol. In short, the shearing protocol was as followed: 106 μl Elution Buffer (10mM Tris pH=8) was 

added to each purified cDNA and transferred to Covaris microtubes (microTUBE AFA Fiber Pre-Slit 

Snap-Cap 6 X 16 mm). After the shearing was complete, 80 μl Elution Buffer (10 mM Tris pH = 8) were 

added to the sheared cDNA. After the Covaris treatment, the resulting cDNA was in 200–500 bp size 

range. For DNA precipitation, 8 μl 5 M NaCl, 30 μg glycogen and 600 μl ethanol were added and 

incubated for 30 min at -80°C. The cDNA was collected by centrifugation at 16000 g for 30 min at 4°C, 

washed with 70% ethanol and centrifuged again.  The pellet was resuspended in 11 μl Elution buffer. 

Finally, the concentration was measured with the Qubit DNA HS kit. The final concentration was 0,5-

2 ng/ul (10-20 ng in total). After the library amplification steps with the Microplex Library preparation 

kit v2 following the manufacturer’s, the DNA concentration was measured with the Qubit DNA HS Kit. 

The concentration of the DNA was between 5-6 ng/μl. The library was purified using the AMPure XP 

beads and the concentration was checked with Qubit HS DNA kit again, revealing a final concentration 

between 2-6 ng. Finally, the quality and molarity of the library were also analyzed with the Agilent 

DNA 1000 kit. 

The prepared libraries were sequenced at LAFUGA Genomics, Genzentrum, Universität München 

(LMU). The analysis of the sequenced results and the differential expression analysis were performed 

by Dr Tobias Straub at the Biomedical Center in Munich.  
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7.6.5 Astroglial cells generation and characterization 

Astroglial cells were generated from COs that were between 375-445 days old. 2 to 3 COs were 

collected per condition. COs were washed with 1X DPBS  and dissociated by pipetting 5 times using a 

p1000. Then, COs were incubated in Accutase® solution at 37°C for 10 min and manually dissociated 

again by pipetting 5 times using a p1000. Cells were washed with 1X DPBS and centrifuged for 3 min 

at 300 g. Cells were resuspended in NDM+A medium and distributed in four wells of a 12 well plate 

previously coated with Matrigel® Basement Membrane Matrix, LDEV-free. The following day, cells 

were refreshed with Astrocyte medium (90% DMEM/F12+Glutamax, 10% of hESC-quality FBS and 1% 

of Antibiotic Antimycotic Solution (100X)). The medium was changed every 2-3 days. For splitting, 

astroglial cells were washed with DPBS and dissociated with 0.05% trypsin-EDTA without phenol red 

for 5 min at 37°C. Cells were centrifuged for 3 min at 300 g and plated in Matrigel coated plates at the 

desired concentration. Astroglial cells were analysed at passage 3 for immunostaining and Bulk RNA 

sequencing as already explained in section 7.6.6. 

7.6.6 RNA extraction of astroglial cells, library preparation and data analysis 

The transcriptome analysis of the astroglial cells was done in collaboration with members of the group 

of Prof. Dr Elisabeth Binder at the Max Planck Institute of Psychiatry. The RNA and DNA extraction 

were performed by Dr Cristiana Cruceanu and Anthi Krontira. The library preparation was done with 

the support of Susann Sauer and Maik Ködel. In short, RNA and DNA were extracted from 84 samples 

using the AllPrep DNA/RNA Micro kit, nucleic acid concentration and quality were assessed with an 

Epoch plate reader. The mean 260/280 ratio for the RNA of all samples was 2.093 (minimum 1.831 

and maximum 2.270). RNA sequencing library preparation was done with the NEBNext Ultra II 

Directional Library Prep kit for Illumina using the NEBNext Poly(A) mRNA Magnetic Isolation Module. 

Libraries were pooled according to their concentration and the pooling was assessed and re-calibrated 

with a test run in a MiSeq. The pool was sequenced in 3 lanes of the HiSeq4000 with paired-end 75 bp 

run type and we acquired an average of 13,5 million reads per library. The samples were randomized 

in the library preparation plate taking into consideration their cell type origin, treatment group, RNA 

quality and cell culturing user to reduce as much as possible any technical batch effects.  

The libraries were sent to the sequencing core facility at the Max Planck for Molecular Genetics in 

Berlin for sequencing. Finally, the analysis of the sequence results and the differential expression 

analysis was performed by Dr Darina Czamara from the group of Prof Dr Elisabeth Binder and by Dr 

Filippo Cernilogar at the Biomedical Center in Munich. 
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7.6.7 GO term analysis 

The GO term analysis and protein interaction of the dysregulated proteins in mutant DCHS1 and FAT4 

NEUN+ nuclei and astroglial cells was performed using the STRING database. The functional 

enrichment of each network was considered significant when the false discovery rate (FDR) was <0.05 

(Szklarczyk et al., 2017).  

7.6.8 Silicon probe recording 

The extracellular recordings in the COs were performed by Francesco di Mateo and Dr Matthias Eder. 

The Silicon probes (ASSY1  E-1) were purchased from Cambridge NeuroTech company. 
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10. APPENDIX 

10.1 LIST OF FIGURES 

Figure 1.1: Excitatory and inhibitory neuronal migration in the mouse telencephalon 

Figure 1.2: Mouse vs Human cortical development 

Figure 1.3: Cellular and morphological heterogeneity of neural migration disorders 

Figure 2.1: Pairwise correlation network 

Figure 2.2: scRNA-seq reveals a cluster of neurons with an altered neuronal state 

Figure 3.1: Primate phylogenetic tree 

Figure 3.2: Schematic representation of DCHS1 protein 

Figure 3.3: N777D is a unique change that only happens in modern humans 

Figure 3.4: Modern DCHS1 may have lost an N-glycosylation site at position 777 

Figure 3.5: D777N COs present a thinner GZL 

Figure 3.6: Control and D777N COs have the same apical belt length 

Figure 3.7: Control and D777N COs have the same number of apically diving cells 

Figure 3.8: D777N COs contain more vertically diving cells in the apical belt 

Figure 3.9: D777N COs do not contain fewer IPs 

Figure 3.10: D777N COs present neuronal migration problems 

Figure 3.11: The neuronal migration defects in D777N COs are not due to disrupted RG morphology 

Figure 3.12: The neuronal migration defects in D777N COs are not due to premature delamination 

Figure 3.13: D777N COs contain less CTIP2 and more SATB2 neurons 

Figure 4.1: GNG5 is highly expressed in NPCs and the altered population of neurons while 

downregulated in control neurons 

Figure 4. 2: GNG5 expression levels in mice and humans 

Figure 4. 3: GNG5 expression levels in human-derived COs 

Figure 4.4: Electroporation of a CO and the electroporation chamber 

Figure 4.5: Force expression of GNG5 alters the morphology of cells and the distribution of the 

electroporated cells in COs 

Figure 4.6: Forced expression of GNG5 promotes neuronal migration defects in COs 

Figure 4.7: Forced expression of GNG5 promotes neuronal migration defects in COs 

Figure 4.8: Forced expression of GNG5 promotes premature aRG delamination in COs 

Figure 4.9: Forced expression of GNG5 does not alter the levels of proliferative cells in COs 

Figure 4.10: Forced expression of GNG5 in mouse embryos at E13 changes the distribution of 

electroporated cells 1 dpe  
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Figure 4.11: Forced expression of GNG5 in mouse embryos at E13 changes the morphology of 

electroporated cells 1 dpe 

Figure 4.12: Forced expression of GNG5 does not change the distribution or number of IPs 1 dpe 

Figure 4.13: Forced expression of GNG5 in mouse embryos at E13 changes the distribution of 

electroporated cells 3 dpe 

Figure 4.14: Forced expression of GNG5 in mouse embryos at E13 changes the distribution and 

number of proliferative cells 3 dpe 

Figure 4.15: Forced expression of GNG5 in mouse embryos at E13 changes the distribution and 

number of basal progenitor cells 3 dpe 

Figure 4.16: Acute overexpression of GNG5 induces small changes in the apical belt integrity 3 dpe  

Figure 4.17: Forced expression of GNG5 promotes migration alterations in mice 3 dpe 

Figure 4.18: Forced expression of GNG5 promotes migration alterations in mice 6 dpe 

Figure 4.19: Force expression of GNG5 induces the presence of basally locate neurons but not the 

disruption of the basal membrane 

Figure 5.1: scRNA-seq reveals a cluster of neurons with an altered neuronal state 

Figure 5.2: Mature COs contain different progenitor and astroglial markers 

Figure 5.3: Mature COs contain different neuronal and synaptic markers 

Figure 5.4: Visual summary for the analysis of the transcriptome of aged COs 

Figure 5.5: PAX6+ and NEUN+ nuclei present characteristics or progenitor and neuronal cells 

respectively 

Figure 5.6: GO term analysis of proteins differentially regulated in NEUN+ DCHS1 and FAT4 mutant 

nuclei and in DCHS1 and FAT4 mutant neurons at 60 days old COs 

Figure 5.7: Silicon probe recording of spike activity in COs 

Figure 5.8: Mature COs contain functional excitatory and inhibitory activity 

Figure 5.9: Recording of spontaneous activity in mature COs suggest an increased high-frequency 

activity in DCHS1 and FAT4 COs 

Figure 5.10: Visual summary for the characterization of astroglial cells and their transcriptome analysis 

Figure 5.11: Astroglial cells obtained from mature COs express different astroglial markers 

Figure 5.12: Transcriptome analysis of the astroglial cells generated from mature COs 

Figure 5.13: GO term analysis of DCHS1 and FAT4 mutant astroglial cells 
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10.2 LIST OF TABLES  

Table 1: List of all the general components used in this thesis 

Table 2: List of all the cell culture components used in this thesis 

Table 3: List of all the antibodies used for immunostaining in this thesis 

Table 4: List of all the primers used in this thesis  

Table 5: List of all the kits used in this thesis 
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10.3 LIST OF ABBREVIATIONS 

Abbreviation Meaning 
2D 2 dimensions 
3D  3 dimensions 
aIP apical intermediate progenitor 
AJ apical junction 
aRG apical radial glia cells 
BFPP frontoparietal polymicrogyria 
bIP basal intermediate progenitor 
BLBP brain-lipid binding protein 
BP basal progenitor 
BrDU 5-bromo-2'-deoxyuridine  
bRGs basal radial glia cell 
BSA bovine serum albumin 
CGE caudal ganglionic eminence 
cKI conditional knockin 
cKO conditional knockout 
CPL cortical plate-like area 
D asparagine 
D777N asparagine to aspartic acid change 
DAPI 4,6-diamidino-2 phenylindole  
DCX doublecortin 
DMEG dysplastic megalencephaly 
DMSO dimethyl sulfoxide 
DPBS Dulbecco’s phosphate-buffered saline 
dpe day post electroporation 
ds dachous 
DTT dithiothreitol 
EB embryoid body 
ECM extracellular matrix 
EDNRB endothelin receptor B 
EX embryonic day X 
FACS fluorescence-activated cells sorting 
F-ACTIN fraction of actin contained in fibres 
FBS foetal bovine serum 
FCD focal cortical dysplasia 
FDR False discovery rate 
ft fat 
GE ganglionic eminence 
GFAP glia fibrillary acidic protein 
GLAST astrocyte-specific glutamate transporter 
GPCR G-protein coupled receptor 
GPR56 G-protein coupled receptor 56 
GWX gestational week X 
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GZL germinal zone-like area 
Gγ5/GNG5 G protein subunit gamma 5  
HCl hydrochloric acid 
hESC human stem cell 
IC  isotype control 
INM interkinetic nuclear migration 
iPSC induced pluripotent stem cell 
iSVZ inner subventricular zone 
IUE in utero electroporation 
IZ intermediate zone 
KCl potassium chloride 
KD knockdown 
KO knockout 
LGE lateral ganglionic eminence 
MAP microtubule-associated protein 
MCD malformations of cortical development 
MCPH primary recessive microcephaly 
MDS Miller Dieker syndrome 
MEA multi-electrode array 
MEG megalencephaly 
MGE medial ganglionic eminence 
min minutes 
ml millilitre 
MPI max planck institute 
ms milliseconds 
MYA million years ago 
MZ marginal zone 
N aspartic acid 
N777D aspartic acid to asparagine change 
NaCl sodium chloride 
NEC neuroepithelial cell 
NGN2 neurogenin-2 
NGS normal goat serum 
NMD neuronal migration disorder 
NPC neural precursor cell 
NSC neural stem cell 
ORF open reading frame 
oSVZ outer subventricular zone 
OX overexpression 
PBMC peripheral blood mononuclear cell 
PBS phosphate-buffered saline 
PFA paraformaldehyde 
PH periventricular heterotopia 
PH3 phophohistone H3 
PMG polymicrogyria 
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pVIMENTIN phopho vimentin 
PVNH periventricular nodular heterotopia 
RELN reelin 
RT room temperature 
RT-PCR real-time PCR 
S100β Ca2+ binding protein 
SAP subapical progenitor 
SBH subcortical band heterotopia 
scRNA-seq single-cell RNA sequencing 
SP subplate 
SPC short precursor cell 
SVZ subventricular zone 
TTX tetrodotoxin 
VL ventricle-like cavities 
VMS Van Maldergem syndrome 
VZ ventricular zone 
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