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Abstract  
The protocadherin 19 (PCDH19) gene is encoded on the X-chromosome and 

its mutation causes Early Infantile Epileptic Encephalopathy 9 (EIEE9). This 

disorder is characterised by epilepsy in infancy or early childhood, often 

accompanied by cognitive impairment and behavioural disturbanc es of 

diverse severity in heterozygous females. Mosaicism of PCDH19 positive 

and negative cells is believed to underpin the symptoms through a 

mechanism of cellular interference, leading to disruption in cell -cell 

communication, synapse formation and hyper excitability of neurons. 

However, the expression and function of the gene in mammals are still 

poorly understood. The aim of this thesis was to characterise a Pcdh19-

knock-out (KO) mouse model, focusing on cortical migration and 

lamination, and on animal b ehaviour. An analysis of the neuronal types 

expressing Pcdh19 in the postnatal cortex was also undertaken. 

By combining RNA in situ hybridisation and immunohistochemistry, 

Pcdh19 was found to be expressed by a wide variety of excitatory and 

inhibitory neur onal types, although expression was strongest in layers II/III 

and Va. In utero electroporation experiments in mutant animals revealed 

subtle differences in the migration of Pcdh19-KO neurons but no significant 

changes in Pcdh19 heterozygous (HET) females. Accordingly, analysis of 

cortical markers by immunostaining revealed only very minor differences 

in the number or distribution of marker -positive cells between Pcdh19-WT 

and mutant animals. The results of the behavioural analysis suggested a 

higher sensitivity of Pcdh19-HET females to new environments and 

demonstrated an effect of housing on the behaviour of WT animals. 

Together, this study highlights the heterogeneity of Pcdh19 expressing cells 

and discards major roles of this protein in cortical lamination and 

migration. However, the behavioural changes point to alterations in circuit 

formation or function. These results provide an initial path to gain insight 

into the pathophy siology of EIEE9. 
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Chapter 1: Introduction.  

1.1 The cadherin  superfamily  

The cadherin superfamily is comprised by a vast group of transmembrane 

proteins characterised by the presence of extracellular cadherin domains 

(ECs) (Hatta et al. 1988). Using these domains, cadherins form heterophilic 

and homophilic bindings and, consequently, play important roles in Ca 2+-

dependent cell-cell interaction.  (Hirano et al. 2012; Yoshida-Noro et al. 1984) 

In vertebrates, there are over 100 members within the cadherin superfamily 

that can present very different structures. Several classifications into 

subfamilies have been attempted, dividing members according to function, 

structure, genomics or phylogenetics (Hulpiau et al. 2009; Nollet et al. 2000; 

Hirano et al. 2012). Even though a definitive classification does not exist yet, 

the division performed by Hulpiau and van Roy in 2009 is the one most 

cited in the field (Gerosa et al. 2019; Hirano et al. 2012; Brasch et al. 2012; 

Gul et al. 2017; Hayashi et al. 2017). In this classification, the cadherin 

superfamily was divided into 6 families and 21 subfamilies according to the 

phylogenetic analysis by sequence of the first ECs of cadherins from a wide 

variety of organisms (Figure 1). 

As depicted in Figure 1,  cadherins can be divided phylogenetically into two 

major branches: the cadherin major branch and the cadherin-related major 

branch (Hulpiau et al. 2009).  

Within the cadherin major branch, the classical cadherins (type I and type 

II), the flamingo/ Celsr1 subfamily and the solitary cadherin Cdh13 have 

known roles in neuronal development.  

 
1 Throughout the introduction, genes and proteins will in general be named using mouse 
gene nomenclature, except in concrete cases where the studies are centred exclusively in 
another specific organism. 
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Several type I and type II cadherins are expressed in the embryonic brain 

and participate in the processes of neural development. Cadherin 2 (CDH2), 

a binding partner of PCDH19 (Emond et al. 2011), has an essential role in 

the formation of the neural tube in mice (Radice et al. 1997) and zebrafish 

(Lele et al. 2002) and is important i n cortical neuronal migration (Kawauchi 

et al. 2010; Martinez-Garay et al. 2016), migration and differentiation of 

cerebellar granule neurons (Rieger et al. 2009), neurite elongation and 

branching (Masai et al. 2003),  axon guidance (Lele et al. 2002) and synapse 

formation (Aiga et al. 2011), morphogenesis (Kubota et al. 2009), signalling 

(Jüngling et al. 2006) and plasticity (Hirano et al. 2012; Jüngling et al. 2006; 

Mendez et al. 2010). 

The CELSR are widely expressed in mouse neural tissue at developmental 

stages and are known to participate in several processes of neural 

development, such as planar cell polarity, dendritic survival and growth, 

axon guidance or neuronal migration (J. Feng et al. 2012). CDH13 is 

expressed strongly in the cortical preplate at early embryonic stages and 

within the cortex and striatum at later stages. It is involved in promoting 

the survival of interneuronal and late -born pyramidal cells in the cortex 

(Killen et al. 2017). 

The other major branch, the cadherin-related branch, also harbours many 

subfamilies that participate in neural development, such as RET (Imai -

Okano et al. 2016), Fat, Dachsous, Fat-like, Cdh23 (Avilés et al. 2017; Badouel 

et al. 2015; Zakaria et al. 2014), calsyntenin (Steuble et al. 2010; Ponomareva 

et al. 2014; Imai-Okano et al. 2016)  or the different protocadherins (Hirano 

et al. 2012). The molecular structure of the family is depicted in Figure 2. 

Pcdh19, the focus of this thesis, belongs to the protocadherin subfamily 

(Wolverton et al. 2001). This subfamily contains the highest number of 

members within the cadherin superfamily, most of which participate in 

brain development. This group will be explained in detail in section 1.2.
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Figure 1. Classification of the cadherin family, according to Hulpiau and van Roy, 2009.  
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Figure 2. Molecular structure of the subfamilies that belong to the 
cadherin family mentioned in this thesis, except for the protocadherin 
family.  

CD, cadherin domain; CLD, cadherin-like domain; Ca2+, calcium-binding 
region; TM, transmembrane domain; CTD, cytoplasmic domain ; TKD, 
tyrosine kinase domain ; CRD, cysteine-rich domain ; GPI, 
glycosylphosphatidylinositol anchor ; FB, flamingo box; LAG, laminin A -G 
domain ; EGF, epidermal growth factor -like domain ; P120, p120 binding; 
BCAT, B CATENIN binding ; WD, kinesin light -chainðbinding domain ; NP, 
X11L binding site; AR, acidic region. 
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1.2 The protocadherin  family  

As mentioned in the previous section, the protocadherin subfamily is the 

largest among all groups in the cadherin superfamily. First discovered by 

Shintaro Suzuki in the 1990õs, the proteins within this group possess a 

structure similar to the type I and type II cadherin subfamilies: extracellular 

domain with 6 or 7 EC repeats, single transmembrane domain and a 

cytoplasmic tail. However, they lack the catenin  binding sites that type I 

and II cadherins contain in their cytoplasmic region (Keeler et al. 2015; Sano 

et al. 1993).  

Protocadherins also participate in homophilic cell -cell adhesion, but this 

interaction is weaker, and the binding mechanism is different between 

cadherins and protocadherins. While EC1 in cadherins is responsible of 

mediating the interactions, it has been reported that other EC domains are 

also necessary in the homophilic binding of protocadherins, such as EC2, 

EC3, and/or EC4 (Nicoludis et al. 2015; Schreiner et al. 2010; Cooper et al. 

2016; Hirano et al. 2012).  

Most protocadherins are expressed in the nervous system, although not all 

their functions are currently known. However, they are essential in neural 

development and for proper functioning of neuronal circuits (Keeler et al. 

2015; Hirano et al. 2012). 

Protocadherins comprise two subfamilies, the clustered and the 

nonclustered protocadherins, according to their genomic organisation 

(Hulpiau et al. 2009). The genes of the clustered protocadherins are located 

in sequential arrays within chromosome 5 in human and chromosome 18 in 

mouse (Wu et al. 2001), while th e nonclustered protocadherins are spread 

throughout the genome (Keeler et al. 2015; Hirano et al. 2012; Redies et al. 

2005).  

Clustered protocadherins contain 6 EC domains in their structure and are 

subdivided into three subgroups: Ȁ, ȁ ŀƴŘ ʴ (Hulpiau et al. 2009). The Ȁ 
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cluster positively regulates dendrite arborization and spine formation in 

hippocampus (Suo et al. 2012) and participates in the correct wiring of 

cortico-cortical connexions between the primary sensory cortices of both 

hemispheres (Yamashita et al. 2012). PCDHǡC2, which belongs to this 

group, has been reported to mediate the spacing between axon terminals 

(axonal tiling) of serotonergic neurons, required for their proper wiring (W. 

V. Chen et al. 2017). The Ȃ cluster, as the Ȁ cluster, regulates dendrite 

arborization in the hippocampu s (Suo et al. 2012), it also participates in the 

dendritic branching in cortex (Garrett et al. 2012), in cell avoidance of 

Purkinje cells (Gibson et al. 2014) and in the prom otion of the survival of 

spinal interneurons (Prasad et al. 2008). The ȁ cluster also has a role in the 

survival of spinal interneurons. Together, the PcdhȀ and PcdhȂ clusters 

contribute to cell survival in the retina and neural dendritic patterning in 

retina and cerebellum (S. Hasegawa et al. 2016) and all clusters are 

important to form the glomerular structure and correct axonal projections 

in the olfactory bulb (S. Hasegawa et al. 2016).  

Nonclustered protocadherins are formed by the 1ɻ and 2ɻ subgroups, 

characterised by the presence of conserved cytoplasmic motifs (CM) in their 

aminoacidic sequence, and a couple of solitary protocadherins that lack said 

motifs, PCDH12 and PCDH20 (Wolverton et al. 2001; Hulpiau et al. 2009). 

PCDH12 contains 5ECs and is located in vascularised tissues, where it 

participates in the promotion of adhesion in endothelial cells, thus altering 

the function of the arteries, with no effects on neural development detected 

in mice (Philibert et al. 2012). PCDH20 contains 7 EC, its known to be 

involved in the regulation of the cell -fate and cortical lamination of layer IV 

neurons, and has been reported to act as a tumour suppressor too 

(Jennbacken et al. 2009). 

The 1ɻ subbranch is characterised by a structure with 7 EC domains in the 

extracellular region and three conserved motifs (CM) in the cytoplasmic 

domain. There are 4 members in mammals: Pcdh1, Pcdh7, Pcdh9 and Pcdh11. 
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The 2ɻ subbranch contains 6 EC cadherin domains in the extracellular part 

of the protein and two conserved motifs in its cytoplasmic region. In 

addition, 2ɻ protocadherins also have a WIRS sequence, which is not present 

in most of the 1ɻ members. The WIRS sequence mediates the interaction 

with the WA VE (Wiskott Aldrich syndrome protein family verprolin

homologous protein) regulatory complex (WRC). In mammals, the 2ɻ 

subfamily members are Pcdh8, Pcdh10, Pcdh17, Pcdh18, Pcdh19 (Hulpiau et 

al. 2009). The molecular structure of the subgroups is illustrated  in  Figure 

3.
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Figure 3. Molecular structure of the subgroups that belong to the 
protocadherin subfamily.  

CD, cadherin domain ; Ca2+, calcium-binding regi on; TM, transmembrane 
domain ; WIRS, WRC-interacting receptor sequence; CM1, conserved 
motive 1; CM2, conserved motive 2; CM3, conserved motive 3.
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The roles of all protocadherins, including the  ɻsubfamilies, are still being 

studied, even though the fact that they are strongly expressed in neural 

tissues and that mutations in delta protocadherins usually cause 

neurodevelopmental disorders strongly suggest they have roles in the 

development of the nervous system (Keeler et al. 2015; Light et al. 2017).  

Mutations in PCDH1 are known to be associated with eczema, asthma and 

bronchial hyperresponsiveness in humans and the protein has been 

reported to participate in the establishment and maintenance of the 

bronchial epithelial barrier (Tellez et al. 2016). In Xenopus, however, 

PCDH1 has been shown to participate in the morphogenesis of the 

notochord, probably by contributing to the determination of cells into a 

mesodermal fate (Yoder et al. 2011). In chicken, this protein has a role in the 

formation of the dorsal root ganglia of the peripheric nervous system by cell 

sorting the neural crest cells that correspond to this ganglia (Bononi et al. 

2008). 

PCDH7 has been revealed to be mutated in a patient with epilepsy (Lal et 

al. 2015) and to have its expression regulated by MeCP2, the gene 

responsible for Rett syndrome, which is a neurodevelopmental disorder 

(Miyake et al. 2011). In Xenopus, PCDH7 is necessary for the growth, 

extension and pathfinding of axons in the retinal ganglion cells (Leung et 

al. 2015). A recent study of 2018 by Xiong et al. also revealed that 

overexpression of PCDH7 in primary cortical neurons induces apoptosis in 

vitro, suggesting a role for this protein in cell survival (Xiao et al. 2018). 

PCDH9 is the only 1ɻ protocadherin that contains the WIRS motif (Light et 

al. 2017). PCDH9 protein levels are reduced in brains with autistic spectrum 

disorder in humans (Parras et al. 2018). In mice, deletion of Pcdh9 produces 

sensorimotor impairment and short -term and long -term learning deficits, 

together with a decrease in the number of lower -layer pyramidal neurons 

in the somatosensory cortex (SSC), reduced arborization of the dendrites 
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and increase of the spine density (Bruining et al. 2015); which strongly 

implies roles in neural circuit formation.  

The PCDH11 gene is located on both sex chromosomes in humans 

(PCDH11X/ PCDH11Y pair, with some differences in genetic sequence), but 

only on the X-chromosome in the rest of mammals. Pcdh11 is theorised to 

contribute to sexual dimorphism, even though that remains to be 

demonstrated. No differential expression has been detected so far between 

PCDH11X and PCDH11Y (Priddle et al. 2013), but PCDH11X levels are 

higher in females than in males (Lopes et al. 2006). In mice, PCDH11X has 

an important role in brain development, acting as a regulator of neural 

proliferation and stem cell neural differentiation in cortical development, 

which also causes premature migration (P. Zhang et al. 2014). 

PCDH8 has been reported to participate in the regulation of spine density 

by promoting endocytosis of the classical cadherin CDH2, which is an 

essential component in spine remodelling, via the p39 MAPK signalling 

pathway in mouse hippocampal neurons (Yasuda et al. 2007).  

PCDH10 has been suggested to play a role in autism (Bucan et al. 2009). This 

protocadherin has been shown to promote cell migration after cell -cell 

interaction by altering th e adherens junctions (conformed by CDH2 and 

actin) via the recruitment of the NAP1-WAVE complex in vitro (Nakao et al. 

2008). In mice, the protein has been reported to be essential for the guidance 

of corticothalamic, thalamocortical and striatal axons, due to the alteration 

of the patterning of the guidance cells that assist in axon pathfinding that 

are positioned in the ventral telencephalon of mutant mice (Uemura et al. 

2007). PCDH10 has also been associated with synaptogenesis, since NAP1 

is implicated in dendritic spine formation (Nakao et al. 2008) and synapse 

elimination, where it participates in PSD95 proteasomal degradation (Tsai 

et al. 2012). More recently, Pcdh10 heterozygous male mice have been 

reported to present an increase in spine density and altered spine 

morphogenesis in the amygdala, which could imply defe cts in synaptic 
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plasticity or transmission. This effect was accompanied by abnormalities in 

mice social behaviour (Schoch et al. 2017).   

PCDH17 has been recently revealed as a risk candidate gene for major mood 

disorders. In the same report, overexpression of the protein in primary 

neuronal cultures decreased spine density and altered the spine 

morphology, which suggests PCDH17 could have a role in synapse 

transmission (H. Chang et al. 2018). This study supports the role of PCDH17 

in synaptic plasticity, that had already been reported in Hoshina et al., who 

detected antidepressant-like behaviour in Pcdh17-KO mice, together with a 

reduction of efficacy in synapse function at the presynaptic level of the 

corticostriatal pathway (Hoshina et al. 2013). Hayashi et al. also discovered 

a role of this protocadherin in collective axonal growth in the amygdala, via 

the recruitment of the WAVE complex, lamellipodin and ENA/VASP 

proteins to axon-axon contacts, and that this mechanism also promotes the 

migration of U251 cells in vitro (Hayashi et al. 2014). 

The role of Pcdh18 in mammals is not known yet, even though the report of 

a patient with severe intellectual disability that presents a deletion of the 

PCDH18 gene suggest a role in neuronal function in humans (Kasnauskiene 

et al. 2012). PCDH18 also contains a binding site for DAB1, a protein that 

participates in the reelin signalling pathway and is implicated in neuronal 

migration (Homayo uni et al. 2001). In zebrafish, pcdh18 has been 

hypothesised to participate in the early stages of cell specification due to its 

interaction with B1 SOX transcription factors (Okuda et al. 2010) and to 

enhance axon arborization in the motor cortex together with the WAVE 

complex (Biswas et al. 2014).  

Pcdh19 is one of the most studied protocadherins, since mutations of this 

gene produce early infantile encephalopathy 9 (EIEE9), a human 

developmental disorder. However, the role of Pcdh19 in mammals and the 

causes behind the illness are not fully understood yet. Since this protein is 
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the focus of the project, detailed information about the protocadherin wil l 

be provided in the following sections.  

A summary of the role of the different protocadherins and the conditions 

associated to mutations in said proteins in human and mouse is shown in  

Table 1.
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Table 1. Summary of protocadherins functions and associated conditions 
in human and mouse.  

In the third column, the associated conditions relate to humans, unless 

otherwise stated; -, not known.  
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1.3 Pcdh19 structure   

The Pcdh19 gene is located on the X-chromosome. Its mRNA consists of 6 

exons, the first of which is unusually large and translates in to the whole 

extracellular and transmembrane domains of the protein. Exon two can be 

alternatively spliced to form a new variant of Pcdh19 (Dibbens et al. 2008). 

As a member of the 2ɻ subfamily of protocadherins, PCDH19 contains a 

signal peptide and six EC repeats in its extracellular region, a 

transmembrane domain and a cytoplasmic region with two conserved 

motives: CM1 and CM2 (Dibbens et al. 2008; Wolverton et al. 2001), and a 

WIRS (B. Chen et al. 2014). The WIRS is a weak six residue consensus motif 

that is necessary and sufficient for the binding of WRC, which happens 

through the surface of two of the proteins in the compl ex: Sra1 and Abi2 (B. 

Chen et al. 2014).  

The aminoacidic sequence alignment and pairwise comparisons using 

Pcdh19 from  zebrafish, human and mice performed by Liu et al. showed the 

proteins are similar between species (71.28% between zebrafish and human, 

71.76% between mouse and human and 96.46% between mouse and human; 

alignment performed between EC1 and CM2 regions of the protein). 

Particularly high degrees of identity are evident in the CMs: CM1 is 

identical among the three species, and the CM2 of zebrafish shares 88.2 % 

identity with respect to mouse and human, whose aminoacidic sequence is 

identical (Q. Liu et al. 2010). This degree of similarity points to a conserved 

function for those domains, either together or separately, shared by all delta 

protocadherins. However, no insight into their potenti al role has been 

gained so far, and no specific binding partners for those regions have been 

identified.  

More recently, Cooper et al. analysed the structure of Pcdh19 EC1-4 from 

zebrafish using crystallography. The study revealed each EC is formed by 

seven ȁ strands, named from A to G, with a ȁ sandwich fold in its ECs 



15 

(Greek-key), and calcium binding sites were located in the regions between 

the ECs. Both structures are common in other cadherins. In the EC1, 

however, there were structural traits that are typically found in clustered 

protocadherins: a disulphide bond detected at the E-F loop, as well as one 

of two Ȁ-helixes at the B-C loop (Cooper et al. 2016). 

1.4 Pcdh19 expression  

Pcdh19 is expressed in several non-neuronal tissues. In chicken, it has been 

detected in the lungs of embryos and P1 chicks (Bononi et al. 2008). In the 

developing mouse, expression is observed in kidney, olfactory system, eye, 

brain, stomach, dermomyotome, mesenteries, dermal papilla, presomitic 

mesoderm, pancreas and duodenum, usually when tissue morphogenesis 

takes place (Gaitan & Bouchard, 2006). In human, heart, kidney, lung and 

trachea express the transcript (Wolverton & Lalande, 2001).  

However, as the rest of protocadherins, Pcdh19 is mainly expressed in the 

nervous system of the different species studied so far, including  zebrafish 

(Q. Liu et al. 2010), chicken (Tai et al. 2010), mouse (Gaitan et al. 2006; Hertel 

et al. 2008; Krishna-K et al. 2011), rat (Kim et al. 2007), ferret (Krishna et al. 

2009) and human (Wolverton et al. 2001). 

Pcdh19 expression has been reported in chicken brain, including the optic 

tectum (Lin, Yan, et al. 2012; Tai et al. 2010) and in the spinal cord of chicken 

embryos (Lin, Wang, et al. 2012). There is also expression in the cortex of 

developing and adult ferret, where layer V is strongly stained (Krishna et 

al. 2009). 

In the embryonic zebrafish, pcdh19 is expressed very early in development 

across the brain and spinal cord. The spinal cord expression is lost at later 

stages of development, and brain expression gets limited to the lateral and 

dorsal telencephalon. The eye primordium, devel oping retina, lens and otic 

vesicle also show pcdh19 expression (Q. Liu et al. 2010).  
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In the developing mouse embryo, Pcdh19 expression is weak at E9, but gets 

stronger at E9.5 (Gaitan et al. 2006). Pcdh19 gets downregulated between 

E14.5 and E16.5 in the cortex, probably due to the destabilization of Pcdh19 

mRNA by miR 484, but in general PCDH19 expression increases during the 

development of the brain (Fujitani et al. 2017). The protein is also highly 

expressed in postmitotic neurons in the spinal cord between E15.5 and E18.5 

(Gaitan et al. 2006). Expression is detected across several regions of the head 

and spinal cord, including the presomitic m esoderm at early stages, and 

dorsal cortex, lateral ganglionic eminence, retina, nasal cavity and 

prepituitary gland at later ones (Gaitan et al. 2006). In the adult, Pcdh19 is 

strongly expressed in the cortex, hippocampus and cerebellum (Dibbens et 

al. 2008; Pederick et al. 2016), similar to the pattern detected in the 

developing rat brain at E18.5, where the strongest staining is located in 

cortex and limbic system, such as the amygdala, hippocampus and 

hypothalamus (Kim et al. 2007).  

In human, as in rodent, PCDH19 is strongly detected in the cortex and 

amygdala in the period between 8-21 weeks post-conception and in lower 

quantities in the adult brain (Miller et al. 2014; Pederick et al. 2018). 

At the cellular level, Pcdh19 expression has been detected in glial cells 

(oligodendrocytes and astrocytes) in mouse cortex postnatally (Y. Zhang et 

al. 2014). In addition, pyramidal neurons located in cornu ammonis (CA)1 

and CA3 and dentate gyrus (DG) of the rat hippocampus (Bassani et al. 

2018), and neurons in cortical layers II/III (low detection) and V and CA1 

hippocampal neurons in mice (Hayashi et al. 2017; Pederick et al. 2016) also 

express PCDH19. In the neurons of rat and mouse, PCDH19 has been 

detected in the dendrites, and the protein partially colocalise s with pre - and 

post-synaptic markers in m ouse hippocampal neurons (Hayashi et al. 2017). 
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1.5 Early Infantile Encephalopathy  9 (EIEE9) 

Mutations in the PCDH19 gene cause Early Infantile Epileptic 

Encephalopathy 9 (EIEE9), also known as epilepsy and mental retardation 

in females (EFMR) or PCDH19-female epilepsy (Dibbens et al. 2008). The 

disorder was discovered by Juberg and Hellman in 1971 (Juberg et al. 1971), 

and is the second most prevalent monogenic cause of epilepsy after Dravet 

syndrome (Depienne et al. 2012). Apart from the characteristic seizures, that 

happen in clusters and are usually triggered by fever, the disorder is often 

accompanied by autistic spectrum disorders (25% approx imately ), 

language delays, cognitive impairment and/or behavioural disturbances 

including anxiety, obsessiveðcompulsive disorders, aggression and social 

withdrawal. The onset of the seizures occurs in infancy or early child hood, 

ranging from 4 to 60 months, and decreases or even disappears when 

reaching puberty. The cognitive and behavioural dysfunctions, if present, 

persist through adulthood, though (Scheffer et al. 2008; Duszyc et al. 2014; 

Depienne et al. 2012). The penetrance of the disorder is incomplete, and 

thought to be around 80% (Kolc et al. 2019). 

Until recently, it was thought that in EIEE9 patients there was no correlation 

between the severity of the seizures and the degree of intellectual disability. 

The report from Kolc et al., however, found that an early onset of the 

seizures was associated with a more severe cognitive impairment (Kolc et 

al. 2019).   

Most of the mutations occur in the extracellular domain (more than 80%) 

and almost half of them are located in EC3 or EC4. With respect to the type 

of mutation, almost 50% were missense variants, while the rest where 

frameshift and nonsense ones. The mutations are thought to cause the loss 

of function of the mutated allele (Dibbens et al. 2008; Depienne et al. 2012; 

Kolc et al. 2019).  
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Even though half of the EIEE9 cases arise de novo (Kolc et al. 2019; Duszyc 

et al. 2014), the disease was originally discovered and recognised as a 

familiar disorder. The inheritance pattern is highly intriguing. Contrary to 

most X-linked illnesses, EIEE9 is present in heterozygous females, while 

hemizygous males remain mostly unaffected. They act as carriers of the 

disease that can transmit the genetic defect to their daughters, and can 

present controlling, rigid and inflexible personalities, with obsessive traits 

and interests (Dibbens et al. 2008; Scheffer et al. 2008; Juberg et al. 1971). The 

molecular mechanism behind this unusual inheritance mode and the cause 

of the epileptic seizures is not well understood, but the model proposed is 

called òcellular interferenceó. In this model, the mosaic of PCDH19+ and 

PCDH19- cells, brought about by random X-inactivation in the 

heterozygous females, would cause disruption of cell -cell communication, 

leading to the disease (Dibbens et al. 2008). This theory is supported by 

reports of ten cases of males affected with EIEE9-like phenotype that carry 

somatic mutations in the PCDH19 gene (de Lange et al. 2017; Kolc et al. 

2019).  

1.6 Pcdh19 function  

Pcdh19 is known to have a role in neural development in zebrafish, but its 

role in mammals is still not well -understood. Its extracellular domain 

participate s in cell-cell interactions and has been studied the most, while the 

intracellular cytoplasmic domain interacts with intracellular partners that 

could participate in signalling pathways.  

1.6.1 Role in cell -cell interaction  

PCDH19, as the rest of the protocadherins, is a cell-cell adhesion protein 

that forms calcium -dependent weak homophilic interactions.  

In a crystallographic analysis, Cooper, Jontes and Sotomayor discovered a 

probable way of homophilic binding for Pcdh19, in which a fully overlapped 
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antiparallel dimer is formed by the EC1 -EC4 domains of both proteins 

(EC1:EC4; EC2:EC3; EC3:EC2; EC4:EC1) (Cooper et al. 2016). 

But the extracellular domain of PCDH19 not only forms homodimers. The 

zebrafish protein it was shown to interact in cis with Cdh2 in vitro. The 

complex possesses strong adhesive properties, and Pcdh19 seems to have 

the main role in this interaction with Cdh2 acting as a cofactor. Sorting 

assays using Cdh2, Cdh2-Pcdh19 and Cdh2-Pcdh17 coated beads also showed 

an homophilic specificity that depended on the protocadherin Cdh2 was 

partnered with (Emond et al. 2011). In vivo, pcdh19 interacts with cdh2 in 

zebrafish and both participate in the regulation of cell motility during brain 

development. The knockdown of any of the genes by antisense 

morpholinos causes disruption of the neural migration, including an 

increase of unproductive m ovements and a reduction of coordination in the 

trajectory of migration of neighbouring cells (Biswas et al. 2010). 

Recently, in vitro assays from Pederick et al. and Bisogni et al. also revealed 

that combinatorial expression of non -clustered PCDHs, including PCDH19, 

influences cell adhesion affinity, and that these adhesive property is 

sensitive to differences in one single protocadherin or in the relative levels 

of expression among them (Pederick et al. 2018; Bisogni et al. 2018). 

Pederick et al. also reported an abnormal segregation of PCDH19+ and 

PCDH19- cells in the cortex of Pcdh19-HET mice in vivo probably caused by 

the differences in cell adhesion affinity previously mention ed (Pederick et 

al. 2018). 

Cell-cell interactions are essential in many neurodevelopmental processes: 

neuronal differentiation and migration, axon outgrowth, dendrite 

arborization, and synapse formation and maintenance (Weiner et al. 2013). 

In zebrafish, pcdh19 is known to participate in the development of the neural 

tissues through cell adhesion. Pcdh19 knockdown by antisense morpholino 

severely affects the formation of the neural tube by disrupting the 

morphogenesis and blocking the convergence cell movements of the neural 
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plate (Emond et al. 2009). A report from Cooper et al. did also reveal that 

pcdh19 participates in the maintenance of the columnar organisation of the 

optic tectum. Pcdh19-KO elicited the loss of columns due to reduced cell 

cohesion and increase of cell production, affecting visually guided 

behaviours (Cooper et al. 2015). 

Several reports also strongly suggest the involvement of Pcdh19 in some 

neural development processes in mammals, even though the mechanisms 

have not been well-studied yet. Pederick et al. discovered that neurons from 

the developing cortex of Pcdh19-KO mice increased their migration with 

respect to the cells from WT animals in vitro, in an assay performed with 

neurospheres (Pederick et al. 2016). A recent article from Homan at al. also 

detected an enhanced neurogenesis, premature differentiation of neuronal 

progenitors and premature neuron maturation in cultures with either 

Pcdh19-KO cells or with a cell mosaic of WT/ Pcdh19-KO cells, derived from 

mouse or human cortices. These defects are associated with a decrease of 

cell polarity in the progenitors (Homan et al. 2018). 

The role of Pcdh19 in cell adhesion has been the most studied so far, since 

the molecular mechanism proposed to be the cause of EIEE9 (cellular 

interference) is based on the disruption of cell-cell communication between 

the WT and Pcdh19-KO cells.  

1.6.2 Role in intracellular signalling  

Pcdh19, as the rest of the ɻ 2 protocadherins, contains a binding site for the 

WRC in its cytoplasmic domain, as described in section 1.3. Pcdh19 only 

associates with the full WRC complex, that is composed by WAVE/SCAR, 

hematopoietic stem/progenitor cell protein 300 (HSPC300) /Brick1, 

cytoplasmic interactor of FMRP 1 and 2 (CYFIP1/2)/Sra1, Nck associated 

protein (NAP1)/Hem2/Kette, and Abelson interactor 1 protein ( Abi1), (B. 

Chen et al. 2014). WRC is known as a regulator of actin cytoskeleton 

dynamics. The complex contains a VCA region (verprolin homology 

domain, cofilin homology domain and acidic region). This is the surface the 
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Arp2/3 complex binds to, and the interaction triggers its activi ty as an actin 

nucleator (Kurisu et al. 2009). In fact, reports by Hayashi et al. and Bassani 

et al. have shown that PCDH19 fluorescent puncta colocalise with Abi1 in 

the dendrites of neurons in hippocampal cul tures (Hayashi et al. 2017; 

Bassani et al. 2018). Reduction of PCDH19 levels by shRNA in utero 

electroporation altered neuronal migration and dendritogenesis of CA1 

hippocampal neur ons, leading to an ectopic location of these cells, a 

decrease in their arborization and an aberrant spatial location of apical 

dendrites (Hayashi et al. 2017; Bassani et al. 2018). These results imply a role 

for PCDH19 in the regulation of actin cytoskeleton dynamics, probably in 

association with the WRC. However, no alterations of dendrite or spine 

morphology could be detected in layer V cells of Pcdh19-HET or Pcdh19-KO 

mice (Hayashi et al. 2017). Therefore, this role could be limited to certain 

neural types or the different results could be due to the use of different tools 

(siRNA vs mutant animals).  

Pcdh19 has also been shown to associate with the non-POU-domain -

containing octamer binding protein (NONO)/P54nrb, a paraspeckle 

protein which participates in transcriptional and posttranscriptional 

regulation and deoxyribonucleic acid  (DNA ) repair. This interaction has 

been shown to play a role in the regulation of genes via the oestrogen 

receptor alpha (ERȀ), a steroid hormone receptor (Pham et al. 2017). 

Disruption of this signalling pathway has been linked to E IEE9, as patientsõ 

fibroblasts show dysregulated genes that are controlled by the progesterone 

receptor and ERȀ receptor. In the same study, it was shown that patients 

present reduced levels of the neurosteroid allopregnanolone due to the 

downregulation of  the gene AKR1C, whose protein transforms 5Ȁ-

hydroxyprogesterone into allopregnanolone (Tan et al. 2015). 

Allopregnanolone is a known anticonvulsant and therefore, reduction in its 

levels could be implicated in the epileptic seizures of the patients (Reddy 

2010). 
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This neurosteroid is also a strong positive allosteric regulator of gamma 

aminobutyric acid (GABA) -A receptors (Reddy 2010). A recent report from 

Bassani et al. has revealed that PCDH19 interacts with the alpha subunits of 

the GABA-A receptor through its cytoplasmic domain, upstream of CM1. 

PCDH19 downr egulation in hippocampal neurons caused a reduction in 

the levels of alpha subunits located at their surface, which affected their 

postsynaptic currents, implying a possible role of PCDH19 in the 

intracellular transport of GABA -A receptor units and modulat ion of its 

activity (Bassani et al. 2018). Failures in the GABAergic system alter 

inhibitory transmission in the adult brain and predispose the brain to 

epileptic activity (Ben-Ari 2015), which is consistent with EIEE9. Moreover, 

GABA has an excitatory function in the developmental brain and 

participates in neuronal proliferation, migration and (Deidda et al. 2014).  

1.6.3 Role in cortical  development  

As explained in previous sections, Pcdh19 could be involved in neural 

development through its cell adhesive properties (Weiner et al. 2013). 

Pcdh19 could also have a role in cortical development due to its role as a 

regulator of cytoskeleton dynamics or its participation in GABAergic  

signalling (Bassani et al. 2018). The in vitro studies of Homan et al. and 

Pederick et al. also suggest a possible role for Pcdh19 in neurogenesis, neural 

differentiation, cortical migration and neural maturation (Pederick et al. 

2016; Homan et al. 2018). A recent article from Fujitani et al. also reported 

that reduction of PCDH19 levels by in utero electroporation of shRNA in the 

developing mouse caused an increase in the differentiation of radial glial 

cells (RGCs) to intermediate progenitors (IP s) (Fujitani et al. 2017). 

Moreover, cortical malformations have been detected in EIEE9 patients 

(Pederick et al. 2018). 

1.6.4 Role in behaviour  

EIEE9 patients can present cognitive impairment and behavioural 

disturbances in addition to clustered seizures (Dibbens et al. 2008). Even 
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though there are no reports of seizures in any of the Pcdh19-HET or Pcdh19-

KO mouse models (Pederick et al. 2016; Hayashi et al. 2017), the Pcdh19-

HET mouse model from Pederick et al. did show an abnormal brain network 

in the electrocorticogram analysis, with an increase in the number of spike-

wave discharge events per hour and the duration of each event in P42 mice 

(Pederick et al. 2018). 

Moreover, despite not observing any epileptic episodes in their Pcdh19-HET 

model, the study from Hayashi et al. did detect some differences between 

their mutant and WT mice in the performance of some behavioural tests. 

Both mutants showed abnormalities under stress conditions and 

hyperactivity at 34 weeks that was not present at 11-12 weeks (increased 

hyperactivity due to aging). Moreover, Pcdh19-HET females displayed a 

decrease in the contextual and cue responses to fear compared to WT and 

Pcdh19-KO animals. Anxiety -like behaviours, social interaction, working 

and spatial memory did not seem to be affected. These results suggest that, 

despite the lack of seizures, Pcdh19-HET animals might be useful to study 

the involvement of PCDH19 in brain funct ion (Hayashi et al. 2017). 

1.7 Cortical  development  

Cortical development is a process comprising several consecutive phases 

that result in a formed mature cortex (López-Bendito et al. 2008). Pcdh19 

could be participating in any of the phases or be involved in several of them.  

In mice, which is the most common animal model for the study of cortical 

development, the cerebral cortex derives from the dorsal telencephalic 

vesicle that has originated from the neural tube at E9. This precortex is 

formed by neural stem neuroepithelial cells (NEC s) and is composed by a 

single layer of these progenitors (Miyata et al. 2001; Fernández et al. 2016). 

This cells are characterised by their tight unions and they undergo 

interkinetic nuclear migration, a movement of the nucleus from the apical 

to basal part of the epithelium that follows their cell cycle (Taverna et al. 
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2010). They divide symmet rically, giving rise to two NEC daughters and 

amplifying the neuroepithelial pool (Miyata et al. 2010).  

Around E10 neurogenesis starts and NECs transform into RGCs after losing 

the tight junctions and acquiring glial identity. RGCs go through symmetric 

divisions at this age (Misson et al. 1988; Fernández et al. 2016). However, 

these cells soon stop the cell-amplifying divisions and start to divide 

asymmetrically, generating an RGC and another cell, which can be an 

intermediate progenitor (IP) or a neuron (Miyata et al. 2001; Gal et al. 2006; 

Noctor et al. 2004). IPs do not undergo interkinetic nuclear migration, reside 

in a basal region compared to the RGCs called the subventricular zone 

(SVZ) and do not contact with the pial or basal surface. The zone where 

RGCs are located is called the ventricular zone (VZ). IPs undergo self-

consuming divisions that give rise to two neurons in mice (Hirota et al. 

2017b; Noctor et al. 2004; Fernández et al. 2016). The cerebral cortex is where 

most excitatory neurons are generated, while cortical inhibitory 

interneurons derive from subcortical regions: the lateral (Tamamaki et al. 

1997), medial (Wichterle et al. 2001) and caudal ganglionic eminences 

(Kanatani et al. 2008; Wamsley et al. 2017), specifically.  

Cortical excitatory neurons have to migrate from the SVZ/VZ to their 

correct laminar positions in a process called radial migration. Migration 

occurs in an insideðout pattern, where cells that are born later migrate 

radially outwards traversing the already  positioned early -born neurons. At 

E11.5, the first neurons form the preplate, that is above the VZ. The 

following neurons migrate from the VZ/SVZ and split the preplate into the 

marginal zone (MZ) and the subplate, forming the cortical plate in between 

(Nadarajah et al. 2001; Hirota et al. 2017b; Marin-Padilla 1978).  

Before neurons enter the cortical plate, they go through a multipolar cell 

phase, where cells extend and retract multiple processes very fast, moving 

slowly towards the cortical plate (Tabata et al. 2003). This characteristic 

movement is called multipolar migration. This phase lasts for 24 hours 
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approximately, and then the neurons get oriented towards the cortical plate 

via the Reelin-Rap1-Cdh2 pathway (Jossin et al. 2011), acquire bipolar 

morphology and start migrating towards the cortical pla te through other 

mechanisms (Tabata et al. 2016; Hirota et al. 2017b; Noctor et al. 2004).  

Somal translocation is the mechanism used by early-born neurons, when 

the cortical plate is not very thick. In this mode of migration, neurons are 

attached to the pial surface by a long process, and the retraction of this 

process moves the cell soma until they reach their final position (Nadarajah 

et al. 2001; Hirota et al. 2017b).  

Late-born neurons use glia-guided locomotion, using the fib res of the RGCs 

as a scaffold, as the cortex has thickened considerably over time. They 

traverse the early-born neurons, and when the neuronal leading process 

makes contact with the MZ, they switch their mode of migration to terminal 

translocation, a process morphologically similar to somal translocation, and 

then complete their migration to their final positions (Nadarajah et al. 2001; 

Hirota et al. 2017b). The process of neurogenesis and migration is depicted 

in Figure 4. 

Cell migration requires the participation of the cytoskeleton, which Pcdh19 

is thought to be a regulator of. Cytoskeleton components are involv ed in 

the movement of the centrosome in the leading process and the movement 

of the nucleus. The promotion of actin polymerization via the Cdk5-p27Kip1 

and Cdk5-Pak1 pathways (Kawauchi et al. 2006; Nikolic et al. 1998) is 

necessary for the extension and maintenance of the leading process. The 

growth of microtubules is needed to move the centrosome into the leading 

process and requires several microtubular proteins, such as APC, DCX or 

kinesins (Tanaka et al. 2004; Mimori-Kiyosue et al. 2000; Xie et al. 2003). 

Additionally, the Lis1/ Ndel1/dynein complex is in charge of linking the 

microtubules with the nucleus to regulate the nucleokinesis (Shu et al. 

2004). Lastly, proteins involved in cell polari ty, like Par6 and aPKC 

contribute to cell migration too (Solecki et al. 2004; X. Jiang et al. 2016). 
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Reelin, secreted by the Cajal-Retzius cells in the MZ, is also essential in 

migration. This glycoprotein has been associated with cytoskeleton 

regulation, nucleokinesis, cell shape and cell adhesion via DAB1, nectins, 

Fyn or cadherins (Jossin et al. 2011; Franco et al. 2011; Gil-Sanz et al. 2013; 

Hirota et al. 2017a).  

One of these cadherins is Cdh2, which is known to interact with Pcdh19. 

Cdh2 participates in all the steps of radial migration of excitatory neurons. 

It regulates the orientation of multipolar neurons towards the cortical plate 

via Rap1 as mentioned previously  (Jossin et al. 2011). It is also involved in 

somal translocation by stabilizing the leading process that is contacting the 

MZ via a Reelin-Dab1-Rap1-Cdh2 pathway (Franco et al. 2011), and 

promoting cell -cell interactions between the neurons that are migrating and 

the Cajal-Retzius cells in the MZ via Nectin 3 and afadin (Gil -Sanz et al. 

2013). In glial -guided locomotion, Cdh2 is critical for the attachment of the 

leading process of the migrating neuron to the RGC and is regulated via 

Rab5/11 (Shikanai et al. 2011; Kawauchi et al. 2010). It also participates in 

nucleokinesis via the phosphatase PTPB1 and catenins Ȁ and ȁ (Martinez -

Garay et al. 2016).  Degradation of this cadherin, which is at least partially 

regulated by the Reelin-Fyn-Rab7 lysosomal degradation pathway, induces 

the terminal translocat ion of migrating cells (Kawauchi et al. 2010). In 

addition to adhesion proteins, other proteins secreted by the own migrating 

neuroblasts, such as Ephrin -B1, also promote migration (Dimidschstein et 

al. 2013). 

Once the excitatory neurons achieve the correct positioning within the 

cortical layers, the terminal differen tiation starts. Neurons increase their cell 

somas, grow their apical and basal dendrites, extend their axons, and form 

the spines and boutons that will be essential for synapses (X. Jiang et al. 

2016).
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Figure 4. Neurogenesis and radial migration in mice.  

MZ, marginal zone; CP, cortical plate; IZ, intermediate zone; SVZ, 
subventricular zone; VZ, ventricular zone ; RGC, radial glial cell; IP, 
intermediate progenit or; BN, bipolar neuron; MN, multipolar neuron; CRC, 
Cajal-Retzius cells. Based on Jiang and Nardelli, 2015; Hirota and Nakajima, 
2017.
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After neurogenesis, the neuroprogenitors that generated the cortical 

neurons start to give rise to glial cells, such as astrocytes and 

oligodendrocytes . This process starts at E16 in mice and continues 

postnatally (X. Jiang et al. 2016; Qian et al. 2000).  

In contrast to the migration of excitatory cells, GABAergic interneurons 

present a tangential migration (Lavdas et al. 1999; De Carlos et al. 1996). 

Interneurons migrate long distances from the ganglionic eminences 

extending a leading process that branches while migrating. The branches 

are generated and modified depending on the extracellular environmental 

cues that the leading process detects. These signals determine the direction 

of the interneuron, since the branching is followed by the movement of t he 

nucleus towards the branching point (Martini et al. 2009). 

Two migratory streams are the routes used for the majority of interneurons: 

they either go through the MZ or traverse the SVZ. A smaller group courses 

through the subplate, but interestingly, interneurons avoid migrating 

through the cortical plate during t angential migration (Tiveron et al. 2006; 

López-Bendito et al. 2008). When the invasion of the cortical plate occurs, 

interneurons switch to a radial migration mode (Polleux et al. 2002; 

Luhmann et al. 2015). Finally, they allocate their soma to specific layers of 

the cortex in the final phase of migration, likely by responding to chemical 

signals that are produced by the excitatory cells (Marín 2013; Miyoshi et al. 

2011; Lodato et al. 2011). 

1.8 Cortical lamination  

Alterations in cortical development can cause defects in cortical lamination 

that lead to epilepsy (Marín 2012) and behavioural disturbances, as the ones 

seen in EIEE9 patients (Dibbens et al. 2008; Kurian et al. 2018). 

The neocortex is the part of the brain in charge of high-order brain 

functions. In mammals, a large amount of areas that vary between species 
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can be identified. Each of the areas varies in its cell composition and circuits, 

and the thickness and cytoarchitecture of each of the cortical layers is also 

area specific (Kaas 1987). According to the way they process the different 

stimuli, the areas can be grouped into the visual cortex, for visual stimuli; 

the auditory cortex, involved in the processing of auditory informa tion; the 

motor cortex, which controls the motor behaviour, and the somatosensory 

cortex, that processes different sensory modalities, specially from the 

whiskers (Lodato et al. 2015). 

Apart from its organisation into areas, the mature cortex is also structured 

into 6 histologically different cortical layers that were generated in an 

inside-out pattern, as explained in section 1.7. 

Layer I, also called the molecular layer, which during development is 

populated mainly by Cajal -Retzius cells (Germain et al. 2010), contains the 

apical dendritic tufts of cortical pyramidal neurons, whose inputs are 

necessary for the feedback interactions in the cerebral cortex that are 

involved in the cognitive process. This layer also receives input from the M -

typ e thalamic cells (Rubio-Garrido et al. 2009).  

Layers II/III, known a s the external granular and external pyramidal layer 

are almost indistinguishable in mice. They contain medium -size pyramidal 

cells that extend cortico-cortical projections, either within the same 

hemisphere (associative) or to the opposite hemisphere (commissural). In 

rodents, the commissural projecting neurons usually traverse through the 

corpus callosum (callosal projecting neurons), while a small number extend 

their axons through the anterior commissure (Sabri et al. 2018; Molyneaux 

et al. 2007). In the somatosensory cortex, layer II/III receives excitatory 

inputs mainly from layer IV and propagates information to layer V, 

especially to layer Va (Hooks et al. 2011).  

Layer IV, or internal granular l ayer, consists of spiny stellate excitatory 

neurons in the SSC of mice, while it is formed by pyramidal excitatory 
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neurons that project to layer I in the visual cortex. Several types of inhibitory 

interneurons are also present in both cortical areas, but they differ in the 

type of somatostatin-expressing interneurons located in the layer (Cadwell 

et al. 2018). This layer is the first step in the processing of sensory 

information, since it is the main target of the C -type cells (core) from the 

thalamus (Jones 1998) and distributes it to the other layers. The layer also 

receives cortico-cortical inputs (Hooks et al. 2011). 

Layer V or internal pyramidal layer is comprised by larger pyramidal cells 

of heterogeneous morphology and electrophysiology that project to both 

corticocortical and subcortical targets (Hattox et al. 2007). Layer V can also 

be divided into two strata, layer Va and layer Vb, which possess different  

neuronal cell-types, functions and connexions (Schubert et al. 2006). In the 

somatosensory cortex of rodents, layer Va is mainly formed by 

intratelencephalic pyramidal neurons, that are electrophysiologically 

characterised by regular spiking action potential firing patterns  and with a 

small dendritic arbour but a dense axonal ramifications, that usually are 

restricted to the supragranular layers (Schubert et al. 2006; Larsen et al. 

2006; Naka et al. 2016). This stratum is the one that receives the strongest 

input from layer II/III (Hooks et al. 2011), but also from layer IV and from 

local neurons within layer Va. These neurons project intracorticall y to other 

layers too, but their intracortical output is mostly local (Schubert et al. 2006; 

Hooks et al. 2011; Larsen et al. 2006; Koralek et al. 1990). A group of cells 

from layer Va also present corticobulbar axon extensions and, thus, project 

subcerebrally (Hevner et al. 2003). On the contrary, layer Vb, which is more 

dense than layer Va, is composed by pyramidal tract, with a thickly -tufted 

dendritic arbour and a sparse axonal ramification that mostly desc ends into 

the infragranular layers. These neurons possess intrinsically bursting action 

potential firing patterns  and project mostly extracortically (Hattox et al. 

2007; Kasper et al. 1994; Larsen et al. 2006; Naka et al. 2016). The strongest 

input to this layer comes from layer II/III (Hooks et al. 2011), and layer Vb 

neurons extend axons to subcerebral targets, such as the pons and other 
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nuclei of the brainstem (cortico-pontine), the superior colliculus 

(corticotectal) or the spinal cord (corticospinal) (Molyneaux et al. 2007; 

Lévesque et al. 1996). 

The deepest layer is layer VI, also called polymorphic layer. It contains 

neurons of diverse morphology, including pyramidal, spiny stellate or 

bipolar, that project both intra and extracortically. Layer VI receives strong 

inputs from layer IV, and also from layers Vb and VI (local inputs), and 

projects intracortically to these areas  (Briggs 2010; Hooks et al. 2011). 

Neurons from this layer extend corticothalamic projections too (Hevner et 

al. 2003). 

The cortical circuit can also be organised into columns in some parts of the 

neocortex, where the neurons connect with each other radially across the 

different layers. In the rodent somatosensory cortex, that can be clearly 

seen, with layer IV receiving the sensory input from the whiskers via the 

thalamus, and spreading the information to layers II/III, which pass it to 

layer V, the final processor of that sensory information (Petersen et al. 2001). 

In summary, the cortex is composed by an heterogenous variety of neurons 

of different morphological and electrophysiological properties that project 

to different targets, and several types of glia, such as astrocytes, 

oligodendrocytes or microglia. To study its cell composition, cortical 

molecular markers are used. These markers are transcription factors, 

calcium-binding proteins and cytoskeletal proteins expressed by a specific 

layer or layers, or by a concrete subpopulation of cells (Molyneaux et al. 

2007; Rudy et al. 2011). In a simplified way, the neuronal types within the 

cortex can be grossly divided into glutamatergic excitatory neuro ns that 

project either intracortically, subcortically or subcerebrally; and GABAergic 

inhibitory interneurons that form local connexions in the cortex (Gorski et 

al. 2002; Molyneaux et al. 2007). 
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Excitatory neurons can express different cortical markers according to their 

location within the cortex or where they project to. For example, cut like 

homeobox 1 (CUX1), CUX2 or LIM homeobox 2 (LHX2) are markers of the 

upper cortical layers and are expressed strongly in layers II-IV. LHX2 is also 

expressed in the most superficial part of layer V (Bulchand et al. 2003; Nieto 

et al. 2004), while RAR related orphan receptor B (RORB)-expressing cells 

are mainly located in layer IV of caudal areas of the cortex (Nakagawa et al. 

2003). T-box, brain 1 (TBR1) is characteristic of layer VI neurons that also 

extend corticothalamic projections, but it is expressed postmitotically in 

layers II/III too (Hevner et al. 2001; Molyneaux et al. 2007). Most upper -

layer excitatory neurons project callosally, but to characterise the 

corticocortical projecting cells in the deep layers, the special AT-rich 

sequence-binding protein 2 (SATB2) marker is used (Alcamo et al. 2008; 

Britanova et al. 2008; Jabaudon 2017). Within layer V, several markers can 

be used to determine the different subcerebrally-projecting cells: 

Orthodenticle homeobox 1 (OTX1)-positive cells extend their axons to the 

superior colliculus and pons in layer Va (Hevner et al. 2003), while chicken 

ovalbumin upstream promoter transcription factor interacting protein 2 

(CTIP2) is expressed in corticospinal and corticotectal projecting cells in 

layer Vb and corticothalamic projecting neurons in layer VI (Arlotta et al. 

2005; Molyneaux et al. 2007; Jabaudon 2017) for example. 

Regarding the interneurons, three molecular markers can  detect almost 

100% of cortical interneurons in the mouse SSC:  parvalbumin (PV) , 

somatostatin (SST) and the ionotropic serotonin receptor 5HT3a (5HT3aR) 

(Rudy et al. 2011). PV-expressing interneurons, derived from the medial 

ganglionic eminece (MGE) (Fogarty et al. 2007) are composed of chandelier 

and basket cells with fast-spiking  firing pattern and comprise 40% of the 

total number of interneurons, distributed in all layers excep layer I 

(Woodruff et al. 2009; Rudy et al. 2011). Interneurons that express SST are 

originated in the MGE (Fogarty et al. 2007) and can be divided into 

Martinotti and non -Martinotti (X94) cells, which together make up 30% of 
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the total number of interneurons (Rudy et al. 2011). Martinotti cells display 

burst spiking nonpyramidal  firing patterns, are mainly located in layer V 

(Uematsu et al. 2008) and target layer I. The X94 cells produce a firing 

pattern closer to the PV+ fast-spiking  cells and different from Martinotti 

cells, are located in layers IV and Vb and target layer IV (Ma et al. 2006). 

5HT3aR-positive interneurons, unlike the previously described 

interneurons, are mainly born in the caudal ganglionic eminence (CGE)  and 

constitute the other 30% of interneurons. This 5HT3aR-expressing 

interneurons  form the most diverse group with diverse morphology and 

electrophysiology. Around 40% of this cells coexpress vasoactive intestinal 

peptide (VIP), a marker that is expressed by interneurons mainly located in 

layers II/III with bipolar, bitufted and multipolar morphologies that 

comprise irregular spiking, fast -adapting,  bursting nonadapting and 

delayed nonðfast-spiking  3 firing patterns (Lee et al. 2010) that target 

pyramidal neurons or other interneurons (Rudy et al. 2011). The rest of the 

5HT3aR cells mainly consist of reelin+ neurogliaform cells that reside in 

layer I and produce late-spiking firing patterns that target pyramidal 

neurons and other interneurons. These reelin+ cells comprise more than 

80% of the VIP- cells, while other small populations of bursting 

nonadapting neurons (bNA) and multipolar irregular s piking  (IS) neurons 

were also observed within this group (Lee et al. 2010; Rudy et al. 2011). 

Before the discovery that almost 100% of the interneurons expressed one of 

these three molecular markers, GABAergic inhibitory neurons were usually 

studied using PV, calbindin (CB) and calretinin (CR) as interneuronal 

markers, since they comprise about  80% of the cortical interneurons in 

rodents (Gabbott et al. 1997). PV is expressed by fast-spiking  cells, as has 

been explained in the previous paragraph. CB-positive cells consist of an 

important number of layer II/III cortical excitatory neurons (DeFelipe 1997) 

and a population of interneurons that can be regular spiking non -pyramidal 

(RSNP) or burst-spiking non -pyramidal (BSNP) cells of diverse 

morphology, fast-spiking  (mostly PV positive) or irregular spiking (only 
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when co-expressed with SST) (Cauli et al. 1997; Markram et al. 2004; Flames 

et al. 2005) and derive from the MGE. Cells that  express CR are originated 

in the CGE and can be divided into BSNP/IS bipolar cells; or RSNP 

multipolar cells, which are mostly located in layers II/III and target the rest 

of the layers (Barinka et al. 2010). CR  colocalises with 5HT3aR in IS cells 

and with SST in some Martinotti cells (Rudy et al. 2011). CR is also detected 

at P8 in pyramidal neurons located in layer Va of  the mouse SSC, but the 

expression decreased from that age on and disappeared by P30, where only 

a few interneurons were observed  (J. Liu et al. 2014). 

Another marker generally used to  analyse interneurons is glutamic acid 

decarboxylase 65 and 67  (GAD65/67), the enzyme that produces GABA, 

the inhibitory neurotransmitter of the GABAergic inhibitory interneurons 

(Schousboe et al. 2007). 

Recently, a new technique, single cell RNA-sequencing, has arisen as a 

powerful tool to conduct cell -type analysis. An analysis conducted by Ziesel 

et al. in 2015 in the somatosensory cortex and hippocampus of young adult 

mice (P21-P31) detected 15 GABAergic, 7 glutamatergic and 18 non-

neuronal cell-types in the SSC. The 7 excitatory cell-type depended mainly 

on the layers: layers II/III, IV, VI and VIb contained one single 

subpopulation, while layer V was comprised by two. A subpopulation that 

expressed only common deep-layer markers was also found. The 

GABAergic interneurons were classified into 15 subclasses that expressed 

PV, SST or 5HT3aR, and did not overlap between them, as previously 

reported by immunohistochemical analysis (Rudy et al. 2011; Zeisel et al. 

2015). PV was expressed in one subpopulation, SST in three and 5HT3aR 

contained the rest of the interneuronal cell-types. Non neuronal cell -types 

were comprised by two subtypes of astrocytes, two of microglia, two of 

perivascular macrophages, and six of olygodendrocytes, probably 

representing different states of maturity. A subclass of ependymal cells, 
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choroid plexus, vascular smooth muscle cells, pericytes and two types of 

endothelial cells were also identified (Zeisel et al. 2015). 

Another study, performed b y Tasic et al. in 2016 in the visual cortex of adult 

mice, revealed a total of 23 GABAergic, 19 glutamatergic and 7 non-

neuronal subclasses of cells, according to their transcriptomic analysis. The 

experiment managed to detect most already known cortical m arkers and 

identified several new ones. Glutamatergic neurons, as in the SSC, were 

classified into six major classes depending on layers. GABAergic 

interneurons were divided into 23 subgroups, 18 of which contain PV, CB 

or VIP-expressing cells, markers that had previously been identified. The 

seven non neuronal subtypes corresponded to astrocytes, microglia, 

oligodendrocyte precursor cells, two types of oligodendrocytes, endothelial 

cells and smooth muscle cells, each with its own set of characteristic 

markers (Tasic et al. 2016). A more recent article from the same group 

showed that the better resolution of the single cell RNA -sequencing allowed 

the cells from the visual cortex to be classified into many more subtypes, 

but they corresponded well to the 49 identified in the previous study. 

Analysis using this technique in the motor and visual cortex of mice and 

comparison of both areas reported that most glutamatergic neuronal types 

were area specific, but interneuron and non -neuronal subclasses were 

shared between them, even though some interneuronal subpopulations did 

present some area-specific differences (Tasic et al. 2016). Some of the cell 

types identified possessed characteristic electrophysiological features and 

in the last report, glutamatergic cell -types classified by transcriptomic 

analyses could be matched according to their long-range specific axonal 

projections, thus posing single-cell transcriptomics as a great tool to classify 

all the unique cell populations within the cortex and to gain insight into the 

cortical circuitry.  
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1.9 Behaviour  

As explained in section 1.6.4, the Pcdh19-mutant mouse model of Hayashi 

et al. presents some behavioural phenotypes (Hayashi et al. 2017). Mice 

share with humans many brain functions and emotional responses, one of 

the reasons why using mouse models to approach human behavioural 

responses under pathological conditions is very common. A very wide 

range of tests can be conducted to study mouse behaviour, but the 

experiments performed within one study depend on the particular 

phenotype that is analysed (Van Meer et al. 2005). Autism spectrum 

disorder (ASD) represents a good example, and a range of behavioural tests 

can be used to study this condition, whic h is present in around a quarter of 

EIEE9 patients (Camacho et al. 2012). 

Because ASD is correlated with motor deficits, hyperactivity, anxiety and 

difficulties in adaptation to novel situations (Lai et al. 2014; Daenen et al. 

2001), one of the chosen paradigms is the open field test. In this test, mice 

are let to run freely in an arena for a determined period of time, either in the 

dark or with lights on. Several para meters can be measured to test general 

locomotor activity, anxiety -like behaviour (Simon et al. 1994; Seibenhener 

et al. 2015), adaptation  and habituation to th e novel environment (Daenen 

et al. 2001).  

Considering that autistic patients can present motor deficits, hyperactivity 

or sleep disturbances (Lai et al. 2014), 24-hour activit y behavioural studies 

can also be carried out. Spontaneous locomotion of the mice in an open-field 

arena is analysed for 24 hours. Calculation of different parameters allows 

then to study the general activity of the mice and their circadian cycles 

(Paladino et al., 2013; Kalbassi et al., 2017).  

Anxiety is seen in patients within the autistic spectrum (Lai et al. 2014). In 

the elevated plus maze (EPM) test, mice are placed into an elevated arena 

that consists of two closed arms and to open arms and are let to roam 
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around for a few minutes with lights on. Several parameters can be 

measured to analyse a type of anxiety-like behaviour that could correlate to 

the ASD patients. 

Social interaction tests are highly important in the study of autism, since 

deficits in social communication and interaction are characteristic of this 

disease (Lai et al. 2014). Social interaction studies analyse the interest of a 

mouse in a peer and can be conducted within a novel environment (Kalbassi 

et al. 2017) or in their own cage (Silverman et al. 2010).  

Other social interaction studies conducted in a three chamber arena analyse 

the time the subject mouse spends in a chamber with a novel mouse with 

respect to the time spent alone in an empty chamber, or study the mouse 

preference for social novelty by calculating the time spent by the subject 

mouse with a novel mouse respect to a familiar one (Silverman et al. 2010; 

Kaidanovich-Beilin et al. 2010). 

1.10 Aims  and hypothesis  

As has been mentioned in the introduction, even though Pcdh19 has been 

suggested to have a role in various steps during cortical development 

(Pederick et al. 2016; Fujitani et al. 2017; Bassani et al. 2018; Homan et al. 

2018), its role in this process and the mechanisms that lead to EIEE9 are still 

not fully understood. The aim of this project was to expand the knowledge 

about Pcdh19, particularly regarding its expression throughout 

development, the characterization of the cell types expressing this gene and 

its role in migration, cortical lamination and behaviour in mice.  

To achieve this aim, Pcdh19 expression was detected by in situ hybridisation 

at the level of the cortex in late embryonic and early postnatal stages, 

followed by a characterisation of Pcdh19 positive cells by in situ 

hybridisation combined with immunohistochemistry against several 

neuronal mark ers in the somatosensory cortex of P10 and P20 mouse brains. 
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Since some reports showed signs of cortical dysplasia in a patient, cortical 

migration was also analysed by performing in utero electroporation of 

shRNAs on wild type mice at E13.5 and E15.5, and by in utero 

electroporation of EGFP into WT, Pcdh19-HET and Pcdh19-KO embryos. 

Finally, to gain a better understanding of the potential functions of 

PCDH19, we conducted a detailed immunohistochemical and a basic 

behavioural characterization of a validate d Pcdh19 knock-out (KO) mouse 

model. 
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Chapter 2: Material and methods. 

2.1 Animal  husbandry and legislation  

2.1.1 Animal  housing  

Mice were maintained on a 12 h light/dark cycle (with lights on from 6 am 

to 6 pm), in a controlled temperature environment of 21 ± 2 ºC and a 

humidity of 50 ± 10%. All mice had access to food and water ad libitum.  

Animals were housed with at least one cardboard tube, one wooden chew 

stick, and nesting material. Animals were group housed (up to five per 

cage).  To prevent fighting, males were only group housed if they belonged 

to the same litter and were weaned at the same time. Once the male was 

singly housed, he was never grouped housed again. 

Animals  were health checked regularly, and twice a day after an in utero 

electroporation procedure. Experiments were performed according to the 

UK Animal Scientific Procedures Act (1986). From 1st January 2013, the 

European Union (E.U.) Directive 2010/63/EU was i mplemented into UK 

law by an update of ASPA 1986. 

2.1.2 Animals used  

C57BL6/J wild -type (WT) animals were bought from Charles River 

Laboratories at 6-8 weeks of age and bred in Cardiff University School of 

Biosciences.  

Pcdh19 knock-out (KO; TF2108) animals were purchased from Taconic 

Biosciences. These animals have a ȁ-galactosidase and neomycin fusion (ȁ-

geo) cassette replacing the first three exons of the Pcdh19 gene (Pederick et 

al. 2016). As seen in Figure 6, exon 1 is extremely large and codes for the 

extracellular and transmembrane domains of the protein. Thus, deletion of 
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the exons 1-3 results in the absence of the protein (Pederick et al. 2016). The 

background of the KO mouse is 129/SvEv -C57/BL6.  

2.1.3 Animal  matings  

Females were paired individually or in duos with a male. Animals were 

mated at the start of the week and vaginal plugs were checked every 

morning. The day the plugs were observed w as considered embryonic day 

(E)0.5. The day pups were born was designated as postnatal day (P)0. Pups 

were weaned between P30 and P35.  

2.1.4 Mouse genotyping  

All females were ear-notched for identification purposes.  

Animals were sex genotyped if the animal was culled before P20 and 

genotyped to determine if the animal was Pcdh19-WT, Pcdh19-HET or 

Pcdh19-KO if required.  

Ear notches and tail clips were stored at -20 ºC until processing.  

2.1.4.1 DNA extraction  

For samples that only required sex genotyping, tail clips were digested in 

100 µL of digestion buffer [50 mM Tris base pH 8.5 (Thermo Fisher 

Scientific, BP152), 2% Ethylenediaminetetraacetic acid (EDTA; Sigma-

Aldr ich, ED) and 5% Tween-20 (Sigma-Aldrich, P9416) in deionized water] 

at 56 ºC overnight. Proteinase K was added to the buffer immediately before 

incubation at a 5 µg/µL concentration.  

Samples that required Pcdh19 allele identification or Pcdh19 identificat ion 

and sex genotyping were digested using the Mouse Direct PCR Kit (Biotool, 

B4001), following the manufacturerõs protocol. In brief, ear notches were 

digested with buffer L and 2% protease plus for one hour at 55 ºC and then 

incubated at 95 ºC for 5 min. 
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If needed, samples were stored at -20 ºC after digestion and before 

polymerase chain reaction (PCR) analysis. 

2.1.4.2 PCR analysis 

For sex determination, digested samples were heated at 100 ºC for 10 

minutes (min) before performing a PCR, using Taq DNA polymerase 

(QIAGEN, 201203). The protocol was performed according to the 

manufacturerõs instructions. One ÕL of the lysate was added directly to a 24 

µl PCR reaction [0.5 µL of 10 mM deoxynucleotide triphosphates (dNTPs; 

Promega, U1511), 5 µL of 5xQ solution, 1.25 µL of each primer (original 

concentration 10 mM), 2.5 µL of PCR buffer, 1.75 µL of 25 mM MgCl2, 0.5 

µL of Taq DNA polymerase and Milli Q water up to 24 µL]. Primers used 

were Jarid 1c and d (Clapcote et al. 2005), as shown in Table 2.  Samples 

were then put in a thermocycler (Biorad T100) following the programme 

outlined in Table 2. PCR products were loaded on a 2% agarose gel in Tris-

Borate-EDTA (TBE) [0.22 M Tris base, 180 mM of boric acid (Sigma-Aldrich, 

B6768) and 5 mM of EDTA pH =8] solution at pH =8.3, and 0.005% of 

Ethidium Bromide (Sigma -Aldrich, E1510) in an electrophoresis chamber 

for 50 min at 110 V and visualized using an ultraviolet (UV) 

transilluminator (VWR GenoView, GenoSmart2).  

For Pcdh19 detection and sex genotyping, 1 µL of the sample plus 0.5 µL of 

each of the primers (10 µM) was added to 10 µL of 2xM-PCR OPTITM mix 

(containing Taq DNA polymerase, dNTPs, MgCl 2 and reaction buffer). The 

mix was made up to 20 µL with Milli Q water. Samples were put in a 

thermocycler with the protocol described in Table 2. For Pcdh19 

genotyping, two different PCR protocols were used: one to detect the 

Pcdh19-WT allele and other to detect the Pcdh19-KO allele. Primers used to 

detect Pcdh19-WT alleles were TF2108-F and TF2108-R. To detect Pcdh19-

KO alleles, TF2108-10 and GT-IRES primers were used. Sequences, 

annealing temperatures and molecular weights (MW) of the PCR products 

are shown in Table 2.   
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Genotyping  Primer sequences (forward and reverse) PCR protocol 
Product 

size 

Sex 
genotyping 

Jarid 1c primer: 
5ô-CTGAAGCTTTTGGCTTTGAG-3ô 

 
Jarid 1d primer: 

5ô-CCACTGCCAAATTCTTTGG-3ô 

Taq DNA 
polymerase 
(QIAGEN): 

- 94 ÜC 5ô. 
- 40 cycles: 

¶ 94 ÜC 30ò. 

¶ 54 ÜC 1ô. 

¶ 72 ÜC 40ò. 
- 72 ÜC 5ô. 
 
Mouse Direct 

PCR Kit 
(Biotool): 

-94 ÜC 5ô. 
-35 cycles: 

¶ 94 ÜC 20ò. 

¶ 54ÜC 20ò. 

¶ 72 ÜC 20ò. 

-72 ÜC 5ô. 
 

Jarid 1c: 
331 bp 
 
Jarid 1d: 
302 bp 

Pcdh19 
genotyping 

Pcdh19-WT primers: 
TF2108-F 

5ô-TAGAGGTTCTTGCTGAAGACTTCC-3ô 
TF2108-R 

5ô-TCAACTGTTTCGATGAGACACTGC-3ô 
 

Pcdh19-KO primers: 
TF2108-10 

5ô-GTGCGTACCAGGCGGGAGC-3ô 
GT-IRES 

5ô-CCCTAGGAATGCTCGTCAAGA-3ô 

Pcdh19-WT: 
-94 ÜC 5ô. 
-35 cycles: 

¶ 94 ÜC 20ò. 

¶ 56.5ÜC 20ò. 

¶ 72 ÜC 20ò. 
-72 ÜC 5ô. 
 
Pcdh19-KO: 

-94 ÜC 5ô. 
-35 cycles: 

¶ 94 ÜC 20ò. 

¶ 57.2ÜC 20ò. 

¶ 72 ÜC 20ò. 
-72 ÜC 5ô. 
 

Pcdh19-
WT: 
123 bp 
 
Pcdh19-
KO: 
437 bp 

Table 2. PCR primers and protocol for genotyping.  
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2.2 Real-time quantitative polymerase chain 
reaction (PCR) 

Four mice of each age from at least three different litters were analysed in 

this experiment.  Animal s from the same litter were treated as independent 

biological replicates. All tissue was handled in an RNase free (RF) 

environment throughout the tissue preparation. All tools were sprayed 

with RNaseZAP (Sigma, R2020). Water and phosphate buffered saline [PBS; 

13.7 mM NaCl (Sigma-Aldrich, S7653), 0.27 mM KCl (Sigma-Aldrich, 

P9333), 0.8 mM Na2HPO4 (Sigma-Aldrich, 71640), 0.146 mM KH2PO4 

(Sigma-Aldrich, P9791) in distilled water] were treated with diethyl 

pyrocarbonate (DEPC; Sigma, D5758) at a 0.1% concentration and 

autoclaved the following day. All the rest of the sol utions were maintained 

RF and diluted in DEPC water or DEPC PBS if required.  

2.2.1 Dissection   

Animals were culled at different ages (P2, P6, P10, P15 and P20), using 

cervical dislocation and confirming by decapitation in accordance with 

Schedule 1 (ASPA, Home Office 1986). The brain was extracted, placed in a 

mould (Electronic Microscopic Science, 69090-C) on ice and cut with  blades 

(Electronic Microscopic Science, 70933-70) into coronal slices to facilitate the 

separation of its different parts. Samples were then snap frozen in liquid 

nitrogen and stored in a -80 ºC freezer until ribonucleic acid (RNA) 

extraction. The brain sections isolated were olfactory bulb (OB), striatum 

(ST), cortex (CTX), hippocampus (HPC), thalamus (TH) and cerebellum 

(Cb). Only cortex samples had their RNA extracted. 

2.2.2 RNA extraction  and reverse transcription  

To extract the RNA, cortical tissue from Section 2.2.1 was thawed on ice 

and one mL of Trizol (Life technologies, 15596018) was added to the 1.5 ml 

tube. Tissue was triturated using a 1 mL pipette tip followed by a 16G gauge 

needle (BD MicrolanceÊ, 300637). The vial was centrifuged briefly at 4 ºC, 
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the upper phase of the suspension was transferred to a new tube and 200 

µL of chloroform (Sigma, 372978) was added. The vial was shaken for 15 sec 

and then centrifuged at 12000 G for 15 min at 4 ºC. The aqueous phase was 

transferred to another tube and 0.5 mL of 100% isopropanol (Sigma, 278475) 

was mixed with the sample. After inverting for 15 sec, the sample was 

loaded into a column from the RNeasy extraction kit (QIAGEN, 74104). 

Samples were processed according to the manufacturerõs instructions from 

this point on. In summary, samples were washed in a series of buffers, 

treated with DNaseI mix (QIAGEN, 79254; 10 µL of DNaseI stock in 70 µL 

of buffer RDD) and eluted in 30 microliters of RF water . After elution, RNA 

was quantified using a Biospectrometer® basic (Eppendorf) and stored at -

80 ºC. 

Once the RNA was extracted, samples were converted into coding 

deoxyribonucleic acid (cDNA) using the enzyme reverse transcriptase. 2 µg 

of RNA was added into a mix of 0.67 µL of Random Hexamer Primers 

(Promega, C1181) at a 300 ng/µL concentration and diluted in DEPC water 

up to 12 µL. The mixture was then incubated for 3 min at 85 ºC. Then, 1 µl 

dNTP mix at 10 mM, 4µl of 5Xfirst strand buffer, 1 µl of 0.1 M dithiothr eitol 

(DTT; Invitrogen, 707265ML), 2 µL SuperScript III reverse transcriptase 

(Invitrogen, 18080044) and 1 µL RNase inhibitor (Applied Biosystems, 

N8080119) were added. The reaction was incubated for 5 min at room 

temperature (RT; 25 ºC) and 1h30min at 50 ºC. Lastly, cDNA was stored at 

-20 ºC ready for qPCR. 

2.2.3 Quantitative  PCR protocol and analysis  

After reverse transcription, a qPCR experiment was conducted to quantify 

the relative levels of cDNA present in each of them. 

For each sample of the FAST SYBR® Green RT-qPCR, a qPCR mixture 

containing 12.5 µL of FAST SYBR® Green Master mix (Applied Biosystems, 

4385612), 0.625 µL of 10 µm forward and 10 µm reverse primers and 10.25 

µL of Milli Q water were mixed.  The primers used to perform the 
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quantitative PCR (Pcdh19-F, Pcdh19-R, B-actin-F and B-actin-R) were taken 

from a previous publication (Pederick et al. 2016). B-actin primers were 

used as an internal control. Primer sequences are shown in Table 3. 100 ng 

of cDNA was added to the mixture. Each reaction was prepared in 

triplicates, mixed in a tube and pipetted into a MicroAmp Ê Fast Optical 96-

well plate (Applied Biosystems, 4346906). The plate was placed in a 96-Well 

Support Base (Applied Biosystems, 4346906) covered with a clear adhesive 

film (Applied Biosystems, 4306311) and briefly centrifuged. Finally, the 

plate was placed into the StepOnePlusÊ Real-Time PCR system (Applied 

Biosystems, 4379590) and the Sybr Green qPCR protocol conducted. The 

protocol consisted of 40 cycles of qPCR, using an annealing temperature of 

60 ºC for all primers. The number of PCR cycles the sample required to cross 

a fluorescent threshold was designated as the cycle threshold (Ct). Ct values 

were used to calculate the relative amount of cDNA. Raw data was 

extracted after qPCR completion and analysed using Microsoft Office Excel. 

Relative levels of cDNA were calculated using the 2-ǤǤCT method 

(Schmittgen, 2008). In this method, the fold change of the gene normalised 

to an internal control and relative to a calibrator were calculated using a 

series of formulas. To perform this analysis, two assumptions were made: 

that the efficiency of the target gene and the internal control is the same and 

that the efficiency is close to 1. First, the initial number of molecules (X0) is 

equivalent to  X0 = KX x (1 + EX) -CT, X, where KX is a constant, EX is the 

efficiency of target amplification and C T, X is the threshold cycle for target 

amplification. Second, to normalise to the internal control (ȁ-actin), X0 = KX 

x (1 + EX) -CT, X was divided by R0 = KR x (1 + ER) -CT, R, were R is the internal 

control. If EX= ER is assumed, this results in the formula: XN = K x (1 + E)-

ǤCT, where XN is the normalized amount of target, and ǤCT is equal to the 

difference in threshold cycles for the target gene and the internal control. 

To relativise to the calibrator (P2), XN, q = K x (1 + E)-ǤCT, q was divided by 

XN, c = K x (1 + E)-ǤCT, c, where q was the target sample and c the calibrator. 

If assumed E=1, XN, q/  XN, c= 2-ǤǤCT, where XN, q/  XN, c is the initial quantity 
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of molecules normalised to an internal control and relative to a calibrator, 

and -ǤǤCT is ð (ǤCT, q -ǤCT, c). Since all reactions were prepared in 

triplicates, values from each reaction were averaged.  

Additionally, a melting curve was generated to check that only specific 

fluorescence signal could be detected. This curve indicates the melting 

temperature of the target, which depends on the cDNA length and its 

nucleotide sequence, thus confirming the primers amplified the correct 

product. Melting curve analysis is important in qPCR experiments that use 

SYBR Green, since the dye detects any double-stranded DNA (dsDN A), 

including unspecific products that could be generated in case the primers 

were not optimal, the annealing temperature was too low or the PCR got 

contaminated, among others. To generate this melting curve, the 

temperature was increased by 1°C per minute up to 99°C to detect the 

fluorescent signal released from the now denatured products. qPCR 

protocol is outlined in Table 3.  
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Target gene Primer sequences (forward and reverse) 
qPCR  

protocol 

Pcdh19 

Pcdh19-F: 
5ô-TGGCAATCAAATGCAAGCGT-3ô 

Pcdh19-R: 
5ô-ACCGAGATGCAATGCAGACA-3ô 

- 95 ÜC 10ô. 
- 40 cycles: 

¶ 95 ÜC 15ô. 

¶ 60 ÜC 1ô. 
- 95 ÜC 15ô. 
- 60 ÜC 1ô. 
- 95 ÜC 15ô+0.3 ÜC 
 

ɓ-Actin 

Bactin-F: 
5ô-CTGCCTGACGGCCAGG-3ô 

Bactin-R: 
5ô-GATTCCATACCCAAGAAGGAAGG-3ô 

Table 3. qPCR primer sequences and protocol.
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2.3 Histological  techniques  

To characterise the Pcdh19 positive cells, analyse the role of Pcdh19 in 

cortical migration and determine if there were immunohistochemical 

differences among the Pcdh19-WT, Pcdh19-HET and Pcdh19-KO animals 

several immunohistochemical analysis were performed.  

2.3.1 Brain extraction and fixation  

Brains were extracted and fixed using different techniques according to the 

age of the animal. Embryonic animals were culled by decapitation while 

postnatal animals were perfused. 

2.3.1.1 Embryonic brain extraction  

When embryos reached E16.5 or E18.5, embryos were extracted, and their 

brains dissected in ice-cold PBS. Brains were then fixed overnight by 

immersion in 4% paraformaldehyde (PFA; diluted in PBS from 16% PFA; 

Thermo Fisher Scientific, 28908) at 4ºC and subsequently stored in PBS at 

4ºC until cutting.  Tails clips were used for genotyping purposes (described 

in Section 2.1.4).  

In the cases where the samples were used to detect Pcdh19 RNA, tissue was 

handled in an RF environment. As in Section 2.2, all tools were sprayed 

with RNaseZAP and all buffers were made RF. 

2.3.1.2 Perfusion  

To fix samples and prepare them for cutting, postnatal animals were 

perfused. If brains were to be used to detect RNA using in situ hybridization 

(ISH) techniques, tissue was handled in an RF environment.  Animals were 

injected with 0.1 mL of Euthatal (Merial, R02701A). Once the animal lost the 

pedal withdrawal reflex, it was perfused with PBS followed by 4% PFA 

using a 26G needle (BD MicrolanceÊ, 300300). The tail clips were used for 

genotyping  (explained in Section 2.1.4). Different quantities of PBS and 4% 
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PFA were used depending on the size of the animal: 5 mL for P2 and P6; 10 

mL for P10, and 15 mL for P15 and P20. If the animal was an adult, 30 mL 

of PBS and 30 mL of PFA were infused using a pump (Ecoline; Bennet 

Scientific Limited). After perfusion, brains were extracted and immersed in 

PFA 4% for 24-hours (h) at 4 ºC, and then stored in PBS also at 4 ºC until 

cutting.  

For X-gal staining, the procedure was very similar, but mice were perfused 

using 1% PFA and brains were fixed for 2 hours at 4ºC, before immersing 

them in PBS. 

2.3.2 Sectioning  

Fixed brains were cut into slices using two differen t instruments. Slices that 

were going to be used for ISH analysis or X-gal staining were sectioned with 

the cryostat, while slices that were immunohistochemically stained or just 

counterstained with DAPI were cut with the vibratome.  

2.3.2.1 Cryostat sectioning  

In the cryostat sections that were used to detect RNA using ISH techniques, 

tissue was handled in an RF environment. Prior to cryostat sectioning, 

brains were immersed in 30% sucrose (Thermo Fisher Scientific, S/8600/60) 

until they sunk to the b ottom of the tube. After cryoprotection, brains were 

embedded in optimum cutting temperature (OCT) compound (VWR, 

361603E) and frozen on dry ice. Samples were kept at -80 ºC until sectioning. 

Brains were cut into 12 or 20 µm coronal slices and mounted onto Polysine® 

microscope slides (VWR, 631-0107). Slides were labelled and stored at -80 

ºC until usage. 

In the X-gal staining procedure, samples were cut into 25 µm coronal slices 

and didnõt need to be RF. 



50 

2.3.2.2 Vibratome  sectioning  

To cut brains on the vibratome, brains were embedded in 4% Top Vision 

low melting -point agarose (Thermo Fisher Scientific, R0801) in PBS. 

Sections were cut at 100 µm or 50 µm, depending on their intended use, and 

collected into PBS with 0.05% sodium azide (Sigma-Aldrich, S2002). 

2.3.3 Staini ng 

Slices were stained using different techniques. ISH was performed when 

Pcdh19 mRNA had to be detected, an IHC analysis was done to detect 

different molecular markers, and a combination of both techniques was 

performed to study the expression of the markers in Pcdh19 mRNA positive 

cells. Brains used for migration analysis were only counterstained with 

DAPI.  

2.3.3.1 ISH  

The ISH technique consists of three steps: generation of a specific probe that 

binds to the target, probe hybridisation and probe detection.  

2.3.3.1.1  Probe generation  

Three riboprobes were designed to conduct ISH experiments: two against 

Pcdh19 (exons 1 and 6, respectively) and the third against catenin delta-1 

(CTNND1) as a positive control. All the steps required to generate the 

probes are illustrated in Figure 5. Sequences of the primers are shown in 

Table 4. PCR amplification was carried out using t he specific primers 

(Table 4), a template of the gene of interest and the Phusion® High-Fidelity 

DNA Polymerase (New England Biolabs, M0530S). In brief, 250 ng of mouse 

brain cDNA was added into a PCR master mix containing 4 µL of the 5X 

Phusion HF buffer, 0.4 µl of 10 mM dNTPs, 1 µl of each of the primers, 0.2 

µL of the Phusion® High -Fidelity DNA Polymerase. The mix was made up 

to 20 µL with Milli Q water  and put in a thermocycler following the protocol 

in Table 4. 
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Probe Primer sequences (Forward and reverse) PCR protocol 
Product 

size 

Pcdh19 
exon 1 

Pcdh19e1-F: 
5ô-CACCAAGCAGAAGATTGACCGAG-3ô 

Pcdh19e1-R: 
5ô-GCCTCCCATCCACAAGAATAGTG-3ô 

- 98 ÜC 30ôô. 
- 35 cycles: 

¶ 98 ÜC 10ôô. 

¶ 72 ÜC 1ô. 
- 72 ÜC 5ô 

987 bp 

Pcdh19 
exon 6 

Pcdh19e6-F: 
5ô-GGATTCTTGGCCACTCTGATAG-3ô 

Pcdh19e6-R: 
5ô-CTCTGTTTCCCCAACATCAAG-3ô 

- 98 ÜC 30ôô. 
- 35 cycles: 

¶ 98 ÜC 10ôô. 

¶ 66.8 ºC 
30ôô. 

¶ 72 ÜC 30ôô. 
- 72 ÜC 5ô 

810 bp 

CTNND1  

CTNND1-F: 
5ô-ATGGACGACTCAGAGGTGGA-3ô 

CTNND1-R: 
5ô-GCACCTCTTCACCAATCATG-3ô 

- 98 ÜC 30ôô. 
- 35 cycles: 

¶ 94 ÜC 30ôô. 

¶ 65 ÜC 30ôô. 

¶ 72 ºC 30ôô. 
- 72 ÜC 5ô 

988 bp 

Table 4. Primers to generate probes for the RNA ISH  experiments.   

Pcdh19, Protocadherin 19; CTNND1, Catenin delta-1.
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The PCR product was cloned into a pCRÊ-Blunt II -TOPOÊ Vector 

(Invitrogen, 45-0245). In brief, 1 µL of PCR product was mixed with 1 µL 

salt solution (Invitrogen, 45 -0245), 1 ÕL of pCRÊ-Blunt II -TOPOÊ and 3 ÕL 

of Milli -Q water, incubated for 5 min at RT and then transformed into  One 

ShotÊ TOP10 Chemically Competent E. coli cells (Thermo Fisher Scientific, 

C404006) as per manufacturerõs instructions.  TOP10 competent cells were 

thawed on ice and 2 µL of the cloning product was added to the 50 µL vial. 

The mix was incubated for 30 min, before a heat shock for 30 sec at 42 ºC 

was performed and the sample was placed on ice again. Then, 250 µL of 

super optimal broth with catabolite repression (S.O.C.) medium (Sigma, 

3522) were added to the TOP10 cells and incubated at 37 ºC for 1 hour at 

200 revolutions per minute (rpm)  on a Thermomixer (Thermomixer C, 

Eppendorf) to allow the translation of the kanamycin resistance gene. After 

incubation, 100 and 150 µL of the product was spread onto LB (Sigma, 2897)-

kanamycin agar plates (50 mg/mL) and incubated overnight at 37 ºC.  

6 colonies per transformation were selected for overnight culture into 3 mL 

LB + kanamycin. The following day, plasmid DNA was extracted using a 

QIAprep Spin miniprep kit (QIAGEN, 27104) following the ma nufacturerõs 

protocol. Colonies were centrifuged at 5000 rpm for 2 min and the 

supernatant was discarded to collect the cultured bacteria. The pellet was 

resuspended in P1 buffer and an alkaline P2 solution was added and 

incubated for 5 min at RT to denature the genomic DNA. Then, N3 buffer 

was used to neutralise the acid solution. The solution was centrifuged at 

14000 rpm for 10 min to precipitate the genomic DNA and cell debris to the 

bottom. The supernatant was collected, added into a column that contained 

a silica membrane for selective adsorption of plasmid DNA and 

centrifuged. The sample was washed with PE buffer twice to remove the 

salts and eluted with 30 µL of water. To check if the plasmid contained the 

correct insert in the correct orientation, 2 µL of each miniprep was digested 

with an enzyme for an hour and run on a 1% agarose gel. If the size of the 

bands was correct, one miniprep was selected for sequencing (see Table 4 
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for primers). Confirmed plasmids were retransformed ( Section 2.3.3.1.1) for 

maxiprep (QIAGEN, 12362).  

To generate sense and antisense probes, 25 to 50 µg of DNA were linearized 

using specific enzymes. To generate antisense and sense probes, the cloned 

pCRÊ-Blunt II -TOPOÊ Vector was digested with a restriction enzyme that 

produced 5õoverhangs to avoid transcription in the opposite sense. The 

restriction enzymes used are described in Table 5. The mix was incubated 

at 37 ºC during the day and then left to incubate over-night after 4 µL more 

of the enzyme was added. After digestion, the DNA was purified using the 

QIA -quick PCR purification ki t (QIAGEN, 28104) and the sample was 

eluted in 30 µL of RF water. All the steps performed after water elution were 

conducted in an RF environment. The digested sample was transcribed for 

2 h at 37 ºC in a water bath. The transcription reaction consisted of 4 µL of 

linearized DNA, 2 µL of RNA labelling mix, 2 µL of the RNA polymerase, 2 

µL of a 10X transcription buffer specific to the RNA polymerase, and 10 µL 

of DEPC water. Probes were labelled with digoxigenin (DIG) -labelled 2'-

deoxyuridine 5' -triphosphate s (dUTPs) nucleotide mix (Sigma Aldrich, 

11277073910). All sense probes were transcribed using SP6 RNA 

polymerase (New England -Biolabs, M0207S), and the three antisense 

probes were transcribed using T7 RNA polymerase (New England -Biolabs, 

M0251S). After transcription, the probes were purified using Illustra 

MicroSpin G50 columns (GE Healthcare Life Sciences, 27-5330-01) to 

eliminate the unincorporated labelled nucleotides. Finally, 0.5 µL of RNase 

inhibitor was added to each sample and 4 µl of each probe was loaded onto 

a gel (1-1.2% of agarose in TBE buffer) to check for RNA integrity.
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Probe Restriction enzymes  Manufacturer  Volume Buffer 

AS 

Spe I, 
Hind III or  

BamH I  
New 

England-
Biolabs 

4 µL 
CutSmart 

buffer  

S 

NotI,  
XbaI or 

XhoI  
Table 5. Restriction enzymes used to digest pCRÊ-Blunt II -TOPOÊ 
Vector to generate sense and antisense probe.
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Figure 5. Probe generation.  

Diagrammatic representation of the generation of riboprobes to detect 
Pcdh19 and CTNND1 mRNA using ISH techniques. 
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2.3.3.1.2  In situ  hybridization  

To detect Pcdh19 mRNA in the tissues, ISH on E16.5, P2, P6, P10, P15, and 

P20 brains was performed. All the steps until the probe was hybridized 

were done in an RF environment. Frozen sections were thawed at RT for 20 

min. The buffers used are depicted in Table 6. The slides were then placed 

in microscope slide mailers and post-fixed in 4% PFA for 15 min. Sections 

were then washed in PBS for 3 min 3 times and incubated in hydrogen 

peroxidase (Sigma-Aldrich, 216763) 3% diluted in PBS for 15 min to quench 

the endogenous peroxidases. Following the incubation, slides were rinsed 

in PBS again and acetylated in a 0.25% acetic anhydride solution (Sigma-

Aldrich, 320102) for 10 min. After another 3 washes in PBS for 5 min, brain 

slices were pre-hybridized in a pre -warmed hybridization buffer [50% 

formamide (Sigma-Aldrich, 47671), 0.1% Tween-20, 0.25% CHAPS (Sigma-

Aldrich, C5070), 250ȋg/ml yeast tRNA (Thermo Fisher Scientific, AM7119), 

500ȋg/ml herring sperm (Invitrogen, 15634-017), 5x Denhardts (Invitrogen, 

750018), 5x SASC (diluted in Milli-Q water from 20xSASC; salt and sodium 

citrate; GIBCO, 15557-044), 50ȋg/ml heparin (Sigma-Aldrich, H4784), 

2.5mM EDTA] for 1 h at 65 ºC. Slices were hybridized with the probe 

overnight at 65 ºC in a water bath (Julabo SW22). The slides were put in a 

closed humid chamber filled with a humidifier buffer to avoid the drying 

of the sample. Sense and antisense probes were used at a dilution of 2 µL of 

probe in 750 µL of hybridization buffer in all brains except for P15 and P20 

brains, where the dilution used was 3 µL in 750 µL of buffer. Probes were 

denatured at 80 ºC for 5 min before hybridization. Probes were then added 

to the slides, and hybridizatio n coverslips (Grace Bio-Labs, GBL716024) 

were used to cover the slides.
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2.3.3.1.3  Probe detection  

For fluorescent detection, slides were removed from the bath on the 

following day and washed with 0.2xSASC 20 min for 3 times, followed by 

equilibration in buffer TN ( preparation is described in Table 6) for 5 min 

and blocking in TNB (TN+0.5% Blocking Reagent; Perkin-Elmer) for 30 min. 

Slides were then incubated for 30 min in anti -DIG antibody coupled with 

horseradish peroxidase (HRP) (Sigma-Aldrich, 11207733910) in a 1 in 2000 

dilution in TNB to detect the DIG -labelled probes. Following the incubation, 

tissue was rinsed in TNT (TN+ 0.5% Tween) 3 times for 5 min.  

To amplify the fluorescence, each slide was incubated in 150 µL of Cy3-

Tyramide (TSATM Plus Cy3 Fluorescence kit, Perkin-Elmer, NEL744001KT) 

in a 1 in 50 dilution dissolved in the amplification diluent. TSA stands for 

Tyramide signal amplification. This amplification method uses the property 

of tyramide to bind to other proteins after  oxidative radicalization. The 

incubation of the tissue labelled with an antibody coupled with HRP with 

tyramide and hydrogen peroxide (present in the diluent) produces the 

radicalization of tyramide. The radicalized tyramide binds covalently to 

proteins near the site of the radicalization. Tyramide is coupled with the 

fluorescent dye Cy3, thus amplifying the fluorescent signal and facilitating 

the detection of the probe. 

 The slide was then washed 3 times in TNT again. After the washes, the 

slices were equilibrated in PBS for 10 min, stained with 4',6- diamidino -2-

phenylindole dihydrochloride (DAPI ; Sigma-Aldrich, D9542) for 10 min in 

a 1 in 4000 dilution in PBS and then washed in PBS again. Finally, the slides 

were mounted in fluorescence mounting medium D AKO (Agilent, S3023). 

and stored at 4 ºC before imaging. 

If the probe was detected using a colourimetric reaction (CISH), on the 

second day, slides were removed from the bath and washed in a post-

hybridization buffer (solution des cribed in Table 6) for 1 h twice. To 

prepare for the blocking, brain slices were then rinsed twice for 15 min in 
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B1 buffer (components are shown in Table 6) and blocked for 1 h in CISH 

blocking buffer [10% goat serum (BIORAD, C07SA) dissolved in B1 buffer]. 

Tissue was then incubated overnight at 4 ºC in anti-DIG-Alkaline 

phosphatase antibody (AP; Sigma-Aldrich, 11093274910) in a dilution of 1 

in 2000. The following day, slides were washed twice in B1 for 5 min and 

once in B3 buffer (preparation detailed in Table 6) for 30 min to develop the 

in situ hybridization. The probe was detected using 5-bromo-4-chloro-3-

indolyl -phosphate/nitro blue tetrazolium (BCIP/NBT) liqu id substrate 

(Sigma, B1911). Tween-20 (Sigma, P9416) in a 1 in 1000 dilution was added 

to BCIP/NBT, and this mix was added onto the slide. The slide was 

incubated in the BCIP/NBT - Tween-20 mixture in darkness until the signal 

appeared (48-72 h). Finally, brain slices were rinsed in PBST (PBS + 0.1% 

TritonX -100) twice for 20 min, once with water and mounted with DAKO. 
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Buffer Components 
Final 

concentration 
Manufacturer 

Acetylation 

buffer 

Triethanolamine 100 mM Sigma-Aldrich 

Acetic anhydride 0.25% Sigma-Aldrich 

Humidifying 

buffer 

Formamide 50% Sigma-Aldrich 

20xSASC 10x GIBCO 

TN (1L) 

1.5 M NaCl 150 mM Sigma-Aldrich 

1 M Tris pH =7.5 100 mM 
Thermo Fisher 

Scientific   

Post-

hybridization 

buffer (500 

mL) 

Formamide 50% Sigma-Aldrich 

20xSASC 2x GIBCO 

Tween-20 0.1% Sigma-Aldrich 

B1 (500 mL) 

1.5 M NaCl 150 mM Sigma-Aldrich 

1 M maleic acid buffer pH 

=7.5 
100 mM X 

Tween-20 0.1% Sigma-Aldrich 

B3 (50 mL) 

Prepared 

fresh 

1 M Tris pH=9.5 100 mM 
Thermo Fisher 

Scientific   

5M NaCl 100 mM Sigma-Aldrich 

1 M MgCl2 50 mM Sigma-Aldrich  

Tween-20 0.05% Sigma-Aldrich 

Table 6. Buffers used for probe detection in ISH.  

SASC, salt and sodium citrate.
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Images were taken on a confocal microscope. Details of the imaging are 

explained in Section 2.3.4. 

2.3.3.2 Immunohistochemistry  (IHC)  

To detect molecular markers, IHC on P10 and P20 brains was performed. 

Cortical markers, such as chicken ovalbumin upstream promoter 

transcription factor interacting protein 2 (CTIP2), special AT -rich sequence-

binding protein 2 (SATB2), cut like homeobox 1 (CUX1), T-box, brain 1 

(TBR1) and RAR related orphan receptor B (RORB), were detected on P10 

brains. Interneuronal markers, specifically parvalbumin (PV), calbindin 

(CB), calretinin (CR) and somatostatin (SST), were analysed in P20 brains. 

As explained in Section 2.3.2.2, brain slices were cut on the vibratome at 50 

µm and stored in PBS with 0.05% sodium azide at 4 ºC. The free-floating 

slices were selected and incubated in a blocking solution that contained 4% 

bovine serum albumin (BSA; Sigma-Aldrich, 7906), 3% donkey serum (DS; 

Sigma-Aldrich D9663) and 0.1% Triton X-100 (Sigma-Aldrich, T9284) in PBS 

at RT for 1 h. Tissue was then incubated in primary antibody diluted in 

blocking solution overnight at 4 ºC. Incubation was performed in a humid 

chamber. Dilution and characteristics of the antibodies are shown in  Table 

7. Incubations with only the secondary antibody were used as negative 

controls. Antibodies against RORB, SATB2, PV and CR couldnõt bind to 

their target antigens unless an antigen retrieval (AR) step was performed. 

In these cases, the tissue was either immersed in a 10 mM citrate buffer 

(Sigma-Aldrich, C2404) pH =6, at 95 ºC for 5 min (RORB and SATB2) or 10 

min (PV, CR) before the blocking was conducted. When optimization tests 

for the PCDH19 and BGAL antibodies were conducted, several ways of AR 

were tested: the tissue was immersed in 10 mM citrate buffer pH =6 in all 

cases. But then they were heated either in a waterbath or a microwave. The 

waterbath was at 70ºC or 95ºC and the time of incubation could be 10, 20 

min or 30 min. When microwaved, the tissue was incubated for 5 min from 

room temperature or heat until boiling point and then heated for 5 minutes.  
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Primary 

antibody 
Manufacturer MAb/PAb Dil. Host AR 

Layer 

expression 

Cell 

expression 

Anti-CUX1 

Proteintech, 11733 

PAb 1:200 Rb N Layer II-IV Cells of upper layers 
Santa Cruz Biotechnology, sc-

13024 

Anti-CTIP2 Abcam, ab18465 MAb 1:250 Rt N Layers V and VI 
Sub cerebral and corticothalamic 

projections. 

Anti-SATB2 Abcam, ab51502 MAb 1:400 Ms Y Layers II-V Corticocortical projections. 

Anti-RORB Proteintech, 17635-1AP PAb 1:200 Rb Y Layer IV Layer IV 

Anti-TBR1 Abcam, ab31940 PAb 1:350 Rb N Layer VI Layer VI 

Anti-PV Swant, PV27 PAb 
1:10000 

1:500 (ISH) 
Rb Y All layers 

Fast-spiking cells with narrow 

spike waveforms. 

Anti-CB Swant, CB38 PAb 1:5000 Rb N All layers 

- Layer II-III pyramidal cells. 

- Some fast-spiking cells. 

- Some RSNP. 

Anti-CR Merck, AB5054 PAb 1:1000 Ms Y 
All layers, 

mainly II-III 

- Bipolar neurons, BSNP. 

- Multipolar cells, RSNP. 

Anti-SST Merck, MAB354 MAb 1:200 Rt N All layers 
Several inhibitory subpopulations, 

most known Martinotti cells 

Anti-BGAL Abcam, ab9361 PAb 1:500 Chk Y X ȸ-GALACTOSIDASE+ cells 

 

 

Table 7. Characteristics of the primary antibodies used in ISH -IHC, IHC and BGAL detection . 

MAb, monoclonal antibody; PAb, polyclonal antibody; Dil., dilution; Rb, rabbit; Ms, mouse; Rt, rat; AR, antigen retrieval; 
Y, yes; N, no; RSNP, regular spiking non-pyramidal cells; BSNP, burst spiking non -pyramidal cells.
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The following day brain slices wer e rinsed in PBS for 10 min three times. 

The tissue was incubated with secondary antibody in a 1 in 1000 dilution 

for 1 h at RT. The secondary antibodies targeted the host of the primary 

antibody and were conjugated with Alexa Fluor dyes (Thermo Fisher 

Scientific), as specified in Table 8. Then, slices were washed in PBS, 

incubated in DAPI for 10 min and washed in PBS again. Finally, slices were 

mounted ont o microscope slides (VWR, 631-1560) using DAKO. Mounted 

slides were stored at 4 ºC until imaging.  
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Primary antibody 
Secondary antibodies 

used 
Experiment 

Anti-CUX1 rabbit 
Anti-rabbit Alexa 647 ISH-IHC 

Anti-rabbit Alexa 555 IHC 

Anti-CTIP2 rat Anti-rat Alexa 488 ISH-IHC, IHC 

Anti-SATB2 mouse Anti-mouse Alexa 488 ISH-IHC, IHC 

Anti-RORB rabbit 

 

Anti-rabbit Alexa 647 ISH-IHC 

Anti-rabbit Alexa 555 IHC 

Anti-TBR1 rabbit Anti-rabbit Alexa 488 ISH-IHC, IHC 

Anti-PV rabbit 
Anti-rabbit Alexa 647 ISH-IHC 

Anti-rabbit Alexa 555 IHC 

Anti-CB rabbit 

 

Anti-rabbit Alexa 647 ISH-IHC 

Anti-rabbit Alexa 555 IHC 

Anti-CR mouse Anti-mouse Alexa 488 ISH-IHC, IHC 

Anti-SST rat Anti-rat Alexa 488 ISH-IHC, IHC 

Anti-BGAL chicken 
Anti-chicken Alexa 488 BGAL detection 

Anti-chicken Alexa 555 BGAL detection 

 

Table 8. Secondary antibodies used for ISH -IHC, IHC and BGAL 
detection.
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2.3.3.3 In situ  hybridization combined with 

immunohistochemistry  

To visualise Pcdh19 mRNA and detect different molecular markers at the 

same time, experiments combining ISH with IHC were performed on P10 

and P20 brain slices. Slides were treated as in Sections 2.3.3.1.2 and 2.3.3.1.3, 

but on the second day, an IHC step was performed. In brief, slides were 

washed in PBST  3 times for 5 min each. Then, the tissue was blocked in ISH 

blocking solution (10% DS and 0.1% TritonX-100 in PBS) for 20 min at RT. 

After blocking, brain slices were  incubated in primary antibody for 1 h at 

RT; washed in PBST again and incubated in secondary antibody for 1 h at 

RT. Primary and secondary antibodies were used as stated in Table 7 and 

Table 8 respectively, using the same dilutions, except for parvalbumin 

(dilution 1:500). However, no AR was required for these samples. Finally, 

slides were washed in PBST again. After the antibody detection was 

completed, slides were equilibrated in TN buffer. The rest of the probeõs 

detection followed as explained in Section 2.3.3.1.3, except for the absence 

of a TNB blocking step previous to the incubation of the anti -DIG-HRP. This 

exception is due to the fact that the slide had already been blocked with the 

ISH blocking used prior to the incubation of the primary antibody.  

2.3.3.4 X-gal staining combined  with IHC  

First, the IHC against the molecular marker, as described in section 2.3.3.2, 

was performed, followed by the X -gal staining. In the staining, the sample 

was washed for 5 min in X-gal wash buffer [Na -phosphate buffer pH 7.3 0.1 

M (0.071 M sodium phosphate dibasic and 0.029 M sodium phosphate 

monobasic in deionised water), MgCl 2 2mM, 0.01% deoxycholate and 0.02% 

NP-40] and incubated overnight at 37ºC in X-gal staining solution [5mM 

potassium hexacyanoferrate(II) trihydrate (Sigma -Aldrich P -9387), 5mM 

potassium hexacyanoferrate(III) (Sigma-Aldrich, P -8131) in X-gal wash 

buffer, plus 1% of X-gal 100 mg/mL in N -N-dimethyl formamide (Sigma -

Aldrich, D4551)]. On the next day, the slide was washed in PBS, fixated with 
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4% PFA for 10 min, counterstained with DAPI for another 10, wa shed and 

mounted.  

2.3.4 Confocal microscopy  

Stained slides from Section 2.3.3 and 2.5 were acquired with the  low (10x), 

intermediate (20x) or high (63x)  magnification  objectives on the confocal 

laser scanning microscope (LSM 780, Carl Zeiss) together with the ZEN 

Black software (version 2.0, Carl Zeiss). Imaging settings are shown in 

Table 9.  
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Experiment Dye 
Laser 

(nm) 

Filter 

(nm) 

Colour 

bit depth 

(per 

pixel) 

Scan 

speed 

General 

characteristics 

ISH+IHC 

A647 633 638-755 

8 (256 

grey 

levels) 

7 (1.58 

µsec/ 

pixel) 

- Averaging 

line-by-line 

by mean 

method. 

- Averaging 

number: 4 

- Frame size: 

1024x1024 

pixels 

- Tile scans. 

- .tif and .lsm 

images 

- Scan 

direction: Bi-

directional  

Cy3 561 570-624 

A488 488 499-553 

DAPI 405 410-496 

IHC 

A647 633 638-755 

8 (256 

grey 

levels) 

7 (1.58 

µsec/ 

pixel) 

A555 561 566-697 

A488 488 499-553 

DAPI 405 410-496 

IUE 

EGFP 488 490-597 
12 (4096 

grey 

levels) 

5 (6.30 

µsec/ 

pixel) DAPI 405 410-496 

Table 9. Settings of the confocal microscope. 
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To analyse the images, ImageJ Fiji software (Schindelin et al. 2012) was 

used. Images were stitched using the òimage stitchingó (Preibisch et al. 

2009)  plug -in. Cells were counted manually using the òCell Counteró plug-

in. In cases were cell distribution was analysed, images were divided in bins 

using the ôrectangular selectõ tool.  

2.4 ShRNA  effectiveness test 

To test if the shRNAs significantly reduced the PCDH19 protein level, a 

western blot analysis was performed. The analysis compared the relative 

levels of PCDH19-HA in HEK293T lysates co-transfected with each of the 

Pcdh19 shRNAs and a Cytomegalovirus (CMV) -Pcdh19- Human influenza 

hemagglutinin (HA) plasmid respective to the relative quantity of protein 

in HEK293T lysates co-transfected with the CMV -Pcdh19-HA plasmid and 

an shRNA control.  

2.4.1 ShRNA preparation  

MISSION shRNAs against mouse Pcdh19 and the TRC2 pLKO.5-puro non -

target shRNA control were obtained from Sigma. ShRNA TRCN0000252392 

(ShRNA#2), TRCN0000252393 (ShRNA#3), TRCN0000252395 (ShRNA#5) 

and TRCN0000252396 (ShRNA#6) bind to Pcdh19 exon 1, as seen in Figure 

6. ShRNA sequences are shown in Table 10.
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Figure 6. A schematic showing where the different  Pcdh19 shRNAs bind to the Pcdh19 mRNA.  

Pcdh19 mRNA is made up of 6 exons. ShRNA#2, shRNA#3, shRNA#5 and shRNA#6 bind to exon 1, which comprises the 
extracellular and transmembrane domain.  ShRNA#4 binds to the 3õUTR. SP, signal peptide; EC, extracellular cadherin 
domain; TM, transmembrane domain; CM, c onserved motive; WIRS, WRC interacting receptor sequence; E, exon; UTR, 
untranslated region; #2, ShRNA#2; #3, ShRNA#3; #4, ShRNA#4; #5, ShRNA#5; #6, ShRNA#6.
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Pchd19 shRNA 
Code 

name 
Sequence 

ShRNA control 
(ShC216) 

ShRNA Ctr 
5ô-CCGGGCGCGATAGCGCTAATAATTTCTC 
GAGAAATTATTAGCGCTATCGCGCTTTTT-3ô 

TRCN0000252392 ShRNA #2 
5ô-CCGGGTAGTTAAGGCAGACGATTATCTCGA 

GATAATCGTCTGCCTTAACTACTTTTTG-3ô 

TRCN0000252393 ShRNA #3 
5ô-CCGGTCAACCTCCTGTCGGTCAATACTCGAG 

TATTGACCGACAGGAGGTTGATTTTTG-3ô 

TRCN0000252395 ShRNA #5 
5ô-CCGGTTCTGCCCTTGTCCTAATATACTCGAG 

TATATTAGGACAAGGGCAGAATTTTTG-3ô 

TRCN0000252396 ShRNA #6 
5ô-CCGGGACCGAGGTTTCTTCGAAATACTCGAG 

TATTTCGAAGAAACCTCGGTCTTTTTG-3ô 

Table 10. ShRNA sequences.
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The Pcdh19 shRNAs came inserted in a TRC2-pLKO -puro vector harboured 

in a bacterial glycerol stock. 5 µL of each shRNA stock was cultured in 500 

µL of LB at 37 ºC at 300 rpm for 30 min in an incubator shaker and three-

way streaked onto LB-Ampicillin (Amp;  Sigma-Aldr ich, A9518) plates. 

Plates were incubated overnight at 37 ºC in an incubator (INCU-Line, 

VWR). 2 colonies from each shRNA were selected and a miniprep (Section 

2.3.3.1.1) was performed. One miniprep was sent for sequencing using the 

primers seen in Table 11. Confirmed plasmids were retransformed for 

maxiprep (Section 2.3.3.1.1). To retransform the plasmid with ampicillin 

resistance, the miniprep was inoculated into 25 ÕL of DH5Ȁ cloning cells 

(Thermo Fisher Scientific, 18265-017) and left on ice for 10 min. Then the 

cloning product was heat -shocked at 42 ºC for 30 sec and put on ice 2 min. 

Finally, 20 µL of the bacterial plasmid were streaked on an Amp -agar plate 

and incubated at 37 ºC in an incubator overnight. After performing the 

maxiprep, the constructõs DNA was quantified and stored at -20 ºC until 

transfection. A non -targeting shRNA was used as a control.
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Primer ShRNA Sequence 

TRC-F 
ShRNA #3; 

shRNA #5 
5ô-CAAGGCTGTTAGAGAGATAATTGGA-3ô 

PLKOseq-R 
ShRNA #2; 

shRNA #6 
5ô-AAACCCAGGGCTG CCTTGGAAAAG-3ô 

Table 11. Primers for shRNA sequencing confirmation.
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2.4.2 HEK293T cell culture  

Human Embryonic Kidney cells experiment 293 transformed with large T 

antigen (HEK293T) cells were kindly provided by Dr Xinsheng Nan 

(Cardiff University). Cells were cultured in 10 cm 2 Nunclon Delta Surface 

Petri dishes (Fisher Scientific, 150350) until they reached confluency. To 

make the cells adhere to the surface, the dishes were coated with poly-lysine 

(Sigma, P2636) at a concentration of 0.5 mg/mL. Plates were incubated at 

37 ºC for 24 h in 7% CO2 in Heracell 150i CO2 Incubator (Thermo Fisher 

Scientific). The next day, the plates were emptied of poly -lysine, washed 

twice with Milli -Q water and dried for 5 -10 min. 

HEK293T cells were cultured in poly -lysine coated plates filled with 10 mL 

of Dulbeccoõs modified eagle media (DMEM; Gibco, 21969-035) based 

medium in a CO 2 incubator at 37 ºC in 7% CO2. This media contained 10% 

foetal bovine serum (FBS; Biosera, FB-1001/500-12251), 1% Glutamax 

(Gibco, 35050-038), 10% Penicillin/Streptomycin and 10% Non -Essential 

Amino acids (NEAA; Gibco, 11140-035) in DMEM. When cells reached 80% 

confluency (every 48 h approximately), a passaging of the cells was 

performed. In detail, the media was aspirated from the plate and rinsed in 

10 mL of PBS. Cells were detached from the surface by incubating the plates 

in 1 mL of 0.25% trypsin (GIBCO, 25200056) for 2 min at 37 ºC in the cell 

CO2 incubator. 4 mL of the medium was then added to the dish to stop the 

trypsinization, and cells were collected into a 15 mL Falcon tube. Cells were 

centrifuged for 1 min 30 sec at 1500 rpm and the supernatant was aspirated, 

leaving the cell pellet at the bottom. Cells were then resuspended in 1 mL 

of fresh medium and 100 µL of the resuspension (1:10 split ratio) was added 

into a new plate with 10 mL of modified DMEM in it.  

Some cells were stored frozen at liquid nitrogen as a back-up in case any 

contamination in the cultured cells occurred. To freeze the cells, the 

HEK293T cells were trypsinised for 2 min at 37 ºC and centrifuged for 1 min 

30 sec at 1500 rpm. The pellet was resuspended in 1mL of medium with 10% 
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of Dimethyl sulfoxide (DMSO; Sigma -Aldrich, D8418) in cryogenic vials 

(Starlab, E3110-6121). The tubes were frozen to -80 ºC in a Mr Frosty 

freezing container (Thermo Fisher Scientific, 5100-0001) for 24-48 h and 

finally stored in liquid nitrogen until use.  When these frozen cells had to be 

cultured, they were taken out from the liquid nitrogen and thawed at 37 ºC 

in a water bath. Before the DMSO thawed, cells were pipetted and 

resuspended in 9 mL of DMEM medium. Cells were then placed in the CO 2 

incubator at 37 ºC to culture. 

2.4.3 Plasmid construction  

CMV -Pcdh19-HA plasmid and CMV -Pcdh19-myc were generated in the lab 

(section 4.3.1). A PCR, using 10 ng of a doublecortin (DCX)-Protocadherin19 

full -length (Pcdh19FL) template provided by Dr Isabel Martínez Garay 

(Cardiff University) and the Phusion® High -Fidelity DNA Polyme rase, was 

performed. Primer sequences and PCR protocols are shown in Table 12. 

The PCR product was detected using an electrophoretic gel, extracted with 

the QIAquick gel extraction kit (QIAGEN, 28704) and purified. After that, 

the PCR product and the CMV-HA vector (provided by Dr Isabel Martínez 

Garay, Cardiff University) were digested for 4 h at 37 ºC, gel 

electrophoresed, extracted and purified too. Then both products were 

ligated with a T4 DNA ligase (New England -Biolabs, M0202), transformed 

into DH5Ȁ cells and extracted with a miniprep kit. Identification of the 

colonies containing the correct product were conducted by digestion and 

analysis of the bands detected in an electrophoretic gel. The confirmation 

was done by sequencing. One miniprep containing the correct tagged 

construct was retransformed and extracted using a maxiprep kit to amplify 

the quantity of DNA. The maxiprep was used fo r the transfection. 
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Ligation 
components 

Primer sequences PCR 
protocol 

Pcdh19 
insert 

Pcdh19-F-HindIII: 
5ô-GATCAAGCTTCCGCGCAGCCATGGAGTCTCTCC-

3ô 
 

Pcdh19-R2: 
5ô-GAGAACGATATCCTTCAGACGCTTC-3ô 

- 98 ÜC 30ò. 
- 30 cycles: 

¶ 98 ºC 
10ôô. 

¶ 72 ÜC 2ô. 
- 72 ÜC 5ô. 

CMV-
Pcdh19-HA 

CMV-
Pcdh19-myc 

CMV forward: 
5ô-CGCAAATGGGCGGTAGGCGTG-3ô 

Seq F:  
5ô-TGGTGTGCAGACCTACGAGC-3ô 

Seq F2:  
5ô-CGACTGCAGGAGTATGAGAG-3ô 

Seq F3:  
5ô-GAAGTCAGAACCACTCGTAC-3ô 

Test F: 
5ô-CAGAATACCCGTAACACCACTGC-3ô 

SV40 pA-R:  
5ô-GAAATTTGTGATGCTATTGC-3ô 

----------------- 

Table 12. PCR primers and protocol for CMV -Pcdh19-HA vector 
generation . 
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2.4.4 Plasmid transfection  

Plasmids generated in section 2.4.3 were transfected into HEK293T cells 

and detected by western blot. CMV-Pcdh19-HA detection was clearer and 

consequently was the vector used for the subsequent experiments. 

To test the efficiency of the Pcdh19 shRNAs, HEK293T cells were either 

transfected with the CMV -Pcdh19-HA plasmid or co -transfected with the 

plasmid and one of the shRNAs: control, #2, #3, #5 or #6. 

One day before transfection, one million HEK293T cells were passaged and 

resuspended into 2 mL of DMEM with no modifications. The cell 

suspension was plated onto 6-well plates (Thermo Fisher Scientific, 140675), 

coated with 2mL of poly -lysine per well, and co-transfected on the 

following day.   

For each transfection, either 1 µg of the Pcdh19 plasmid or 1 µg of the 

plasmid and 7 µg of the shRNAs were added to 250 µL of Opti -MEM (Gibco, 

31985-047) and mixed gently. In another tube, 8 µL of Lipofectamine 2000 

(Invitrogen, 11668-027) was added in 250 µL of Opti -MEM and incubated 

for 5 mins at RT. After the incubation, the DNA and Lipofectamine were 

combined by adding the Lipofectamine to the DNA tube, gently mixing and 

incubating for 20 mins at RT. The complex was added to the well that 

contained the cells and mixed gently by rocking the plate back and forth. 

Transfected cells were incubated at 37°C in 7% CO2 in a CO2 incubator for 

24, 48 or 72-h until lysis. Three independent transfections were performed 

for each condition and each timeslot.  

Transfections using calcium phosphate as the reagent were also conducted 

but Lipofectamine 2000 showed a better transfection ratio, so it was selected 

as the reagent. To transfect using calcium phosphate, the plasmids are 

diluted in 250 µL of 250 mM of CaCl 2 (Sigma-Aldrich, C1016). On another 

tube, 250 µL of HeBS (50 mM of HEPES, 140 mM NaCl, 1.5 mM of Na2HPO4 

diluted in water) at pH=7.04, 7.05 or 7.06 were added. Both tubes were 
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heated up and then the plasmids were added to the HeBS, mixed and 

incubated for a minute at 37ºC. The complex was then added to the cells, 

incubated for 8 hours and then the media was changed. 

2.4.5 Cell  lysis  

Cells were lysed 24-, 48- and 72-h post-transfection. Wells were washed 

twice in PBS and lysed in 100 µL of radioimmunoprecipitation assay buffer 

(RIPA) lysis buffer [50 mM o f Tris base, 150 mM of NaCl, 1 mM of EDTA, 

1% of Triton X-100 and 0.2% of sodium deoxycholate (Sigma-Aldrich, 

D6750), 10 % protease inhibitor cocktail (Sigma-Aldrich, P8340) and 10 % 

phosphatase inhibitor cocktail (Sigma-Aldrich, P0044) in deionised water]   

pH =7.4. Cells were scraped from the wells using pipette tips and the 

supernatant was transferred into an Eppendorf tube. The tubes were then 

placed on ice. Cells were resuspended with a 1 mL pipette, vortexed and 

sonicated. Sonication was performed at 50% amplitude for 10 sec twice with 

an ultrasonic processor (Sonic). After sonication, cells were vortexed, 

resuspended and centrifuged at 15000 rpm for 10 min at 4 ºC. The 

supernatant was then collected into new Eppendorf tubes, split into 2 

aliquots of 30 µL each approximately and an aliquot of 15 µL that was used 

for the BCA quantification.  

2.4.6 BCA assay 

To perform the western blot analysis, the quantity of the samples run had 

to be equal. The protein concentration of the lysates obtained in Section 

2.4.5 was measured using the PierceTM BCA Protein assay kit (Thermo 

Fisher Scientific, 23225). Tubes containing different dilutions of BSA in 

water were prepared to use as a standard curve as shown in Table 13. Cell 

lysates were diluted 1 in 50 and 1 in 100 in Milli -Q water. 100 µL of the 

bicinchoninic acid (BCA) reagent was added into the 96-well clear 

polystyrene microplate (Sigma -Aldrich, CLS -3370). Then 100 µL of the 

standard was added into the wells, followed by 100 µL of the diluted 

samples. Standard and samples were measured in triplicates.
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Tube H2O (µL) BSA (2mg/mL) 

A 1800  200 µL 

B 496  1504 µL from tube A 

C 666  1334 µL from tube B 

D 496  1504 µL from tube C 

E 666  1334 µL from tube D 

F 400  400 µL from tube E 

G 400  400 µL from tube F 

H 400  400 µL from tube G 

I 400  0 

Table 13. BSA dilutions to use in the standard curve.
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Plates were then incubated at 37 ºC for 2 h in an incubator until the samples 

acquired a purple colour. Absorbance at 562 nm was analysed in a 

microplate reader (FLUOstar® Omega Microplate Reader, BMG Labtech). 

The data obtained were exported and analysed on Microsoft Office Excel. 

Since the program quantified the concentration of protein in the well, 

protein quantity in the sample was obtained using the formula: [protein in 

sample] = [protein in well (µg/mL)]x volume in well (0.2 mL)/(1000 µL x 

dilution).  

2.4.7 Western blot  

After the concentrations of the lysates were measured by the BCA assay 

(Section 2.4.6), a western blot analysis was performed.  

20 µg of the lysate was mixed with lithium dodecyl sulphate (LDS) buffer 

[1 M Glycerol (Sigma-Aldrich, G9012), 140 mM Tris Base, 106 mM Tris HCl 

(Sigma-Aldrich, T3253), 0.5 mM EDTA, 0.22 mM Brilliant Blue G -250 

(Sigma-Aldrich, B0770), 0.175 mM Phenol Red (Sigma-Aldrich, 114529), 74 

mM LDS (Sigma-Aldrich, L4632), pH 8.] buffer and 10% 0.5 M DTT. To 

avoid distortion of the data, e ach lane of the gel was loaded with equal 

volumes of sample. Samples with a higher concentration of protein required 

to add less volume to the mixture than samples with a lower concentration, 

making the total volume of the mixtures unequal. To solve this i ssue, RIPA 

buffer was added to the loading mixtures with lower volumes.  The mixture 

was heated for 5 min at 70ºC, vortexed and centrifuged. Then, samples were 

loaded in a NuPAGE TM NovexTM 4-12% Bis-Tris gel (Novex Life 

Technologies, WC1020) alongside a Novex Sharp Pre-stained ladder 

(Invitrogen, LC5800) and run at 120 V for 1 h 45 min using a high current 

power supply (Power PAC HC, Biorad). Electrophoresis gels were 

immersed in 2-(N-morpholino) ethanesulfonic acid (MES) running buffer 

pH =7.3. All buffer preparations are detailed in  Table 14. Afterwards, 

samples were passed to a membrane using a wet transfer technique. Run 

samples were transferred onto a nitrocellulose membrane with a 0.2 µm 
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pore size (GE Healthcare Life Sciences, 10600001) by applying 120 V for 90 

min at 4 ºC in an electrophoresis system (Xcell SureLock, Thermo Fisher 

Scientific). Gels were extracted from the electrophoresis chamber and 

encased in a transferring cassette. In the cassette, components were put in 

the following order: sponge, filter paper (Thermo Fisher Scientif ic, 88620), 

gel, membrane, filter paper and sponge. The cassette was placed in a 

transfer chamber filled with transfer buffer (NuPAGE dissolved in 10% 

isopropanol). Once the transfer was completed, the membrane was taken 

out and cut horizontally at approxi mately 55 kilodaltons (kDa), to detect the 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) loading control. 

Subsequently, both parts were placed in a dark box and stained with 1 mL 

of Ponceau to detect protein level. After staining, Ponceau was rinsed with 

Tris-buffered saline-Tween-20 (TBST; TBS plus 0.1% Tween-20) three times 

for 10 min each. Then, each piece was incubated with blocking buffer for 1 

hour at RT, and with a primary antibody ( Table 15) diluted in the same 

blocking reagent at 4 ºC overnight. The next day, each piece was washed 

with TBST three times for 10 min each. Following the washes, an incubation 

of secondary antibodies (Table 16) in a 1 in 20000 dilution for 1 hour at RT 

was performed. Another three washes of TBST for 10 min were performed. 

For the development of the membrane, the Western Blotting Luminol 

Reagent kit (Santa Cruz Biotechnology, sc-2048) was used.  If the previous 

kit was not sensitive enough and bands couldnõt be detected or were very 

faint, the LumiGLO® Reserve Chemiluminescent Substrate kit (Seracare, 

5430-0049), with a substrate that gives a stronger signal, was used. If the 

development was performed using the latter kit, two 20 min incubations 

with imidazole buffered saline with Tween -20, that is included in the kit, 

were done. One mL of the developing kit substrate was added to the 

membrane. After a 1 min incubation, the substrate was removed, and the 

signal was detected using a Medical Film Processor (Konica, SRX-101A). 
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Buffer Components 
Final 

concentration 
Manufacturer 

MES 

buffer  

MES 0.05 M Sigma-Aldrich 

Tris base 0.05 M Sigma-Aldrich 

SDS 0.1% Sigma-Aldrich 

EDTA 1 mM Sigma-Aldrich 

NuPAGE 

buffer 

Bicine 25 mM Sigma-Aldrich 

Bis-Tris 25 mM Sigma-Aldrich 

EDTA 1 mM Sigma-Aldrich 

Ponceau 

buffer 

Ponceau 2% Sigma-Aldrich 

Sulfosalicylic 

acid 
30% Sigma-Aldrich  

Trichloroacetic 

acid 
30% Sigma-Aldrich  

TBS 

buffer 

 

Tris base 24.7 mM Sigma-Aldrich 

NaCl 0.137 M Sigma-Aldrich 

KCl 2.6 mM Sigma-Aldrich 

Blocking 

Buffer  

ECL Prime 
blocking 
reagent 

3% GE Healthcare 

BSA 3% Sigma-Aldrich 

TBS 94% X 

Table 14. Western blot buffers.   

MES, 2-(N-morpholino) ethanesulfonic acid;  SDS, Sodium Dodecyl Sulfate; 
EDTA, Ethylenediaminetetraacetic acid; TBS, Tris-buffered saline; ECL, 
enhanced chemiluminescence; BSA, bovine serum albumin
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Primary 

antibody 
Manufacturer MAb/PAb Dil. Host 

Anti-HA Roche, 12013819001 MAb 1:2000 Rt 

Anti-myc 
Santa Cruz Biotechnology, sc-

788 
PAb 1:500 Rb 

Anti-GAPDH Abcam, ab8245 MAb 1:1000 Chk 

Table 15. Primary antibodies used in western blots . 

MAb, monoclonal antibody; PAb, polyclonal antibody; Dil., dilution; Rt, rat; 
Chk, chicken
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Primary antibody Secondary antibody used 

Anti-HA rat Anti-rat HRP 

Anti-myc rabbit Anti-rabbit HRP 

Anti-GAPDH chicken Anti-chicken HRP 

Table 16. Secondary antibodies used in western blots.
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Western blot data were quantified by densitometric analysis, using the Fiji 

Image J Analysis Software (Schindelin et al. 2012). In brief, the different 

lanes were selected with the ôrectangular selectõ tool. Using ImageJ gel 

analysis function and plot lanes, a profile plot o f each lane was drawn. The 

profile plot represents the relative density of the bands over each lane. Each 

peak was closed with a straight line to allow quantification. The area under 

the curve (AUC) for each peak was calculated using the wand tool. This 

value was used to compare the relative quantity of protein respective to the 

control. To do that, the AUC of each sample was divided by the AUC of the 

internal control that was in the same lane as the sample. Finally, to analyse 

the changes of the sample relative to the control, the values of each sample 

were divided by the values obtained from the sample containing the shRNA 

control.  

2.5 In utero  electroporation  

To analyse Pcdh19 role in cortical migration, two different types of 

experiments were conducted. In the first, WT and Pcdh19-KO animals were 

in utero electroporated at two different ages with short hairpin ribonucleic 

acids (shRNAs) against Pcdh19 and a pCIG plasmid. The pCIG plasmid 

contains a chicken beta actin promoter (CBA), an internal ribosomal entry 

site (IRES) and the enhanced green fluorescent protein (EGFP) (pCIG) 

plasmid that acted as a reporter to determine if knock -down of the protein 

alters cortical migration. In the second experiment; WT, Pcdh19-HET and 

Pcdh19-KO animals were in utero electroporated with a pCIG plasmid to 

detect if cortical migration was affected in the mutant animals compared to 

the WT controls.  

In the first type, WT embryos were in utero electroporated with each shRNA 

individually at 1 µg/µL together with 0.5 µg/µL of pCI G plasmid that acted 

as a reporter. Pcdh19-KO embryos were in utero electroporated with a 

mixture of shRNA #3, #5, #6 at a 0.33 µg/µL concentration for each shRNA, 
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together with the pCIG plasmid. After injection of the plasmids, 5 pulses of 

35 V and 50 milliseconds were applied with paddle -type electrodes.  

At E15.5, a mixture of shRNA #3, #5, #6 was electroporated into the 

embryos at a 0.33 µg/µL concentration for each shRNA, together with the 

pCIG plasmid. After injection of the plasmids, 5 pulses of 45 V and 70 

milliseconds were applied.  

WT, Pcdh19-HET and Pcdh19-KO mi ce were in utero electroporated at E13.5 

and E15.5 with 2 µg of the pCIG plasmid to mark the migrating cells at those 

time points. At E13.5, 5 pulses of 38 V and 50 milliseconds were applied 

after injection of the plasmid. At E15.5, 5 pulses were applied, at 45 V during 

70 milliseconds per pulse. 

All of the in utero electroporations were performed by Dr Isabel Martínez 

Garay (Cardiff University).  

After electroporation, animals were health checked twice a day for at least 

three days and daily until culled, as mentioned in Section 2.1.1. 

Electroporated brains were extracted, fixed and cut as detailed in Sections 

2.3.1 and 2.3.2. Brains were then counterstained with DAPI at a 1 in 4000 

dilution for 10 min. Stained brains were imaged as shown in Section 2.3.4 

and analysed with ImageJ Fiji software (Schindelin et al. 2012).  

2.6 Behaviour  

Several behavioural tests were performed on experimental mice WT, HET 

and KO at P21 and P60 ages. WT animals were also subdivided into two 

groups: WT animals from pure WT litters, and WT animals from litters that 

also contained mutant pups. The latter subgroup was designated as WT 

MGH  or WT from mixed genotyped housing  to distinguish it from the WT  

animals from WT  only litters , that were named SGH (Single genotype 

housing). The behavioural analysis consisted of four behavioural 

techniques: open field (Section 2.6.1), elevated plus maze (Section 2.6.2), 
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social interaction (Section 2.6.3), and 24-hour activity ( Section 2.6.4). The 

equipment necessary to perform the experiments for the first three 

techniques was kindly provided by Dr Stéphane Badouin (Cardiff 

University). For 24-hour activity, the equipment from Professor Riccardo 

Brambilla (Cardiff University) was used, who kindly provided  it. The 

number of mice used for each experiment is shown in Table 17. Mice were 

taken to the behavioural room 30 min prior to the behavioural analysis to 

habituate to the new environment. A maximum of one behavioural 

technique per day was conducted. Mice were handled with open hands to 

avoid raising stress levels. All experimental equipment was cleaned with 

ethanol between the testing of each individual and after use. All behaviour 

was recorded with a camera and analysed using the EthoVision XT software 

(Nol dus) or the MED-PC® IV software suit (Med associates; 24-hour 

activity only). The experimenter was blind to the genotype of the animals 

during the behavioural tests in all experiments and during the scoring of 

the video in the social interaction analysis. 

2.6.1 Open field  

Open field behavioural analysis was performed on two consecutive days, 

using the first day to habituate the mice to the new environment. Mice were 

placed in an open field arena (40 cm x 40 cm) and were allowed to roam 

freely for 20 min in the d ark. Infrared illumination (Tracksys) was located 

at the bottom of the arena. That illumination allowed the recording of the 

mouse spontaneous locomotion, using a computer-linked video camera 

(The Imaging Source) located above the arena. The mouse locomotion and 

trajectory travelled was tracked and quantified using the EthoVision XT 

software. The data analysed with the programme was total distance run, 

distance run in four slots of 5 min each and distance run by the mouse in 

the centre of the arena with respect to the distance run in the arena. Any 

distance 5 cm or further from the wall of the arena was defined as centre by 

the programme. 
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2.6.2 Elevated plus maze  

The elevated plus maze has 4 arms (40 cm x 7 cm): two open arms (1 cm 

high) and two closed arms (16 cm high) and a centre (6 cm x 6 cm). Each 

mouse was deposited in one of the closed arms of the elevated plus maze 

and left to explore freely for 5 min in a well -lit room. The behaviour was 

recorded using a computer-linked video camera (The Imaging Source) 

located above the maze. EthoVision XT, Noldus automatically defined the 

different arms of the arena (open or closed) and analysed the time in sec the 

mouse spent in each of the open arms (centre not included). The total time 

the mice spent in both open arms was taken as the activity in the open arm. 

2.6.3 Social interaction  

At P21, WT, Pcdh19-HET and Pcdh19-KO pups were habituated to the arena 

(20 cm x 40 cm) for 3 min. After the habituation, WT females in oestrous, 

unfamiliar to the pups, were added to the cage and both mice were allowed 

to roam around and interact with each other with no restrictions for another 

3 min. This experiment was performed in a well -lit room. The interaction 

between the pups and the females was recorded using a computer-linked 

video camera (The Imaging Source) located above the arena.  

To determine whose females are in oestrus, around 10 WT females over P60 

were taken to the behavioural room. Females were restrained with a scruff 

and 10 µL of saline were mixed with vaginal fluids us ing a pipette tip. The 

mixture was smeared into a porta. After 30 min, porta slides were fixed for 

3 min, stained with Giemsa solution (Polysciences inc., 24985) (Caligioni 

2009) for 3 min and washed with water. Samples of females in oestrus 

presented big purple cell bodies. 

At P60, WT and Pcdh19-HET females were tested for social interaction in 

the same settings used to conduct social interactions in the pups, with the 

difference that in t his experiment the unknown WT females werenõt 

required to be in oestrus. 
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Videos were analysed manually, and the time in sec the animals spent 

interacting during the 3 min was counted. So cial interaction was scored 

when both mice were within 2 cm of each other, not including tail -tail 

interactions. 

2.6.4 24-hour activity  

P60 experimental mice were put in Perspex boxes (40cm x 24cm x 18cm) and 

recorded for 24 h. The cages were put into a structure that contained three 

infrared beams that traversed each cage at the bottom. Mice were let roam 

free for 24 h and ad libitum access to food and water. A lamp was left on, 

connected with a timer that turned off the lights at 6 am  and turned on at 6 

pm to maintain the mice on a 12 h light/dark cycle. Data were analysed 

using the MED-PC® IV software suit and extracted using the MPC2XL 

programme. Data analysed was the number of beams breaks by the mice in 

24 h, in 1-hour slots; total  number of beam breaks during light hours and 

total number of beam breaks during dark hours.
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Age Condition  
Open 
field  

EPM 
Social 

interaction  
24-H 

activity  

 
WT SGH M 19 19 19 --- 

WT MGH  M  11 11 11 --- 

P21 
WT SGH F 18 18 18 --- 

WT MGH  F  13 13 13 --- 

 HET MGH  F 12 12 12 --- 

 KO MGH  M 14 14 14 --- 

 
WT SGH M 17 17 --- 17 

WT MGH  M  11 11 --- 10 

P60 
WT SGH F 18 18 18 18 

WT MGH  F  13 13 13 13 

 HET MGH  F 12 12 12 12 

 KO MGH  M 13 13 --- 13 
Table 17. Number of mice used in behavioural tests.  

WT: Wild -type; M: Male; F: Female; HET: Heterozygous; KO: Knock-out; 
SGH, single genotype housing; MGH, mixed genotype housing ; EPM: 
Elevated plus maze; ---, experiment not performed.  Animals from the same 
litter were treated as independent biological replicates.
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2.7 Statistical  analysis  

Statistical analysis was performed using the IBM SPSS Statistics® 25 

software. Normality was tested using the Shapiro -Wilk test. If this test was 

not significant (pÓ0.05), ANOVA was considered for the analysis. If 

ANOVA tested as significant (pÒ0.05), a Leveneõs test of equality of error 

variances was performed to test the homogeneity of variance. If equal 

variances were assumed (pÓ0.05), a post-hoc Bonferroni correction fo r 

multiple comparisons followed. If equal variance was not assumed, a 

Games-Howell was performed. If the data were non -parametric, a Kruskal -

Wallis test was considered. Kruskal-Wallis pair -wise comparisons were 

performed as a post-hoc if the Kruskal -Wallis  showed significance.  

For the open field behavioural test (Section 2.6.1), differences within the 

conditions between day 1 and day 2 were analysed by adding an 

EMMEANS subcommand on the SPSS syntax.  

All statistical data were presented as mean ± SEM. 
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Chapter 3: Characterization of 
Protocadherin 19 expressing neurons in the 
developing cortex. 

3.1 Introduction  

As previously mentioned in section 1.4, Protocadherin 19 is expressed early 

in development in neural tissues. Pcdh19 mRNA is also expressed in a 

variety of non -neural tissues in the developing mouse embryo, such as 

kidney, dermomyotome, dorsal and urogenital mesenteries, forestomach, 

pancreas, duodenum and hair follicle, but its expression is most prominent 

in the central nervous system (CNS) (Gaitan et al. 2006). Pcdh19 is present 

in the spinal cord and several regions of the brain, including the presomitic 

mesoderm at E9.5, and dorsal cortex, lateral ganglionic eminence, retina, 

nasal cavity and prepituitary gland by E12.5 (Gaitan et al. 2006). At E15.5, 

Pcdh19 is located forming discrete clusters in the thalamus, hypothalamus , 

cortex, ganglionic eminence and olfactory bulbs  and at P2 expression can 

be found in the cortex, thalamus and also in the CA1 and CA3 regions of 

the hippocampus  (Dibbens et al. 2008). Both cortex and hippocampus are 

areas of the brain that participate in the cognitive process, and malfunctions 

of these regions can lead to epilepsy (Chatzikonstantinou 2014). The fact 

that EIEE9 patients present epileptic episodes accompanied frequently by 

intellectual disabilities with an early onset (Duszyc et al. 2014), together 

with the presence of cortical malformations in patients with the disease 

(Ryan et al. 1997; Kurian et al. 2018; Pederick et al. 2018), strongly suggest 

the participation of PCDH19 in cortical development and present the cortex 

as a main region to study in the search of a role for this protocadherin. 

Analyses so far have focused on laminar position at certain ages and have 

been conducted exclusively in a qualitative way. Therefore, despite the data 

about mouse Pcdh19 expression from the Allen Brain Atlas, and the reports 

of Dibbens et al. and Pederick et al. that locate Pcdh19 expression in layers 
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II/III and V (Dibbens et al. 2008; Pederick et al. 2016), no thorough 

characterisation of the neuronal types expressing Pcdh19 in late embryonic 

and early postnatal mice in the cortex has been performed.  

There are 3 main types of glutamatergic projection neurons in the cortex 

according to their axonal projections: associative, commissural and 

corticofugal. Within the corticofugal neurons, a main distinction is made 

between corticothalamic and subcerebral projection neurons (Molyneaux et 

al. 2007). Several markers have been discovered that allow identification of 

these different types of neurons: SATB2 labels subgroups of cells that 

project corticortically through the corpus callosum (Alcamo et al. 2008; 

Britanova et al. 2008; Jabaudon 2017), CTIP2 positive cells in layer V have 

been identified as corticospinal neurons (Arlotta et al. 2005) and 

corticothalamic neurons are CTIP2 and TBR1 double positive cells located 

in layer VI (Arlotta et al. 2005; Molyneaux et al. 2007; Jabaudon 2017). RORB 

is characteristic of the layer IV neurons of caudal regions of the cortex 

(Nakagawa et al. 2003) and TBR1 is expressed by cells located in layer VI 

and is also expressed postmitotically in layers II/III (Hevner et al. 2001; 

Molyneaux et al. 2007). Because of their restriction to particular layers, these 

molecular markers can also be used to define layer boundaries in an 

accurate way.  

Non-pyramidal GABAergic neurons are mainly generated in the ganglionic 

eminences in the mouse and migrate tangentially to reach the cortex 

between E9.5 and postnatal stages (Faux et al. 2012). Pcdh19 is expressed in 

the ganglionic eminences of the mouse around that period (E12.5) (Gaitan 

et al. 2006), thus the interest in studying the interneuronal population, too. 

Almost all cortical interneurons in the mouse cortex can be detected with a 

combination of three molecular markers: PV, SST and 5HT3aR (Rudy et al. 

2011). PV is expressed in fast-spiking interneurons (Wamsley et al. 2017). 

SST labels burst spiking nonpyramidal  Martinotti cells and non -Martinotti 

(X94) cells with a similar firing pattern as the PV+ (Uematsu et al. 2008; Ma 
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et al. 2006), and 5HT3aR is composed by a very heterogenous group with 

varied electrophysiology and morphology  (Rudy et al. 2011). However, 

there is a great diversity of interneurons and other markers are routinely 

used to identify particular subpopulations, such as CB and CR. CB-positive 

interneurons comprise several groups of regular spiking non -pyramidal 

cells (RSNP) or burst spiking non-pyramidal cells (BSNP) cells of diverse 

morphology, irregular spiking (IS) cells (only when co -expressed with SST) 

or fast-spiking interneurons (mostly PV positive) (Cauli et al. 1997; 

Markram et al. 2004; Flames et al. 2005). This marker is expressed in a 

significant number of pyramidal cells in layer II -III, too (DeFelipe 1997). CR 

is formed by a group of BSNP/IS bipolar cells; or RSNP multipolar cells  

(Barinka et al. 2010). Together, PV, CB and CR positive cells comprise about 

80% of cortical interneurons in rodents (Gabbott et al. 1997). 

Together, these neuronal markers can distinguish several subsets of cells 

that project to different locations of the CNS, are electrophysiologically 

diverse and have a restricted expression to certain layers. When combined 

with the detection of Pcdh19, it contributes to the expansion of the 

knowledge about the cell-specific expression of PCDH19, possibly giving 

insight into the role of the protein in cortical development.  

3.2 Aims  

The aim of this chapter was to determine the spatio-temporal pattern of 

expression of Pcdh19 in late embryonic (E16.5) and early postnatal (P2, P6, 

P10, P15, P20) mice, and to characterise the Pcdh19 positive cellular 

population by combining the detection of Pcdh19 mRNA with 

immunohistochemistry against several cortical glutamatergic markers 

(SATB2, RORB, CTIP2 and TBR1) at P10, and several interneuronal markers 

(PV and CB) at P20.
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3.3 Results 

3.3.1 No antibo dies could be optimised to detect 
PCDH19 by immunohistochemistry  

To characterise PCDH19 expressing cells, the initial idea was to perform 

immunohistochemistry using antibodies against PCDH19 and several 

cortical molecular markers at different ages, since no thorough 

characterisation of cell- and region-specific protein expression had been 

reported in mammalian tissue so far, and all studies had been using ISH to 

detect Pcdh19 mRNA.  

Several optimization attempts with a rabbit polyclonal anti -PCDH19 

antibody using P10 mouse brains were conducted. Unfortunately, even 

though this antibody was eventually optimised for western blot, all 

attempts to use it for immunohistochemistry on postnatal brain slices failed 

(Figure A. 1 in Appendix).  

Given these difficulties and a report describing commercial anti -PCDH19 

antibodies to be incompatible for IHC (Pederick et al. 2016), a different 

strategy to characterise PCDH19+ cells was considered that would take 

advantage of the Pcdh19-KO mouse model. In this  model from Taconic, the 

first three exons of Pcdh19 have been replaced by a ȁ-Geo cassette that 

contains the ȁ-galactosidase gene (Pederick et al. 2016), allowing detection of 

BGAL as a proxy for PCDH19 expression. 

However, for this strategy to work, the Pcdh19-KO should not have any 

alterations in its cortical lamination process. If any subset of cells that are 

expressing the molecular markers analysed are ectopically located or vary 

in number when Pcdh19 is depleted, the cell characterisation of Pcdh19-

expressing cells via the immunohistochemical characterisation of the cells 

positive for BGAL would be inaccurate.  
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This model, though, was validated by Pederick et al. and did not show any 

observable differences in the location of the ȁ-Geo positive cells in the 

Pcdh19-KO animals with respect to the Pcdh19 mRNA expressing cells in the 

WT counterparts (Pederick et al. 2016). In addition, quantitative analysis of 

number and distribution of cells positive for different cortical markers 

confirmed the lack of any major differences between Pcdh19 WT and KO 

cortices (described in Chapter 5). 

The immunohistochemical experiments were conducted using an anti -

BGAL antibody that had been previously used in the lab by Dr. Jessica 

Griffiths (Cardiff University) to study PCDH19 mosaicism in Pcdh19-HET 

cortices at E11.5 (Abcam, ab9361). P2 cortices were chosen to test the 

antibody, as Pcdh19 mRNA expression is highly detected at this age. 

Unfortunately, the antibody didnõt detect BGAL at P2 clearly enough to 

allow characterisation of the cells, since the dotted fluorescent signal made 

it impossible to accurately assign the BGAL staining to a concrete cell, as 

observed in Figure 7.  

Since detection of BGAL expression by IHC in postnatal brains had failed, 

direct X-gal staining combined with immunohistochemistry was attempted 

to detect the activity of the enzyme. X-gal (5-bromo-4-chloro-3-indolyl -ȁ-D-

galactopyranoside) is a colourless compound that gets hydrolysed by 

BGAL and forms an insoluble blue precipitate when in contact with oxygen, 

therefore detecting BGAL activity. To avoid inactivation of the enzyme due 

to excessive crosslinking during fixation, brains were perfused with 1% PFA 

and post-fixed for onl y 2 hours at 4ºC. IHC against the molecular marker, 

as described in section 2.3.3.2, was performed at P2 (not shown) and P10 

(Figure 8), followed by the X -gal staining, as explained in section 2.3.3.4. 

Although BGAL activity matched the expected location of Pcdh19 mRNA 

within the cortical layers, the dotted, cytoplasmic nature of the precipitate 

again precluded the identification of individual cells when the staining was 

combined with IHC ( Figure 8).  
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Given the difficulties with available commercial antibodies, it was decided 

to commission a company to generate monoclonal antibodies against 

PCDH19. The chosen company was Icosagen, as it uses a relatively new 

technology, HybriFree, which is robust and quick (Kivi et al. 2016). In total, 

two rabbit polyclonal antibodies (poly 41 and poly 42) and four human 

monoclonal antibodi es (1A5, 1A8, 1F4 and 2G2) were created. By the time 

those antibodies were received, the commercial antibody had been 

optimised for embryonic stages by Dr. Jessica Griffiths (Cardiff university), 

and a combination of PCDH19 and BGAL immunostaining in Pcdh19-HET 

animals gave a non-overlapping columnar pattern of PCDH19+ and 

BGAL+ cells at E11.5, providing a positive control for PCDH19 staining. 

Therefore, the newly generated antibodies were tested initially using E11.5 

WT, Pcdh19-HET and Pcdh19-KO embryos. However, neither the polyclonal 

(Figure A. 2, Appendix) nor the monoclonal  antibodies (Figure A. 3, Figure 

A. 4, Appendix) were specific enough or detected the protein clearly at 

E11.5, independently of the titration or antigen retrieval used.  

Table A. 1 in the Appendix summarises all attempts to detect PCDH19 

protein.  
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Figure 7. The ANTI -Ǣ-GALACTOSIDASE antibody did not allow 
identification of individual cells in P2 Pcdh19-KO mice brains.  

Representative images of IHC tests against Ǣ-GALACTOSIDASE on 
Pcdh19-KO P2 mouse brains at 20x magnification (A, B) and 63x 
magnification (C), in the area that would correspond to future layer IV -V. 
BGAL was detected using a 1 in 500 dilution of the antibody. Slices cut on 
the cryostat were 20 µm, while slices cut on the vibratome were 50 µm. 
Antigen retrieval with citrate buff er was performed using different 
incubation methods and times. BGAL is shown in green or red, while DAPI 
counterstaining is indicated in blue. Scale bar: 50 µm. WT, Wild-type; KO, 
Pcdh19-Knockout; BGAL, Ǣ-GALACTOSIDASE .
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Figure 8. No reliable co -detection of Ǣ-GALACTOSIDASE  activity by X -
gal staining and IHC against molecular markers.  

Representative images of X-gal staining in P2 KO mouse brains with a 10x 
objective (A ). Images were magnified (B, C, D) to facilitate visualization. X -
gal is indicated in black, CTIP2 is in green. Regions magnified are marked 
with a white rectangle. Scale bar: 100 µm, magnified image C, 50 µm, 
magnified image D, 20 µm. KO, Pcdh19-Knockout.
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3.3.2 Pcdh19 mRNA is detected in the corti cal wall at 
late embryonic and early postnatal stages.  

Since all attempts to detect PCDH19 protein failed, the characterisation of 

Pcdh19 expression was performed by identifying Pcdh19 mRNA positive 

cells using RNA in situ hybridisation. The technique was conducted in 

mouse brains at E16.5 (Figure 9), P2 (Figure 10), P6 (Figure 11), P10 (Figure 

12), P15 (Figure 13) and P20 (Figure 14) in rostral, medial and caudal 

regions. Pcdh19 mRNA was detected using fluorescent in situ hybridization 

(fISH) at most ages. However, due to its low expression in P15 and P20 

brains, colorimetric in situ hybridization (cISH) was performed instead at 

these two ages, since it generates a strong signal coming from an enzymatic 

reaction that does not diminish overtime, and can be developed during long 

periods of time, facilitating the visualisation.  

Pcdh19 mRNA was detected at all ages studied, although expression was 

stronger at earlier (E16.5, P2, P6, P10) than at later ages (P15, P20). 

At E16.5 (Figure 9), when cortical migration is ongoing and gliogenesis and 

synaptogenesis are starting, mRNA was detected throughout the whole 

cortical plate, and seemed to be expressed more intensely in medial and 

caudal regions than in the rostral area. No differences were observable in 

the lateral-medial axis in any of the areas.  

The expression pattern changed at P2 (Figure 10), when a distinctive band 

could be identified in the cortex. Based on its position, this band probably 

corresponds to future layer V. No differences were seen among the different 

areas, but an intense expression of Pcdh19 in the hippocampus was noted in 

the caudal region, and that expression was present at all later ages. At this 

age, the band of expression was wider medially than laterally.  

At P6 (Figure 11) the band of expression was thinner but was still located 

in what could be future layer V, considering the position of the Pcdh19-

expressing cells. The mRNA was expressed higher in the rostral (Figure 
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11A, Aõ) and medial (Figure 11B, Bõ) regions than more caudally (Figure 

11C, Cõ). As in P2 brains, the pattern of expression was wider medially than 

laterally, which was particularly noticeable in rostral ( Figure 11A, Aõ) and 

caudal regions (Figure 11C, Cõ). In the hippocampus, expression was 

particularly strong in the CA1 region ( Figure 11C, Cõ). 

By P10, two distinct bands of expression were visible in the cortex (Figure 

12), positioned in layers II/III and V. The band in layer V showed a higher 

fluorescence intensity. Rostral, medial and caudal regions didnõt seem to 

show any differences in intensity or positioning of Pcdh19 expression. 

However, as in P2 and P6, the band of cells expressing Pcdh19 was wider in 

the medial side of the brain in comparison to the lateral sides, to the point 

in which both bands converged in the anterior cingulate area. These 

lateromedial differences were especially noticeable in the caudal region 

(Figure 12C, Cõ), where Pcdh19 expression was almost not observable in the 

lateral side of the brain. 

Pcdh19 expression did not vary much spatially at P15 (Figure 13) or P20 

(Figure 14) with respect to the P10 brains, but fluorescence intensity in the 

cortex diminished considerably at those ages, leading to the choice of 

colorimetric  detection. This will be further discussed in section 3.4.3. 

However, it is worth noting that Pcdh19 mRNA could be detected by fISH 

at P20 in the experiments carried out to characterise the cellular types 

expressing Pcdh19, albeit with a higher concentration of the probe, as 

described in section 2.3.3.1.2. As in the rest of the postnatal ages, 

lateromedial expression was lower on the lateral part than  in the medial, 

where the two bands merged into one. In the hippocampus, there was a 

noticeable increase in expression in the Dentate Gyrus compared to P10. 
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Figure 9. Pcdh19 is detected in the cortical plate at E16.5.  

Representative images of RNA in situ hybridisation with a Pcdh19 antisense 
probe (red) on rostral (A, Aõ), medial (B, Bõ) and caudal (C, Cõ) cortical 
regions at E16.5. A sense probe was used as control (D, Dõ). Nuclei were 
counterstained with DAPI (blue in Aõ ð Dõ). Brain slices are delineated with 
dashes. CP, cortical plate; IZ, intermediate zone; VZ, 
ventricular/subventricular zone; V, ventricle. Scale bar: 100 µm.
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Figure 10. Pcdh19 mRNA is expressed in the cortical plate at P2.   

Representative images of RNA in situ hybridisation with a Pcdh19 antisense 
probe (red) on rostral (A, Aõ), medial (B, Bõ) and caudal (C, Cõ) cortical areas 
at P2. Control was done using a sense probe (D, Dõ). Nuclei were 
counterstained with DAPI (blue in Aõ ð Dõ). Brain slices are outlined with 
dashes. CP, cortical plate; IZ, intermediate zone; VZ, 
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ventricular/subventricular zone; V, ventricle;  CC, corpus callosum; Hpc, 
hippocampus. Scale bar: 100 µm.
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Figure 11. Expression of  Pcdh19 in the cortical plate of P6 mice.  

Representative images of RNA in situ hybridisation with a Pcdh19 antisense 
probe (red) on rostral (A, Aõ), medial (B, Bõ) and caudal (C, Cõ) cortical areas 
at P6. A sense probe was used as control (D, Dõ). Nuclei were 
counterstained with DAPI (blue in Aõ ð Dõ). Brain slices are defined by 
dashed lines. CP, cortical plate; IZ, intermediate zone; VZ, 
ventricular/subventricular zone; V, ventricle; CC, corpus callosum; Hpc, 
hippocampus. Scale bar: 100 µm.
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Figure 12. Pcdh19 is detected in the cortical plate of P10 mice.  

Representative images of RNA in situ hybridisation with a Pcdh19 antisense 
probe (red) on rostral (A, Aõ), medial (B, Bõ) and caudal (C, Cõ) and a sense 
probe as control (D, Dõ) in cortical regions at P10. Nuclei were 
counterstained with DAPI (blue in Aõ ð Dõ). Brain slices are outlined with 
dashes. Cortical layers are indicated by roman numerals in the 
representative images. V, ventricle; CC, corpus callosum; Hpc, 
hippocampus. Scale bar: 100 µm.
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Figure 13. Pcdh19 is detected in the cortical plate at P15.   

Representative images of RNA in situ hybridisation with a Pcdh19 antisense 
probe (red or black) on rostral (A, Aõ), medial (B, Bõ) and caudal (C, Cõ) 
cortical areas at P15. A sense probe was used as control (Aõ, D, Dõ). Nuclei 
were counterstained with DAPI (blue in Bõ ð Dõ). Brain slices are delimited 
by dashed lines. Darker areas reflect an illumination problem due to 
technical issues with the confocal. Cortical layers are indicated by roman 
numerals in the representative images. V, ventricle; CC, corpus callosum; 
Hpc, hippocampus. Scale bar: 100 µm. 



107 
 

 

Figure 14. Pcdh19 is expressed in the cortical plate at P20.  

Representative images of RNA in situ hybridisation with a Pcdh19 antisense 
probe (A-C) and sense probe (Aõ ð Cõ).  on rostral (A, Aõ), medial (B, Bõ) and 
caudal (C, Cõ) cortical regions at P10. Brain slices are outlined with dashes. 
Cortical layers are indicated by roman numerals in the representative 
images. V, ventricle; CC, corpus callosum; Hpc, hippocampus. Scale bar: 
100 µm.
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The decrease in signal intensity at P15 and P20 could represent lower Pcdh19 

expression levels. However, it could also be a consequence of differences in 

perfusion or fixation, or of the use of thicker tissue slices at those two ages 

(20 µm vs 12 µm). Therefore, to verify if the differences in intensity between 

the younger and older brains were due to different expression levels rather 

than a technical artefact, a quantitative PCR was carried out to quantify 

Pcdh19 transcript levels at the different ages. Specifically, the relative fold 

change of Pcdh19 cDNA levels at all ages with respect to P2 was calculated. 

As observed in Figure 15, Pcdh19 expression levels increased by about 50% 

at P6 (1.45 ± 0.16) and P10 (1.57 ± 0.12) with respect to P2 (1 ± 0.03), whereas 

no such differences were present at P15 (0.96 ± 0.16) and P20 (1.1 ± 0.25). 

However, P2 is a much smaller brain with a lower number of cells than P15 

or P20. If P15 or P20 brains and P10 brains were compared, there was a 

slight decrease in the total quantity of Pcdh19 in the older brains. The 

interpretation of these results will be discussed in section 3.4.3. 
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Figure 15. Pcdh19 cortical expression in early postnatal mice peaks at P10.   

The graph represents the relative fold change expression of Pcdh19 in the 
entire cortex at different ages with respect to its expression at P2. Data are 
presented as mean ± SEM. At least 4 animals from 3 different litters were 
used for the experiment. N was considered 4. 
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3.3.3 Pcdh19 mRNA expressing cells partially 
colocalise with a diverse group of cortical excitatory 
and interneuronal markers.  

Due to the difficulties mentioned in section 3.3.1, Pcdh19 expressing cells 

were characterised by combining ISH and IHC. Even though Pcdh19 mRNA 

is mainly cytoplasmic and therefore doesnõt overlap with the nuclear signal 

of the cortical markers, Pcdh19 mRNA in expressing cells was seen as 

fluorescent dots around the DAPI -counterstained nucleus. This allowed an 

analysis of whether Pcdh19 mRNA co-localised with particular molecular 

markers. Cells with more than four dots located in close apposition to the 

nucleus were considered Pcdh19+, and any Pcdh19+ cell that was positive 

for the cortical marker that was being studied was counted as a double 

positive cell. Glutamatergic excitatory markers were analysed at P10, when 

the excitatory pyramidal neurons have achieved their final positions in the 

cortical wall (Alcamo et al. 2008; Jabaudon 2017). Analysis of inhibitory 

GABAergic markers was performed at P20 since the expression of most 

markers was very low before this age, as previously reported (J. del Rio et 

al. 1994). 

3.3.3.1 Distribution  of  Pcdh19+ cells in P10 and P20 cortices 

To thoroughly characterise Pcdh19 expression at P10 and P20 (Figure 16A ), 

an initial evaluation of the distribution of cells expressing the Pcdh19 mRNA 

was performed in which three para meters were analysed: the percentage of 

total Pcdh19-positive cells with respect to DAPI ( Figure 16B), the percentage 

of cells positive for Pcdh19 with respect to DAPI in each layer and the 

distribution of Pcdh19-expressing cells throughout the cortical plate (Figure 

16C).  

At P10, a total of 12 images from 2 brains were analysed. One fifth of the 

total cells in the selected region were Pcdh19+ (20.81 ± 5.37 % cells), and 

those cells were mostly concentrated in layers II/III, V and VI . The analysis 

of the percentage of cells expressing Pcdh19 per layer revealed that layers 
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II/III and V, but not VI, contained the highest proportion of Pcdh19-positive 

cells, as indicated in Figure 16C.  

At P20, analysis was conducted using a total of 6 images from one brain. 

Therefore, the corresponding errors and error bars in Figure 14 reflect the 

variation between technical replicates. In agreement with section 3.3.2, the 

total number of Pcdh19-expressing cells was lower at P20 than at P10 (13.66 

% vs 20.81 ± 5.37 % cells). Pcdh19+ cells at P20 were distributed similarly to 

the cells at P10, except for layer VI where the percentage of Pcdh19+ cells 

decreased at P20. Regarding the percentages of Pcdh19 positive cells per 

layer; they were generally lower in P20 brains than in P10 brains, but the 

layers with the highest percentage of Pcdh19-expressing cells were still 

layers II/III and V.  All the percentages can be seen in Figure 16C. 

 

 

 



112 
 

 

Figure 16. Pcdh19 mRNA is mainly detected in layers II/III and V and is 
more abundant in P10 than in P20 brains at the SSC.   

(A ) Representative images of P10 and P20 mouse brains in situ hybridised 
for Pcdh19 detection. Pcdh19 is in red. (B) Quantification of the 
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Pcdh19+cells/DAPI across the cortical span. (C) An area between layers 
IV/V are shown at higher magnification.  (D ) Table shows the %Pcdh19+ 
cells in each layer with respect to the total number of Pcdh19+ cells and the 
%Pcdh19+ cells with r espect to DAPI in each layer at P10 and P20. Data 
presented as mean ± SEM. WM, white matter. Cortical layers are indicated 
with roman numerals in the representative images. Dashed lines indicate 
the limit of the brain. White arrows reveal Pcdh19+ cells and white open 
arrows indicate Pcdh19- cells. Scale bar on A: 100 µm; scale bar on C: 50 µm.
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3.3.3.2 Glutamatergic cortical markers at P10  

To perform the characterisation of Pcdh19-expressing cells at P10, ISH 

combined with immunohistochemistry against SATB2 ( Figure 17), RORB 

(Figure 18, Figure 21), CTIP2 (Figure 19, Figure 21) and TBR1 (Figure 20) 

was conducted at P10. Four parameters were studied:  

1. The percentage of Pcdh19+ cells with respect to DAPI in each layer 

(Figure 17B, Figure 18B, Figure 19B, Figure 20B). 

2. The percentage of double positive cells (Pcdh19+; MARKER+) per 

layer (Figure 17B, Figure 18B, Figure 19B, Figure 20B).  

3. The proportion of MARKER+ and  MARKER- cells with respect to 

the total number of Pcdh19+ cells (Figure 17C, Figure 18C, Figure 

19C, Figure 20C). 

4. The proportion of Pcdh19+ and Pcdh19- cells with respect to the total 

number of MARKER+ cells (Figure 17D, Figure 18D, Figure 19D, 

Figure 20D ). 

Pcdh19+ cells partially colocalised with all glutamatergic markers tested.   

Pcdh19+SATB2+ cells (Figure 17C) represented 48.76 ± 13.19% of all 

Pcdh19+ cells and were present in all layers (Figure 17B).  However, only 

17.62 ± 0.96% of SATB2 expressing cells were Pcdh19+ (Figure 17D ). 

In the case of RORB, a layer IV marker, 15.18 ± 7.02% of the Pcdh19+ cells 

were also RORB+ (Figure 18C), and most of those double positive cells 

accumulated in  layers  IV and V of the cortex (Figure 18B). The percentage 

of RORB+ cells that were Pcdh19+RORB+ was less than a quarter, 22.6 ± 

5.6%. 

CTIP2 is expressed in corticothalamic and corticospinal projecting cells 

located in layers V and VI, and the analysis revealed that the percentage of 

Pcdh19+ cells that co-expressed CTIP2 was 29.42 ± 9.81% (Figure 19C), the 

majority of which distributed between layers V and VI, as expected ( Figure 

19B). The percentage of CTIP2+ cells that colocalised with Pcdh19 was only 

28.61 ± 5.28% (Figure 19D ). 
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Finally, the percentage of Pcdh19+ cells that colocalised with TBR1, a marker 

for layer VI neurons, was 17.83 ± 1.28% (Figure 20C) and those cells were 

positioned mainly in layers V and VI ( Figure 20B). The percentage of TBR1+ 

cells that were Pcdh19+ was 15.65 ± 4.86% (Figure 20D ). 

The analysis of Pcdh19 expression by combining detection of Pcdh19 mRNA, 

RORB (layer IV) and CTIP2 (layer Vb) (Figure 21) showed that Pcdh19-

positive cells are mainly located in layer Va, and part of layer Vb since the 

mRNA expression is almost complementary to RORB and partially 

overlaps with CTIP2, particularly in the upper part of layer Vb ( Figure 21B). 

As mentioned previously, two brains were studied at P10 but those brains 

were only used in the TBR1+ analysis. Thus, the error bars shown in the 

ISH+IHC against all molecular markers except TBR1 are of the technical 

replicates (three images or samples from one brain, N=1). In the case of 

TBR1 the error bars present in the graphic correspond to the biological 

replicates (three images from two biologically distinct samples, N=2 ). 
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Figure 17. Almost half of Pcdh19 mRNA expressing cells coexpress 
SATB2 in P10 SSC.  

(A ) Representative images of ISH+IHC experiments detecting Pcdh19 (red) 
and SATB2 (cyan) in P10 SSC. Nuclei are counterstained with DAPI (blue). 
Layers II/III (a -c) and V (d-f) are shown at higher magnification. (B) Double 
positive (aõ), Pcdh19+ (bõ) and SATB2+ (cõ) cells from layer V are shown at 
higher magnification. (C) Table shows the %Pcdh19+ cells with respect to 
DAPI in each layer, and the % Pcdh19+SATB2+ cells with respect to the total 
number of Pcdh19+ cells in each layer. (D ) Quantification of the 
%Pcdh19+SATB2+ and Pcdh19+SATB2- cells with respect to the total 
number of Pcdh19+ cells.  (E) Quantification of the %SATB2+Pcdh19+ and 
SATB2+Pcdh19- cells with respect to the total number of SATB2+ cells. Data 
presented as mean ± SEM. WM, white matter. Cortical layers are indicate d 
with roman numerals in the representative images. Dashed lines indicate 
the brain limit. White arrows reveal Pcdh19+SATB2+ cells, white 
arrowheads highlight Pcdh19+SATB2- cells and white open arrows indicate 
Pcdh19-SATB2+ cells. Scale bar: 100 µm.
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Figure 18. Pcdh19 mRNA expressing cells partially coexpress RORB in 
P10 SSC.  

(A ) Representative images of P10 SSC detecting Pcdh19 and RORB by ISH 
combined with IHC. Pcdh19 shown in red, RORB cells are in green colour 
and DAPI is indicated in blue. Layers II/III -IV (a, b, c) and IV-V (d, e, f) are 
shown at higher magnification. (B) Double positive (aõ), Pcdh19+ (bõ) and 
RORB+ (cõ) cells from layer V are shown at higher magnification. (C) Table 
shows the %Pcdh19+ cells with respect to DAPI per layer, and the % of 
Pcdh19+ cells that are also RORB+ in each layer. (D ) Quantification of the 
%Pcdh19+RORB+ and Pcdh19+ RORB- cells with respect to the total number 
of Pcdh19 mRNA expre ssing cells.  (E) Quantification of the % RORB+ 
Pcdh19+ and RORB+Pcdh19- cells with respect to the total number of 
RORB+ expressing cells. Data presented as mean ± SEM. WM, white matter. 
Cortical layers are indicated with roman numerals in the representative 
images. Dashed line delimits the brain. White arrows indicate 
Pcdh19+RORB+ cells, white arrowheads show Pcdh19+RORB- cells and 
white open arrows highlight the Pcdh19-RORB+ cells. Scale bar: 100 µm.
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Figure 19. Cells expressing Pcdh19 mRNA partially coexpress CTIP2 in 
P10 SSC.  

(A ) Representative images of Pcdh19 and CTIP2 detected by ISH combined 
with IHC at P10 SSC. Pcdh19 indicated in red, RORB cells are shown in 
green colour and DAPI is indicated in blue. Layers II/III (a, b, c) and V (d, 
e, f) are shown at higher magnification. (B) Double positive (aõ), Pcdh19+ 
(bõ) and CTIP2+ (cõ) cells from layer V are shown at higher magnification.  
(C) Table shows the %Pcdh19+ cells with respect to DAPI per layer, and the 
% of Pcdh19+ cells that also express CTIP2 in each layer. (D ) Quantification 
of the %Pcdh19+CTIP2+ and Pcdh19+CTIP2- cells with respect to the total 
number of Pcdh19 mRNA expressing cells (E) Quantification of the 
%CTIP2+Pcdh19+ and CTIP2+Pcdh19- cells with respect to the total number 
of CTIP2 expressing cells. Data presented as mean ± SEM. WM, white 
matter. Cortical layer s are specified with roman numerals in the 
representative images. Dashed line indicates the limits of the brain. White 
arrows highlight Pcdh19+CTIP2+ cells, white arrowheads indicate 
Pcdh19+CTIP2- cells and white open arrows signal the Pcdh19-CTIP2+ cells. 
Scale bar: 100 µm.
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Figure 20. Cells positive for Pcdh19 mRNA partially coexpress TBR1 in 
P10 SSC.  

(A ) Representative images of P10 SSC ISH combined with IHC that detected 
Pcdh19 and TBR1. Pcdh19 is in red, TBR1 cells are in green and DAPI is 
shown in blue. Layers II/III (a, b, c) and V (d, e, f) are shown at higher 
magnification. (B) Double positive (aõ), Pcdh19+ (bõ) and TBR1+ (cõ) cells 
from layer V are shown at higher magnification.  (C) Table shows the 
%Pcdh19-expressing cells with respect to DAPI in each layer, and the % of 
Pcdh19+ TBR1+ cells with respect to all Pcdh19+ cells in each layer. (D) 
Quantification of the % Pcdh19+TBR1+ and Pcdh19+TBR1- cells with respect 
to the total number of Pcdh19 mRNA expressing cells (E) Quantification of 
the %TBR1+Pcdh19+ and TBR1+Pcdh19- cells with respect to the total 
number of cells expressing TBR1.  The data are presented as mean ± SEM. 
WM, white matter. Cortical layers are indicated with roman numerals in the 
representative images. Dashed line reveals the limit of the brain. White 
arrows signal Pcdh19+TBR1+ cells, white arrowheads show Pcdh19+TBR1- 
cells and white open arrows highlight the Pcdh19-TBR1+ cells. Scale bar: 100 
µm.
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Figure 21.  Pcdh19 mRNA expression is specifically located in layer Va 
and part of layer Vb.  

(A ) Representative images of P10 SSC ISH combined with IHC that detected 
Pcdh19, RORB and CTIP2. Pcdh19 is shown in red, CTIP2 cells are in green, 
RORB is indicated in cyan and DAPI counterstaining is in blue. ( B) 
Magnification of an area that comprises lower layer IV and upper layer V.  

WM, white matter. Cortical layers are noted with roman numerals in the 
representative images. Dashed line indicates the limit of the brain.  Scale 
bar: 100 µm, in magnified images: 50 µm. 
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3.3.3.3 Interneuronal cortical markers at P20  

As mentioned in section 3.1, a combination of PV, SST and 5HT3aR can 

detect all cortical interneurons (Rudy et al. 2011). However, ionotropic 

serotonin receptor 5HT3a (5HT3aR) and SST could not be detected in 

combination with RNA ISH. Other commonly used interneuronal markers 

include CB and CR. Together, PV, CB and CR positive cells comprise about 

80% of cortical interneurons in rodents (Gabbott et al. 1997). Unfortunately, 

the CR antibody did not work either, so PV (Figure 22) and CB (Figure 23), 

that comprise approximately 55% of the rodent cortical interneurons,  were 

analysed in the experiments. The same four parameters as for the 

glutamatergic neurons were analysed.   

Pcdh19+ cells partially colocalised with all interneuronal markers, too.    

Of all Pcdh19+ cells, 9.30 ± 1.78% co-expressed PV (Figure 22C) and double 

positive cells were located mainly in layers IV and V ( Figure 22B). Almost 

a third (31.71 ± 5.39%) of the cells expressing PV were positive for Pcdh19 

(Figure 22D) . 

 On the other hand, Pcdh19+CB+ cells represented 28.49 ± 6.19%  of the total 

Pcdh19+ cells (Figure 21C) and were located mainly in layers II/III ( Figure 

23B). Also, almost half (45.7 ± 9.24%) of the CB+ cells colocalised with 

Pcdh19 (Figure 21D ).
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Figure 22. Pcdh19 mRNA -positive cells partially coexpress parvalbumin 
in P20 SSC.  

(A ) Representative images of ISH+IHC experiments performed against 
Pcdh19 and parvalbumin in the SSC area of P20 mice. Pcdh19 is seen in red, 
PV+ cells are in green and DAPI counterstaining is in blue. Layers II/III (a, 
b, c) and V (d, e, f) are shown at higher magnification. (B) Double positive 
(aõ), Pcdh19+ (bõ) and PV+ (cõ) cells from layer V are shown at higher 
magnification.  (C) Table indicates the %Pcdh19+ cells with respect to DAPI 
in each layer, and the % of Pcdh19+ cells that are positive for PV too in each 
layer. (D ) Quantification of the % Pcdh19+PV+ and Pcdh19+PV- cells with 
respect to the total number of Pcdh19 mRNA expressing cells. (E) 
Quantification of the %PV+ Pcdh19+ and the PV+Pcdh19- cells with respect 
to the total number of PV expressing cells. Data presented as mean ± SEM. 
WM, white matter. Cortical layers are designated by roman numerals in the 
representative images. Dashed line delimits the brain. White arrows 
indicate Pcdh19+PV+ cells, white arrowheads highlight Pcdh19+PV- cells 
and white open arrows designate the Pcdh19-PV+ cells. Scale bar: 100 µm.
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Figure 23. Pcdh19 mRNA -positive cells partially coexpress calbindin in 
P20 SSC, especially in layers II/III.   

(A ) Representative pictures of ISH+IHC experiments conducted to detect 
Pcdh19 mRNA and calbindin positive cells in the SSC area of P20 mice. 
Pcdh19 is indicated in red, CB+ cells are shown in green and DAPI is in blue 
colour. Layers II/III (a, b, c) and V (d, e, f) are shown at higher 
magnification. (B) Double positive (aõ), Pcdh19+ (bõ) and CB+ (cõ) cells from 
layer V are shown at higher magnification.  (C) Table displays the %Pcdh19+ 
cells with respect to DAPI per layer, and the % of Pcdh19+ cells that also 
express in each layer. (D ) Quantification of the % Pcdh19+CB+ and 
Pcdh19+CB- cells with respect to the total number of Pcdh19 mRNA 
expressing cells (E) Quantification of the %CB+Pcdh19+ and CB+Pcdh19- 
cells with respect to the total number of CB expressing cells. Data presented 
as mean ± SEM. WM, white matter. Cortical layers are indicated by roman 
numerals in the representative images. Dashed line designates the limit of 
the brain. White arrows highlight Pcdh19+CB+ cells, white arrowheads 
show Pcdh19+CB- cells and white open arrows indicate the Pcdh19-CB+ 
cells. Scale bar: 100 µm.
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3.4 Discussion  

3.4.1 Summary of results  

Characterisation of cortical Pcdh19 expression during late embryonic and 

early postnatal stages was carried out using RNA in situ hybridisatio n due 

to the lack of suitable antibodies. Pcdh19 is expressed primarily in layers 

II/III and V, a pattern that becomes clearly visible from P10 onwards, once 

the radial migration of cortical projection neurons is finished. However, 

Pcdh19 is not only expressed by excitatory neurons in the cortex, but also by 

different types of interneurons, as demonstrated by combining RNA ISH 

for Pcdh19 with IHC against different markers. This is of particular interest 

because it reveals that Pcdh19 is not involved in the cortical development of 

just one or a few neuronal subtypes, but probably exerts its function in 

subsets of neurons that belong to a wide range of populations.  

3.4.2 Choice of methods  

The combination of IHC  and ISH to characterise Pcdh19+ cells poses several 

challenges. The aggressive pre-treatment conducted to detect the target 

mRNA can alter epitopes in the proteins studied and block the binding of 

the antibody (Lopez 2014). Moreover, some antibodies cannot detect their 

epitopes in frozen samples, which was the type of samples used in ISH to 

cut thinner slices with the cryostat and detect the mRNA. This procedure 

also kills the GFP fluorescence, which is sensitive to the cell 

permeabilization and high temperatures required (Donadoni et al. 2004). 

As shown in section 3.3.1, PCDH19 protein couldnõt be detected using 

antibodies, thus only Pcdh19 mRNA could be located by in situ 

hybridization of antisense probes for Pcdh19. However, mRNA and protein 

expression donõt always correlate quantitatively or spatially, a phenomenon 

that has been described in several reports. Differences have been seen in the 

expression levels of proteins with respect to their mRNA due to the 

diversity of translation rates and post -translati onal modifications that alter 
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the half-life of the protein (Vogel et al. 2012; Y. Liu et al. 2016; Ghazalpour 

et al. 2011), and also in the location of the protein caused by the protein 

synthesis, half-life and transport. As protein synthesis takes time, changes 

in mRNA expression levels would affect protein levels with a certain delay 

in time; protein and mRNA half -lives might also differ. Consequently,  

variations in the quantity of mRNA expression might not be accurately 

reflected in the proteinic expression, and many proteins are transported to 

different locations within the cell, thus the spatial pattern of mRNA 

expression will, in many cases, not correspond to the protein pattern (Y. Liu 

et al. 2016). Recently, Moritz et al. also revealed that the anatomical and 

molecular polarity of neurons in the CNS is also one of the causes of low 

correlation between mRNA and protein expression. These differences are 

specially prominent in proteins involved in transport and in synaptic 

proteins (Moritz et al. 2019). Interestingly,  PCDH19 has been found in the 

spines of chick and mouse hippocampal (Pederick et al. 2016; Hayashi et al. 

2017) and cortical neurons in vitro (Hayashi et al. 2017). 

It is to be noted that a Pcdh19HA -FLAG mouse has been generated and 

validated by Pederick et al. (Pederick et al. 2018). Although protein 

expression in the brain was consistent with the in situ hybridisation data 

previously published, judging from the images available for a staining with 

anti-HA antibody at P7, this strategy does not look suitable for cell 

characterization, since it also does not allow the identification of individual 

PCDH19+ cells. 

A potential solution to overcome the difficulties posed by both mRNA and 

protein detection in the characterisation of PCDH19 expressing cells would 

be to generate a nuclear EGFP mouse reporter strain (Stoller et al. 2008). 

Such a reporter would highlight the nucleus of PCDH19 -expressing cells, 

preventing an investigation of the subcellular localization of the protein, but 

allowing detection of individual Pcdh19-expressing cells accurately. Since 

the fluorescence would be nuclear, it would overlap with the fluorescence 
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of the cortical molecular markers studied when immunohistochemical 

experiments were conducted. The fact that GFP fluorescence might be 

affected by antigen retrieval methods should be considered, because any 

molecular markers that can only be detected after antigen retrieval could be 

difficult to analyse. However, tests conducted in the Martinez -Garay 

laboratory have shown that detection of GFP by IHC works after short 

antigen retrieval (no longer than 10 min). Thus, so far, all of the markers 

studied in this thesis could be analysed (section 2.3.3.2) using this 

transgenic animal.  

3.4.3 Pcdh19 mRNA localization  

Regarding the Pcdh19 expression pattern, results in this chapter revealed 

that Pcdh19 mRNA was detected at all ages in the cortex, but the expression 

pattern varied between the ages and also along the anterior-posterior and 

lateral-medial axes of the brains at some ages. Different expression in 

different areas of the cerebral cortex is not unusual, since this region of the 

brain is organised in different areas that perform a varied range of functions 

and have a different cellular composition (Lodato et al. 2015).  

With respect to the age-dependent changes in Pcdh19 expression, mRNA 

was detected in the cortical plate at E16.5, when neurogenesis of 

glutamatergic neurons is almost finish ed, and the migration of cortical 

neurons is in process (Nadarajah et al. 2001). By P2, expression was evident 

in a strong band that, according to i ts position within the cortical plate, 

would correspond to layers IV/V, whose neurons have finished migration 

and are starting to establish synaptic connections (Nadarajah et al. 2001). 

The pattern was similar at P6, when all glutamatergic neurons have almost 

finished migration (Farhy-Tselnicker et al. 2018). At P10, when migration of 

excitatory neurons is completely finished, two bands of expression could 

clearly be seen, one in layer II/III and a stronger one in layer V (Farhy-

Tselnicker et al. 2018). These bands were clearly visible at P15 and P20 too, 

even though with a lower intensity. Therefore, Pcdh19 seems to be 
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expressed both by cells that are undergoing migration and those 

establishing cortical circuits, suggesting a role for the protein in these two 

processes. 

With regards to the expression of Pcdh19 in specific cortical layers, one open 

question is if cells from layer II/III express Pcdh19 from the beginning or if 

they do not start expressing Pcdh19 mRNA until after P6. Earlier expression 

could be masked at earlier stages by a positional overlap during their 

migration with the already migrated layer V neurons that express Pcdh19. 

However, the wide expression of Pcdh19 in the cortical plate at E16.5, when 

layer II/III neurons are starting migration, and the detection of Pcdh19+ 

cells in the intermediat e zone at P2 (even if less intense), suggest that the 

mRNA is present in at least part of layer II/III neurons while they are 

migrating. In fact, combination of ISH to detect Pcdh19 mRNA and IHC 

against SATB2 at P2 shows expression of Pcdh19 in a zone of migrating cells . 

This observation shown in Figure 24 also supports this hypothesis. To 

confirm this hypothesis, BrdU pulses could be given at E15.5 to label the 

cells born at that age that correspond to upper-layer neurons, and then 

conduct the ISH at P2, and analyse if the BrdU positive cells express Pcdh19.
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Figure 24. Pcdh19 mRNA -positive cells partially colocalise with SATB2 
expressing cells at P2 in mice. 

(A ) Representative images of P2 ISH combined with IHC that detected 
Pcdh19 and SATB2. Pcdh19 is shown in red, SATB2 cells are in green, and 
DAPI counterstaining is in blue. ( B) Magnification of an area from A . WM, 
white matter; UL, upper layers; V, layer V, VI, layer VI . Dashed line 
indicates the limit of the brain.  Scale bar: 200 µm, in magnified images: 100 
µm. 

To confirm if these upper -layer cells express Pcdh19 before migration is 

finished, combination of ISH to detect Pcdh19+ expression and IHC against 

an upper-layer marker, such as CUX1 at P2 and P6 could be conducted. If 
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Pcdh19 mRNA co -localised with the marker, the theory would be validated. 

Unfortunately, the harsh conditions of the ISH made the detection of CUX1 

impossible and attempts to make a probe to hybridise the marker and 

conduct double ISH to detect Pcdh19 and Cux1 were also unsuccessful so 

far. Thus, the generation of another probe for Cux1 or the use of other 

upper -layer marker that is also expressed in cortical development, such as 

CUX2 or LHX2, whose antibody were compatible with IHC and resists the 

harsh conditions of the ISH, would be necessary to conduct this experiment 

(Bulchand et al. 2003; Nieto et al. 2004).  

Moreover, cells from layer II/III are mainly callosal projection neurons, 

while the majority of cells located in layer V project subcerebrally; so Pcdh19 

seems to be expressed by different neuronal subtypes.  

A decrease in the intensity of the fluorescence when detecting Pcdh19 

mRNA at P15 and P20 with respect to P10 was also observed in the ISH 

experiments. A stronger expression around P10 and a posterior reduction 

in the level of transcript could suggest a role of Pcdh19 in processes that are 

very promine nt during the second postnatal week, just after migration is 

finished, and decrease after that age, such as gliogenesis or synaptogenesis 

(Semple et al. 2013). However, variations in the perfusion or fixation of the 

brains, or the use of thicker slices of tissue could also have an impact on the 

detection of the mRNA. I n fact, when the concentration of probe was 

increased the labelling became more intense in the P15 and P20 brains. To 

determine if the changes in fluorescence intensity were due to technical 

issues, a qPCR experiment was performed that showed a slight decrease in 

Pcdh19 expression in P15 and P20 with respect to the P10 cortices. This result 

suggests that the reduction is not due to a technical problem. 

3.4.4 Pcdh19 colocalization with cortical excitatory and 
interneuronal markers  

As shown in section 3.3.3, Pcdh19 mRNA partially co -localises with all 

markers studied in the SSC. The SSC area was selected to perform these 
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experiments since it is an area that has been well-studied and widely used 

for experiments regarding cortical lamination (Jabaudon et al. 2012; Leone 

et al. 2015; Wang et al. 2017; M. Chang et al. 2018). However, other areas, 

such as the motor cortex, also express Pcdh19 mRNA, and their analysis 

might be of interest, since, as explained in section 3.3.2, Pcdh19 expression 

varied from medial to lateral areas within the same slice. This medial part 

of the cortex corresponds to the motor cortex, an area with different 

cytoarchitecture and functi on (Lodato and Arlotta, 2015), so Pcdh19 could 

be involved in processes that are unique to this area, functionally different 

to the SSC. Following the same reasoning, the analysis in other parts of the 

brain, such as the hippocampus, where Pcdh19 was strongly detected in 

these results, would help to gain further insight into the role of Pcdh19 in 

the central nervous system. 

The different molecular markers that were chosen to characterise Pcdh19 

expressing cells in the cortex cover different principal types of excitatory 

and inhibitory neurons and were described in section 3.1. 

PV and CB only detect about 55% of the rodent cortical interneurons, but 

any attempts to optimise other antibodies against interneuronal markers, 

such as 5HT3aR, SST or CR, were not successful either. As with CUX1, 

finding antibodies compatible with the ISH process wou ld be necessary to 

complete the characterisation. Another possibility would be to detect 

Pcdh19-expressing cells in another way, such as the generation of a 

PCDH19-nGFP reporter mouse strain, as described in section 3.4.2, that 

would allow the cell characterization using double immunohistochemistry . 

When analysing the cortical glutamatergic markers, it was observed that 

almost 50% of the total Pcdh19+ cells were SATB2+ and this percentage was 

similar all the layers, except I and VI. This result establishes that a big 

percentage of Pcdh19+ are callosal projection neurons that are located in the 

different layers.  
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The percentage of Pcdh19+ cells expressing the other molecular markers 

(RORB, CTIP2 and TBR1) was not as high. Less than 20% in the case of 

RORB and TBR1, and less than 30% in the case of CTIP2. As expected, the 

layer with the highest percentage of double positive cells for each of the 

markers corresponded with the layer of higher expression of the marker: 

layer IV in RORB, layers V and VI in CTIP2, and layer VI in TBR1. The 

analysis of RORB and CTIP2 together, however, did determine that within 

layer V, Pcdh19 was located mainly in sublayer Va, with a weaker 

expression in the upper part of layer Vb ( Figure 21). Layer Va mainly 

contains medium -sized pyramidal neurons, that electrophysiologically 

present either regular spiking or intrinsically bursting action potential firing 

patterns. These neurons project intracortically to the upper layers II/III and 

IV, and subcortically to the superior colliculus and pons (OTX1+), and they 

receive strong intralaminar  excitatory and inhibitory inputs in rodents 

(Schubert et al. 2006). Layer II/III, which also presents a strong expression 

of Pcdh19, contains corticocortically projecting neurons that receive inputs 

from layer IV and whose main output is layer V. In the somatosensory 

cortex, the pathway formed by layer IV, II/III and V is known to process 

sensory information coming from the thalamus, and alterations in the 

pathway can produce behavioural disturbances (Sabri et al. 2018). Thus, 

Pcdh19 could be participating in the processing of somatosensory 

information intracortically and also in the output of information to the 

superior colliculus and pons. Because PCDH19 is a cell adhesion protein, it 

is also possible that it could be involved in the formation of the circuit and 

/ or the synaptic transmission between both layers. The fact that Pcdh19 has 

been found in the synapses of cortical neurons in vitro supports this 

hypothesis (Hayashi et al. 2017). Regarding the pathological mechanism, it 

has been reported that different combinations of protocadherins can alter 

cell-cell adhesion (Bisogni et al. 2018). Therefore, Pcdh19-HET mice could 

have a disrupted connexion between layers due to the alterations in cell-cell 

interaction between the cells that express Pcdh19 and the Pcdh19-KO cells, a 
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phenomena called cellular interference (Dibbens et al. 2008). Independently 

of the circuit disrupted, alterations in the  network could potentially cause 

behavioural problems. Therefore, a basic behavioural analysis was 

performed in chapter 6.  

To analyse Pcdh19+ cells positioned in layer Va that project corticoboulbary, 

Otx1, a molecular marker that is expressed by cells located in this sublayer 

was selected (Hevner et al. 2003). Unfortunately, the antibody was not 

compatible with ISH. Trying other antibodies to see if they are compatible 

for ISH or using a GFP-tagged Otx1 mouse line, like the one from Fossat et 

al. for the IHC experiments, would be interesting to try in the future (Fossat 

et al. 2007). 

Regarding the analysis of interneuronal cortical markers, Pcdh19+CB+ cells 

were almost 30% of the Pcdh19+ cells, a big percentage of which were in 

layers II/III, where the subset of CB+ cortical excitatory neurons are 

positioned (DeFelipe 1997), while more than half of Pcdh19-expressing cells 

colocalised with these CB+ neurons. 

PV positive interneurons are not very abundant in the cortex (Rudy et al. 

2011), so, accordingly, the percentage of Pcdh19+ cells that were positive for 

PV was also small. Interestingly, more than 30% of the PV+ cells expressed 

Pcdh19. PV neurons are comprised by basket and chandelier cells that target 

the soma and the axon initial segment, respectively, of projection neurons 

of all cortical layers (Rudy et al. 2011). Pcdh19 has been shown to be 

expressed around the nucleus of cells (Lv et al. 2019), and experiments in 

the Martinez -Garay laboratory to target endogenous PCDH19 by a 

combination of CRISPR-Cas9 and in utero electroporation revealed PCDH19 

protein to be located around the soma. Therefore, it is possible that PCDH19 

could be mediating cont act between PV+ interneurons and Pcdh19- 

expressing cells. Interestingly, a population of CB-expressing interneurons 

are also basket cells that target the soma of the glutamatergic neurons, 

suggesting that CB+Pcdh19+ interneurons could also regulate Pcdh19 
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expressing glutamatergic neurons as hypothesised for PV+Pcdh19+ 

interneurons. 

Although the analysis performed in this chapter was focused on neuronal 

populations, as mentioned previously neurons are not the only cells in the 

neural tissues that express Pcdh19 (Y. Zhang et al. 2014). A discussion of 

other relevant cell types that could be characterised is presented in section 

7.4. However, it is also important to mention that, given the significant 

number of neuronal subtypes that have been recently discovered using 

single-cell RNA sequencing (Zeisel et al. 2015; Tasic et al. 2016; 2018), 

covering all the neuronal subpopulations of the cortex by ISH -IHC would 

be an impossible task. Nevertheless, reanalysing already published single 

cell RNA -seq datasets would represent a suitable alternative in the effort to 

dissect the Pcdh19+ cell popul ation in the cortex. 

3.4.5 Conclusion  

In summary, Pcdh19 positive cells comprise a heterogeneous group of 

neurons including excitatory neurons projecting both within and outside 

the cortex, and inhibitory neurons. This diversity in the  composition of the 

Pcdh19+ cell population is particularly interesting considering the role of 

this protein in cell adhesion. Bisogni et al. showed that different 

combinations of PCDH19 with other 2ɻ protocadherins, and their relative 

surface expression levels can influence cell affinity and impact cell adhesion 

(Bisogni et al. 2018). Thus, Pcdh19 might be expressed in different 

combinations with other 2ɻ protocadherins in each of the subpopulations 

studied. Mosaicism of the protein might then cause different effects in the 

different subpopulations of cells, due to disturbances in cell -cell 

communication caused by the changes in the cell adhesion between cells 

that expressed PCDH19 and cells that did not within their 2ɻ protocadherin 

combinatorial expression. This model would fit with the ôcellular 

interferenceõ hypothesis that is proposed to underpin the symptoms of 

EIEE9 (Dibbens et al. 2008). 
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Chapter 4: Role of Protocadherin 19 in 
cortical migration.  

4.1 Introduction  

As previously stated, the role of Protocadherin19 in mammals remains 

unknown. However, a neurofilament protein immunohistochemistry  

experiment conducted on a biopsy from a patient affected with EIEE9 

revealed areas of cortical dysplasia, with the presence of abnormal neurons 

in the white matter and corti cal neurons of abnormal morphology located 

in the frontal -lobe of the subject (Dibbens et al. 2008). Cortical dysplasia is 

characterised by a disorganised lamination in the cortex and cells with 

abnormal morphology (Taylor et al. 1971). Thus, this finding suggested 

Protocadherin19 might be required for cells to migrate and achieve their 

correct position in the cortical layers.  

Other studies also support this hypothesis. For example, previous reports 

observed that cells transfected with Pcdh10 (Taylor et al. 1971) or Pcdh17 

(Nakao et al. 2008) increased their migration compared with non -

transfected cells. Both proteins belong to the ȃ-2 subfamily of 

protocadherins. Emond et al. (2011) also revealed that Protocadherin19 

interacts with Cadherin2 in vitro, and Biswas et al. (2010) demonstrated this 

interaction exists in vivo in zebrafish (Emond et al. 2011; Biswas et al. 2010). 

Cdh2 is known to be involved in glia -independent somal translocation 

(Franco et al. 2011; Gil-Sanz et al. 2013) and glia-guided migration 

(Kawauchi et al. 2010; Jossin et al. 2011; Martinez -Garay et al. 2016). A paper 

from Chen et al. (2014) also showed that PCDH19 contains a WIRS region 

that binds to the WRC. This complex participates, together with Arp2/3, in 

actin nucleation, which is important in cell division and migration ( B. Chen 

et al. 2014). Recently, Pederick et al. (2016) reported an increase in neuronal 

migration of Pcdh19-KO cells compared to their WT counterparts in assays 

performed with neurospheres too (Pederick et al. 2016). 
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In addition, Allen Brain Atlas  ISH data show Pcdh19-expressing cells at the 

cortical plate at E13.5 and E15.5, an expression pattern consistent with a role 

in mig ration. As seen in Figure 9, there is also expression of Pcdh19 in the 

cortical plate at E16.5, supporting those findings. Moreover, the data from 

the Allen Brain Atlas (Miller et al. 2014)  also shows Pcdh19 expression is 

strong in humans at 15 and 16 weeks post-conception, when neurons are 

being generated and are migrating from the ventricular zone  (Lenroot et al. 

2006). 

4.2 Aims  

The main aim of this chapter was to explore the role of Protocadherin19 in 

migration, performing several in utero experiments on mice. For this 

purpose, WT mice were electroporated with Pcdh19 shRNAs to knockdown 

the Pcdh19 gene and an EGFP reporter to locate the electroporated 

migrating cells. Two different time -points (E13.5 and E15.5) were selected 

in which to perform the electroporations to target the two neuronal 

populations that express PCDH19 in the cortical plate (layers Va and II/III). 

To exclude that the results obtained were due to an shRNA off-target effect 

(Song et al. 2015), it was aimed to perform the same experiments on Pcdh19-

KO mice. To study the migration in brains that had their Pcdh19 gene altered 

from conception, Pcdh19-WT, Pcdh19-HET and Pcdh19-KO animals were 

electroporated with EGFP at E13.5 or E15.5.
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4.3 Results 

4.3.1 Pcdh19 shRNAs effectively knockdown PCDH19  

Prior to assessing the effect of the Pcdh19 shRNAs in cell migration, it was 

first necessary to confirm their efficiency. Quantification of PCDH19 at the 

protein level was performed by western blot analyses in cells tr eated with 

non-targeting shRNA or shRNA against Pcdh19. 

The HEK293T cell line was used for these experiments as it was available in 

the laboratory and it produces significant amounts of protein when 

transfected. PCDH19 was detected by PCR in these cells, as seen in Figure 

25. However, HEK293T cells originally derive from human embryonic 

kidney cells, so they express human PCDH19. The shRNAs in this study 

were designed to reduce the expression of mouse PCDH19, since the aim 

was to electroporate those shRNAs in utero and analyse cortical migration 

in the mouse. A comparison of the target regions for the different shRNAs 

between the murine and human mRNA sequences showed several 

mismatches (Figure 26), suggesting that most probably the shRNAs will 

bind to the mouse Pcdh19 mRNA and not the human homolog. However, 

Jackson et al. showed that shRNAs could produce off -target effects by 

binding genes with similar sequences (Jackson et al. 2003). Consequently, it 

could not be ruled out completely that the mouse shRNAs might potentially 

reduce human PCDH19 protein levels as well. Therefore, to test the 

effectiveness of the shRNAs unequivocally on the mouse sequence, 

HEK293T cells were co-transfected with shRNAs and a construct containing 

mouse Pcdh19. 

To assure western blot analysis only reflected knockdown of the transfected 

mouse Pcdh19, a tag was added to the Pcdh19FL during the generation of 

the construct. Two constructs were generated: CMV-Pcdh19-HA and CMV -

Pcdh19-myc. As described in Figure 27, CMV-Pcdh19-HA was generated by 

amplifying Pcdh19FL from plasmid DCX -Pcdh19FL using the primers and 
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protocol depicted in Table 12 (section 2.4.3, materials and methods ). The 

PCR product was cloned into vector CMV -HA (provided by Dr  Isabel 

Martínez Garay, Cardiff University), using enzymes HindIII and Bstz17I 

and T4 DNA ligase (detailed in section 2.4.3). 2 out of 6 clones obtained after 

transformation showed the expected pattern after digestion with XcmI. 

Further sequencing confirmed colony 1 presented no mutations and a 

maxiprep was conducted to amplify the vector quantity.  Figure 27 depicts 

the construction of CMV -Pcdh19-HA, but the generation of the other 

plasmid followed a very similar protocol.  

Prior to transfecting with t he tagged constructs, transfections with a pCIG 

reporter using different reagents (Calcium phosphate 1 M diluted in HEPES 

saline buffer (HeBS) and Lipofectamine 2000) were performed to optimise 

transfection efficiency (protocol shown in section 2.4.3 of materials and 

methods ). Results showed the highest rate of transfection when 

Lipofectamine 2000 was used, thus this was the reagent selected for all 

transfections. 

After optimisation of the reagents, tagged constructs were transfected into 

HEK293T cells, which were lysed 24 h post-transfection, and their protein 

analysed by immunoblotting with commercial antibodies ( Table 15 in 

materials and methods section ). Since the anti-HA antibody performed 

better in western blot experiments than the anti -myc antibody, the HA -

tagged construct was used in the co-transfection experiments (Figure 28A ).
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Figure 25: HEK293T cells express the human PCDH19 gene.  

Agarose gel (1%) electrophoresis of PCR products from HEK293T lysates. 
The band detected at approximately 500 bp corresponds to the expected 
amplicon which demonstrates that HEK293T cells express the gene. Band is 
indicated by a white arrowhead. bp, base pairs; L, ladder; 293T, HEK293T 
lysate. 
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Figure 26: Sequence alignment of the binding regions of the mouse 
Pcdh19 shRNAs#2, #3, #5 and #6 from Sigma with mouse and human 
Pcdh19 gene. 

Mouse Pcdh19 gene and Pcdh19 shRNAs showed a 100% nucleotide 
identity, while human PCDH19 gene diverged in 3-5 nucleotides from the 
Pcdh19 shRNAs. Alignments performed with Basic Local Alignment Search 
Tool (BLAST; Altschul et al.). shRNAs sequences were obtained from the 
Sigma-Aldrich webpage; m Pcdh19 sequence: ENSMUST00000149154.7; 
hPcdh19 sequence: ENST00000373034.8. Letters in red show missalignments 
between sequences, numbers on the right and left of the sequence show, in 
base pairs, the location of the sequence aligned. hPcdh19, human 
Protocadherin 19; mPcdh19, mouse Protocadherin 19; shRNA, short haipin 
ribonucleic acid. 
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Figure 27. CMV -Pcdh19-HA construct generation.  

(A ) PCR product corresponding to the Pcdh19 insert sequence with an 
added HindIII restriction site and a blunt end. (B) pCMV -HA digested with 
HindIII and Bstz17I. ( C) After extraction and purification of both bands, the 
Pcdh19 insert was digested with HindII I and purified again. Then, an 
electrophoresis with sample of both sequences was performed to detect the 
relative concentration between them. (D)  Pcdh19-HA minipreps digested 
with XcmI. Colonies 1 and 4 presented the 4193 bp, 2119 bp and 1717 bp 
bands that correspond to the CMV-Pcdh19-HA vector. L, ladder; kb, 
kilobases; Pcdh19, protocadherin 19; HA, CMV -HA vector; col., colony.
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Five shRNAs against Pcdh19 (#2, #3, #4, #5, #6) were purchased but only 

four were transfected into HEK293T cells. ShRNA#4, as shown in section 

2.4.1 from the materials and methods chapter, binds to the 3õUTR of the 

Pcdh19 gene, while the other shRNAs bind to exon 1. The 3õUTR region of 

the gene is not contained in the mouse CMV-Pcdh19-HA construct, 

generated from an already available Pcdh19FL insert that did not contain 

the 3õUTR. Therefore, and considering the availability of four other shRNAs 

against Pcdh19, shRNA#4 was discarded since it cannot bind to the 

construct, making it more difficult to test its efficiency.  

Cells were lysed at 24-, 48- or 72-hours post-transfection to determine how 

fast the shRNAs were able to decrease protein levels and whether the 

decrease of the protein was maintained over time. Three independent 

transfections were performed to conduct the analysis.  

To perform the western blot, the gel was loaded with 20 µg of protein to 

avoid saturation. Ponceau red, a reversible stain that detects protein bands, 

was used to confirm the transfer and detect any issues, such as saturation 

or bubbles in the region that was being analysed. To block the membrane to 

avoid unspecific binding, incubations were done with a BSA -ECL 

immunoblock for at least an hour. Other blo ckings, using only BSA or milk 

were tested, but the BSA-ECL mix gave the best detection results. Signal 

was detected using fluorescence or chemiluminescence. Detection of the 

chemiluminescent signal was clearer, so the membrane was developed 

using chemilum inescence. To analyse the western blot experiments, 

densitometric analysis was performed using Fiji Image J Analysis Software, 

as depicted in Figure 28A and detailed in section 2.4.7.  

At 24-hours post-transfection, all Pcdh19 shRNAs reduced the PCDH19 

protein levels compared to the shRNA control ( Figure 28B, C): shRNA#2 a 

62 ± 11.47%; shRNA#3 an 82.3 ± 5.27%; shRNA#5 an 81.6 ± 8.47%, and 

shRNA#6; a 76.8 ± 1.57%. At 48-hours post-transfection, shRNA#2 and 

shRNA#5 showed similar decreases as after 24-hours (69.7 ± 14.81% and 
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81.5 ± 6.71% respectively), shRNA#3 was still effective and the PCDH19 

quantity was 72.9 ± 10.46% less than the control, and shRNA#6 decreased 

the protein quantity by at least 89.3 ± 5.25%, even more than that seen at 24-

hours. At 72-hours post-transfection, all Pcdh19 shRNAs produced a 

significant reduction of PCDH19 levels with respect to the shRNA control, 

slightly increasing the reduction seen at 48-hours post-transfection. 

Specifically, shRNA#2 decreased the protein level in comparison to the 

control a 72.2 ± 9.03%; shRNA#3 an 83.6 ± 7.88%; shRNA#5 an 84.4 ± 1.44%, 

and shRNA#6; a 93.3 ± 2.11%. 

Also, to verify that the shRNA control was not affecting PCDH19 protein 

quantity, the experiment previously described was performed but  

transfecting only the CMV -Pcdh19-HA plasmid, or the tagged construct and 

the shRNA control and comparing PCDH19 protein levels of both 

transfections by western blot of the lysates at 24-h, 48-h and 72-h. As before, 

three independent transfections were conducted to perform the analysis. 

Results (Figure 29) revealed that at 24-hours (Pcdh19FL-HA=1± 0.21% and 

shRNA control= 0.78 ± 0.38%) and 72-hours (Pcdh19FL-HA= 1 ± 0.12% and 

shRNA control= 0.47 ± 0.23%) post-transfection the quantity of PCDH19 did 

not decrease significantly between the cells transfected with the tagged 

construct only and the ones co-transfected with the shRNA control.  At 48 -

hours, the level of protein when only the Pcdh19FL-HA was transfected was 

higher than when this construct  was co-transfected with the shRNA control 

(Pcdh19FL-HA= 1 ± 0.39% and shRNA control= 0.25 ± 0.04%). However, the 

variability in the quantity of protein detected at 24 -, 48- and 72- hours post-

transfection in the cells that only received the Pcdh19FL-HA was very high. 

This will be commented in the discussion at the end of the chapter (section 

4.4.2).
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Figure 28:  Assessment of gene knock-down by Pcdh19 shRNAs.  

Western blots detecting PCDH19-HA expression in HEK293T cells co-
transfected with Pcdh19-HA and shRNAs. Schematic illustrating the 
transfection and western blot analysis (A ). Western blot analysis (B) and 
quantification ( C) at 24, 48 and 72-hours post-transfection. 20 µg of protein 
was loaded per lane. An anti-HA antibody detected the tagged -PCDH19 
band between 110 and 160 kDa. GAPDH (37 kDa) was used as a loading 
control. Pcdh19 shRNAs significantly reduce PCDH19 -HA protein quantity 
compared to the shRNA non-silencing control in vitro.  shRNA ctr, shRNA 
control.
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Figure 29.   ShRNA control appears to reduce the quantity of PCDH19 
protein at 48 hours.  

Western blots detecting PCDH19-HA levels in HEK293T cells transfected 
with Pcdh19-HA or co -transfected with Pcdh19-HA and the shRNA control. 
Western blot analysis (B) and quantification ( C) at 24, 48 and 72-hours post-
transfection. 20 µg of protein was loaded per lane. An anti -HA antibody 
detected the tagged-PCDH19 band between 110 and 160 kDa. GAPDH (37 
kDa) was used as a loading control.  shRNA ctr, shRNA control.
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4.3.2 Analysis of cortical migration at E13.5  

The aim of this section was to determine whether PCDH19 had a role in the 

cortical migration of early born neurons in mice. To achieve it, Pcdh19 

shRNAs were electroporated in utero to acutely knockdown Pcdh19 at E13.5 

and analysis of the electroporated cells was performed at E18.5. The 

migration of WT, Pcdh19-HET and Pcdh19-KO animals that have the Pcdh19 

gene altered from conception was also studied by in utero electroporating a 

pCIG reporter at E13.5 and analysing at E18.5. 

4.3.2.1 Pcdh19 knockdown  by shRNAs at E13.5 did not show 

any differences in migration with respect to the control  

WT embryos were in utero electroporated at E13.5 with 0.5 µL pCIG plasmid 

or with pCIG and 1 µg/µL of one shRNA. Electroporation of only the pCIG 

reporter was also performed to identify any off -target effects from the 

shRNA control. Specifically, no significant difference in cell migration 

analysis should be seen between pCIG-only electroporated brains and 

brains co-electroporated with both pCIG and the non -targeting shRNA.  

To be able to analyse the effect of each shRNA individually, animals was 

electroporated with pCIG, or pCIG and one of the four  shRNAs described 

previously. Due to the high number of plasmids that had to be 

electroporated, two different sets of electroporations were performed, I and 

II, as shown in Figure 30A . In electroporation I, WT embryos were 

electroporated with either pCIG, pCIG + shRNA control, pCIG + shRNA#2 

or pCIG + shRNA#3. In electroporation II, pCIG, pCIG + shRNA control, 

pCIG + shRNA#5 or pCIG + shRNA#6 were electroporated into the E13.5 

embryos. Each of the two experiments was analysed and quantified 

separately. 

Two electroporation time -points were chosen based on the expression 

pattern of Pcdh19 in the cortical plate. The vast majority of neurons born at 

E13.5 will form part layer V and layer IV (Angevine et al. 1961; Sidman et 
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al. 1973; Bayer et al. 1991). Since, as demonstrated in 3.3.3.2, Pcdh19 mRNA 

is expressed in layer Va at P10 in mouse, depletion of PCDH19 at E13.5 

could affect the migration of these cells. At E13.5 the cortical plate is very 

thin, and most neurons migrate from the ventricular zone to the pial surface 

through somal translocation. In this process cells move their nuclei within 

a long basal process attached to the pial surface (Nadarajah et al. 2001).  

E18.5 was the age selected to extract the brains since, by then, cells from 

layer V should already have reached their correct positions in the cortical 

plate. These experiments were analysed blindly, with the plasmids 

electroporated into each particular brain being revealed to the experimenter 

only after cell counting was finished.  

After extraction, as explained in detail in section 2.3 from materials and 

methods, brains were fixed, sectioned coronally into 100 µm slices and 

counterstained with DAPI, then mounted and imaged with a confocal 

microscope (shown in Figure 30C). Four animals from at least three 

different electroporations were analysed for each condition, with the 

exception of shRNA#2 IUEs, in which only 3 animals were analysed. 

Animal s from the same litter were treated as independent biological 

replicates. 

Anal ysis was performed manually and three images from each animal were 

quantified. Images were taken from the isocortex at rostral, medial and 

caudal regions within the electroporated area. Despite the fact that the brain 

shows a lateromedial and rostrocaudal gradient, where migration is more 

advanced in the rostrolateral part of the brain than in the caudomedial part  

( Angevine et al. 1961; J. A. del Rio et al. 1989; Caviness 1982), the small size 

of the brain at E18.5 makes these differences minimal. A 373 µm wide area 

in the area of the future somatosensory cortex (SSC) was analysed. This 

region was selected because it was an easily identifiable location in all 

selected slices that also contained one of the largest numbers of GFP+ cells. 

Statistical analysis was performed using SPSS Statistics software. Images 
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were div ided into ten horizontal bins of equal width, as illustrated in Figure 

30C, and GFP+ cells were counted for each bin. Each bin was analysed 

individually and taken into consideration when reaching a general 

conclusion.  
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Figure 30. Illustration of the strategy to decrease PCDH19 levels by 
shRNA in utero  electroporation.  

At E13.5 (A) , two sets of in utero electroporation experiments, I and II, were 
performed.  WT or Pcdh19-KO embryos were electroporated at E13.5 with 
an shRNA control or a Pcdh19 shRNA, and a pCIG reporter, and brains were 
extracted at E18.5. At E15.5 (B), brains were electroporated with the  pCIG 
reporter, and the shRNA control or the shRNA mix; and brains extracted at 
P10. After processing, a section of the brain (C) was imaged and analysis 
was performed by dividing the section into ten bins of equal width and 
counting GFP+ cells for each bin.
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4.3.2.1.1  ShRNA  in utero  electroporations on WT animals  

WT brains co-electroporated with pCIG and shRNAs #2, #3, #5 and #6 did 

not show any differences in cortical migration with respect to the brains 

electroporated with just the pCIG reporter or co -electroporated with the 

pCIG plasmid and the shRNA control in the distribution of the cells within 

the cortical wall.  

Images (Figure 31A, Figure 32A ) of cortical sections of the electroporated 

brains illustrate that most GFP-positive cells were positioned in the cortical 

plate when analysed at E18.5. Quantifications of the images (Figure 31B, 

Figure 32B) showed that at least 76% of the electroporated cells were 

located between bins 2 and 6 in all conditions (pCIG = 93.85 ± 1.31% GFP+ 

cells; pCIG + shRNA control = 89.82 ± 2.87% GFP+ cells; pCIG + shRNA#2 

= 76.06 ± 7.93% GFP+ cells; pCIG + shRNA#3 = 91.35 ± 2.45% GFP+ cells in 

electroporation I; pCIG = 93.66 ± 1.1% GFP+ cells; pCIG + shRNA control = 

93.19 ± 1.22% GFP+ cells; pCIG + shRNA#5 = 94.07 ± 0.86% GFP+ cells; 

pCIG + shRNA#6 = 92.59 ± 2.22% GFP+ cells in electroporation II). 

Statistical analysis did not reveal any abnormalities in the distribution of 

electroporated cells in the brains between the different conditions.  

As observed in Figure 31B, in bin 7 (pCIG = 5.16 ± 1.83% GFP+ cells; pCIG 

+ shRNA control = 6.58 ± 1.64% GFP+ cells; pCIG + shRNA#2 = 12.75 ± 

1.33% GFP+ cells; pCIG + shRNA#3 = 4.66 ± 1.54% GFP+ cells) there was a 

statistically significant difference in brains electroporated with shRNA#2 

and those electroporated with just the reporter, and between the brains 

electroporated with shRNA#2 and those electroporated with shRNA#3 

(ANOVA, F (3, 12)=4.3; p=0.028, post-hoc test Tukey  HSD pCIG + 

shRNA#2 vs pCIG, p=0.046, pCIG + shRNA#2 vs. pCIG + shRNA#3, 

p=0.025). 

However, significance in only 1 of the 10 bins was not sufficient to conclude 

that there was a difference in the distribution of the cells electroporated 

with shRNA#2. Even though other bins were not significantly different, the 
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position of the cells electroporated with shRNA#2 was slightly lower 

compared to the rest of the conditions. This was due to the fact that 2 out of 

the three brains electroporated with this shRNA presented a failure in the 

migration of some cells, which were positioned at E18.5 in the intermediate 

zone (IZ) and subventricular/ventricular zones (SVZ/VZ) forming cell 

clusters. The abnormal distribution is reflected in the graphic, where 

between bins 7-10, pCIG + shRNA#2 (22.46 ± 6.81% GFP+ cells) contained 

a significantly higher number  of cells that the rest of conditions (pCIG = 6.81 

± 3.12% GFP+ cells; pCIG + shRNA control = 8.05 ± 2.23% GFP+ cells; pCIG 

+ shRNA#3 = 5.61 ± 1.91% GFP+ cells). These results will be discussed in 

section  4.4.4. 

Details of the statistical analysis are shown in the appendix (Table A. 2, 

Table A. 3). 
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Figure 31: Reduction of PCDH19 by shRNA#3 at E13.5 does not affect 
migration, but the depletion by shRNA#2 does.  

(A)  Representative images of E13.5 in utero electroporated embryos 
analysed at E18.5. Electroporated neurons are in green. Nuclei were 
counterstained with DAPI (blue). Knockdown of PCD H19 does not alter the 
migration of deep layer neurons. (B) Quantification of the electroporated 
neurons from A . Graphs represent GFP+ cells in each of ten equal-size 
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horizontal bins expressed as % of total electroporated cells. The data are 
presented as mean ± SEM. The horizontal bins used to perform the 
quantification are shown in arabic numerals on the right side of the image.  
Results, analysed by ANOVA or independent -samples Kruskal Wallis test, 
were only significant in bin 7 for shRNA#2 with respect to  no shRNA 
electroporation and to shRNA#3, *p<0.05. , no shRNA; ctr, control; MZ, 
marginal zone; CP, cortical plate; IZ, intermediate zone; SVZ/VZ, 
subventricular, ventricular zone. Scale bar: 100 µm.
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Figure 32: Reduction of PCDH19 levels by shRNA#5 or shRNA#6 at E13.5 
does not have an effect on neuronal migration.  

(A)  Representative images of E13.5 in utero electroporated embryos 
analysed at E18.5. EGFP-positive neurons are in green. Nuclei were stained 
with DAPI (blue). Knockdown of PCDH19 does not affect the migration of 
deep layer neurons. (B) Quantification of the electroporated neurons from 
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A . Graphs represent the number of EGFP+ cells in each of ten equal-size 
horizontal bins expressed as % of total electroporated cells. The data are 
presented as mean ± SEM. The horizontal bins used to perform the 
quantification are shown in arabic numerals on the right side of the image.  
Statistical analysis using ANOVA or independent -samples Kruskal Wallis 
test, was not significant. , no shRNA; ctr, control; MZ, marginal zone; CP, 
cortical plate; IZ, intermediate zone; SVZ/VZ, subventricular, ventricular 
zone. Scale bar: 100 µm.
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4.3.2.1.2  ShRNA  electroporations in Pcdh19-KO animals  

Pcdh19 shRNAs were also electroporated into Pcdh19-KO animals as an 

additional control. In this case, embryos were co-electroporated at E13.5 

with an shRNA control or an shRNA mix (shRNA#3, #5, #6) and a pCIG 

reporter. ShRNA#2 was not used in the mix because, as seen in section 

4.3.2.1.1, when electroporated individually into WT animals at E13.5, it 

produced migration failure in some of the brains while in others migration 

was normal compared to the control.  

The co-electroporation experiments were also changed from injecting each 

of the Pcdh19 shRNAs individually at 1 µg/µL to electroporating a mixture 

of all three shRNAs at a 0.33 µg/µL each. The electroporating conditions 

remained the same. 

Analysis of cortical  migration in Pcdh19-KO brains electroporated in utero 

with the Pcdh19 shRNA mix did not present reveal any differences between 

the conditions in the cell distribution among the cortical wall.  

As seen in Figure 33A , EGFP-positive cells were positioned for the most 

part in the cortical plate in both types of electroporation. As illustrated in 

Figure 33B, approximately 80% of the electroporated cells were positioned 

between bins 3 and 7 (pCIG+shRNA ctr= 80.66 ± 2.35% EGFP+ cells; 

pCIG+shRNA mix= 83.36 ± 3.45% EGFP+ cells). Statistical analysis by IBM 

SPSS Statistics® 25 software did not reveal any differences between the 

Pcdh19-KO brains electroporated with Pcdh19 shRNA mix and the brains 

electroporated with the shRNA control.  

However, comparisons between the WT and Pcdh19-KO brains 

electroporated with pCIG+shRNA control ( Figure 34A ) showed a failure in 

the migration reflected in the images (Figure 34A ) and in the quantification 

(Figure 34B) of bin 2 (WT= 2.88 ± 0.66% EGFP+ cells; Pcdh19-KO = 0.03 ± 

0.03% EGFP+ cells), 4 (WT= 22.84 ± 0.83% EGFP+ cells; Pcdh19-KO = 17.57 

± 1.16% EGFP+ cells), 8 (WT= 1.06 ± 0.42% EGFP+ cells; Pcdh19-KO = 5.023 
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± 0.63% EGFP+ cells) and 9 (WT= 0.18 ± 0.11%; Pcdh19-KO = 2.73 ± 1.45%). 

The differences were statistically significant  in all four bins (bin  2: 

independent samples Mann-Whitney U -test, p=0.004, bin 4: independent 

samples t-test, t (10)=0.245, p=0.022, bin 8: independent samples Mann-

Whitney U -test, p=0.004 and bin 9: independent samples Mann-Whitney U -

test, p=0.028). 

Details of the statistical analysis are shown in the appendix (Table A. 4, 

Table A. 5). 
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Figure 33. Pcdh19 shRNA in utero  electroporation into Pcdh19-KO 
animals at E13.5 does not have an effect on migrati ng neurons compared 
to the control.  

(A)  Representative images of E13.5 in utero electroporated Pcdh19-KO 
embryos analysed at E18.5. Electroporated neurons are EGFP-positive. 
Nuclei were stained with DAPI (blue). (B) Quantification of the 
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electroporated neurons from A . Graphs represent EGFP+ cells in each of ten 
equal-size horizontal bins expressed as % of total electroporated cells. The 
data are presented as mean ± SEM. The horizontal bins used to perform the 
quantification are shown in arabic numerals on the right side of the image.  

, no shRNA; ctr, control; MZ, marginal zone; CP, cortical plate; IZ, 
int ermediate zone; SVZ/VZ, subventricular, ventricular zone. Scale bar: 100 
µm.
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Figure 34. Pcdh19-KO neurons in utero electroporated with the shRNA 
control settle at deeper positions compared to the WT neurons 
electroporated with the same plasmid.   

(A ) Representative images of electroporated E13.5 embryos with 
pCIG+shRNA control embryos analysed at E18.5. EGFP expressing neurons 
are shown in green. Nuclei were counterstained with DAPI ( blue). (B) 

Quantifications of the electroporated neurons of A . Graphs represent each 
EGFP+ cells in each of ten equal-size vertical bins expressed as % of total 
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electroporated cells. The data are presented as mean ± SEM. The horizontal 
bins used to perform the quantification are shown in arabic numerals on the 
right side of the image. Statistical significance is indicated with *p<0.05. WT 
brains present a different migration than Pcdh19-KO brains. MZ, marginal 
zone; CP, cortical plate; IZ, intermediate zone; SVZ/VZ, subventricular/ 
ventricular zone; WT, wild -type; KO, Pcdh19 knock-out. Scale bar: 100 µm.
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4.3.2.2 pCIG in utero  electroporation  experiments at E13.5 

showed a decrease in migration i n Pcdh19-KO animals with 

respect to the WT and Pcdh19-HET animals  

To assess the role of PCDH19 in the cortical migration of neurons in mice 

that have a genetic alteration in the Pcdh19 gene, in utero eletroporations of 

the pCIG reporter plasmid were perfor med at E13.5 in mutant animals and 

their WT littermates. This experiment was also meant to provide further 

clarification on the difference detected between the WT and Pcdh19-KO 

animals electroporated with the pCIG plasmid and the shRNA control.  

Embryos were obtained from matings between a WT male and a Pcdh19-

HET female, that produced the genetic backgrounds necessary for the 

experiment (WT males and females, Pcdh19-HET F and Pcdh19-KO M). 

Unlike in the co -electroporations with shRNAs, 2 µg/µl of pCIG plasm id 

were injected instead of 0.5 µg/µl. This keeps the total concentration of 

DNA the same across experiments but increases the amount of cells that get 

electroporated. After injection of the plasmid, 5 pulses of 38 V and 50 

milliseconds were applied on E13.5 animals. The change of the settings was 

decided because when electroporations were performed on these animals, 

there was a decrease in the intensity of the fluorescence and in the number 

of electroporated cells with respect to the shRNA electroporations , 

increasing the probability of type II errors and biased results. Higher 

voltage pulses increase the effectivity of transfection, consequently 

increasing the fluorescence. 

Images (Figure 35A ) revealed that, in Pcdh19-KO brains electroporated at 

E13.5 and analysed 5 days later, some EGFP-positive cells were still located 

in the intermediate zone (IZ) and the subventricular/ventric ular zones 

(SVZ/VZ), while the vast majority of electroporated cells in WT and Pcdh19-

HET brains were positioned in the cortical plate (CP). Quantitative analysis 

of these electroporations (Figure 35B) showed differences in bins 2 (WT= 
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14.38 ± 1.17%; Pcdh19-KO = 9.77 ± 1.16%) and 3 (WT= 5.23 ± 0.56%; Pcdh19-

KO = 2.08 ± 0.33%) that were statistically significant in bin 3 (ANOVA, F (2, 

12)=4.352, p=0.038; post-hoc test Tukey HSD, p=0.031) and almost 

significant in bin 2 (independent samples Kruskal -Wallis test, p=0.019; pair-

wise comparisons, p=0.059) between WT and Pcdh19-KO brains. Although 

the difference only reached statistical significance in bin 3, there was a 

tendency of the Pcdh19-KO cells to migrate to lower positions within the 

cortical plate with respect to the WT cells. In fact, more Pcdh19-KO cells 

were located between bins 7 and 8 than WT cells (WT= 18.37 ± 1.57%; 

Pcdh19-KO = 27.05 ± 4.57%).  

Unlike the decrease noted in the migration of neurons in Pcdh19-KO brains, 

electroporated neurons in Pcdh19-HET brains tended to concentrate in the 

central bins 4 and 5 (Figure 35A ; WT= 39.43 ± 0.84%; Pcdh19-HET = 47.1 ± 

4.91%), with less neurons present in top and bottom bins 3 and 7-10 (WT= 

35.97 ± 1.4%; Pcdh19-HET= 24.11 ± 2.91%). This could explain the difference 

between the genotypes in bin 8 (WT= 5.19 ± 0.71% EGFP+ cells; Pcdh19-HET 

= 1.98 ± 0.53% EGFP+ cells) that analysis revealed to be statistically 

significant (ANOVA, F  (2, 12)=4.933, p=0.027; post-hoc test Games-Howell, 

p=0.014).  

Since a higher percentage of cells from Pcdh19-KO brains were positioned 

in the lower bins, and cells from Pcdh19-HET brains accumulated more in 

the central bins, statistically significant differences between those two 

genotypes could also be detected in bins 2 (Pcdh19-HET= 6.32 ± 1.21%; 

Pcdh19-KO= 2.08 ± 0.33%; independent samples Kruskal-Wallis test, 

p=0.019; pair-wise comparisons post-hoc test, p=0.027) and 7 (Pcdh19-HET= 

8.58 ± 1.96%; Pcdh19-KO= 17.75 ± 1.64%; ANOVA, F (2, 12)=7.382, p=0.008; 

post-hoc test Tukey HSD, p=0.006) (Figure 35B). 

Details of the statistical analysis are shown in the appendix (Table A. 6). 
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Figure 35. Pcdh19-KO brains present an altered migration of neurons 
compared to their WT littermates when electroporated at E13.5.  

(A) Representative images of E13.5 embryos electroporated in utero with an 
EGFP plasmid and analysed at E18.5. Electroporated neurons are EGFP-
positive. Nuclei were counterstained with DAPI (blue). PCDH19 mutation 
affects the migration of early born neurons. Pcdh19-KO neurons fail to 
migrate as much as the WT neurons. (B) Quantification of the 
electroporated brains from A. Graphs represent EGFP+ cells in each of ten 
equal-size horizontal bins expressed as % of total electroporated cells. The 
data are presented as mean ± SEM. The horizontal bins used to perform the 


















































































































































































































































































































































































































































































