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Abstract 
 

Dendritic defects mediate disturbances in the modulation and plasticity of 

neurons, which can lie at the cause of neurodevelopmental diseases. Mutation of 

Zeb2 causes the development of Mowat-Wilson syndrome, a condition associated 

with cognitive defects. Although cognitive defects are often associated with 

defects in the formation of the dendritic tree, the role of Zeb2 in dendritic 

development had not been studied previously. 

Here, I show that Zeb2- deficient neurons in the upper neocortical layers have 

abnormal dendritic trees. Also, loss of Zeb2 results in the mis-orientation of the 

apical dendrite to a non-perpendicular orientation to the pia. 

Furthermore, I have analysed the signalling pathways involved in regulation of 

dendritic tree morphology downstream of Zeb2 by deep sequencing of the 

transcriptome and mass spectrometry screens for changes in the expression of 

cell surface proteins upon loss of Zeb2. For the promising candidates, I have 

performed in situ hybridization screening at E15.5 that showed the Neuropilin1 

and Cadherin6 become overexpressed in Zeb2- deficient brains. 

In particular, I analysed the role of the novel downstream target genes Nrp1, Cdh6 

and Wnt5a. Nrp1 and Wnt5a promote increased dendritic complexity in Zeb2-

deficient neurons. Overexpression of Nrp1 in upper layer neurons in vivo is 

sufficient to promote dendritic complexity. In addition, I show that repression of 

Nrp1 by Zeb2 is required for suppressing excessive branching during 

development. It is not needed however for the orientation of the dendritic tree.  

Taken together, these data show the important role of the Zeb2 gene in the 

development of the correct dendritic tree of neurons and the orientation of the 

apical dendrite. 
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Zusammenfassung 
 

Dendritische Defekte vermitteln Störungen in der Modulation und Plastizität von 

Neuronen, die ursächlich für neurologische Entwicklungsstörungen sein können. 

Die Mutation von Zeb2 verursacht die Entwicklung des Mowat-Wilson-Syndroms, 

einer Erkrankung, die mit kognitiven Defekten verbunden ist. Obwohl kognitive 

Defekte oft mit Defekten in der Bildung des dendritischen Baums assoziiert sind, 

wurde die Rolle von Zeb2 bei der dendritischen Entwicklung bisher nicht 

untersucht. 

Hier zeige ich, dass Zeb2-defiziente Neuronen in den oberen neokortikalen 

Schichten abnormale dendritische Bäume haben. Außerdem führt der Verlust von 

Zeb2 zu einer Fehlorientierung des apikalen Dendriten in eine nicht rechtwinklige 

Orientierung zur Pia. 

Darüber hinaus habe ich die Signalwege, die an der Regulation der dendritischen 

Baummorphologie stromabwärts von Zeb2 beteiligt sind, durch 

Tiefensequenzierung des Transkriptoms und Massenspektrometrie-Screenings 

auf Veränderungen in der Expression von Zelloberflächenproteinen nach Verlust 

von Zeb2 analysiert. Für die vielversprechenden Kandidaten habe ich bei E15.5 

ein In-situ-Hybridisierungsscreening durchgeführt, das zeigte, dass Neuropilin1 

und Cadherin6 in Zeb2-defizienten Gehirnen überexprimiert werden. 

Insbesondere habe ich die Rolle der neuen nachgeschalteten Zielgene Nrp1, Cdh6 

und Wnt5a analysiert. Nrp1 und Wnt5a fördern eine erhöhte dendritische 

Komplexität in Zeb2-defizienten Neuronen. Die Überexpression von Nrp1 in 

Neuronen der oberen Schicht in vivo reicht aus, um die dendritische Komplexität 

zu fördern. Darüber hinaus zeige ich, dass die Unterdrückung von Nrp1 durch 

Zeb2 erforderlich ist, um eine übermäßige Verzweigung während der Entwicklung 
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zu unterdrücken. Es wird jedoch nicht für die Orientierung des dendritischen 

Baums benötigt. 

Zusammengenommen zeigen diese Daten die wichtige Rolle des Zeb2-Gens bei 

der Entwicklung des korrekten dendritischen Neuronenbaums und der 

Orientierung des apikalen Dendriten. 
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1 Introduction 
 

1.1 Neocortical structure 
 

The cerebral cortex or neocortex is involved in the formation of speech, the 

visualization of 2D and 3D structures, the execution of motor commands, and 

sensory perception. In addition, it is the most evolutionarily young and complex 

structure of the central nervous system (Borrell, 2019). Most neurons in the 

neocortex are generated before birth of the animal. Each population of neurons 

is born during a certain time period in development (Fig.1.A). The neocortex is a 

multilayer structure of projection neurons, characterized by a special generation 

of cells from the inside out. The first neurons born occupy all layer, which occupies 

the inner part of the cortex (Andrews, Barber, Nemitz, Memi, & Parnavelas). All 

subsequent nascent neurons take the next higher/outer position. The neurons of 

the deeper layers of the neocortex are formed earlier by apical progenitors, while 

the neurons of the upper layers of the cortex are born later from the basal or 

intermediate progenitors (Desai & McConnell, 2000).  

Layer- specific markers (e.g.Ctip2, Tbr1, Foxp1, Cult1, Satb2 and Otx1) have been 

identified that are necessary for neocortical formation and also can be used as 

markers to identify different neuronal subtypes (Saito et al., 2011). T-box brain 

transcription factor 1 expresses in layer VI, I-III and preplate (Bulfone et al., 1995; 

Hevner et al., 2001). B-cell leukemia/lymphoma 11B promotes corticospinal 

motor neuron projection and is expressed in layer V and VI (Alcamo et al., 2008; 

Britanova et al., 2008). SATB Homeobox2  regulates callosal and subcortical 

connections and represses Ctip2 (Alcamo et al., 2008). Homeobox protein cut-like 

1 (or Cult1) is a transcriptional factor that is expressed in upper layers (Nieto et 

al., 2004). Forkhead box P1 is a transcriptional factor and is expressed in layer III-
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IV (Sheen et al., 2006). Orthodenticle homeobox 1 is a transcriptional factor and 

expressed in cells of layer V and VI (Weimann et al., 1999). 

 

Figure 1.1. Neocortical structure and neocortical development  

Position of neuronal layers in the adult cortex. A Nissl staining of a coronal section of the brain 

at E15.5 is shown. The formation of neocortical layers at each stage. VZ- ventricular zone; PP-

preplate; SVZ- sub ventricular zone; IZ- intermediate zone; SP- subplate; CP- cortical plate; MZ- 

marginal zone; I-VI – cortex layers. This figure was based on Molyneaux et al., 2007. 

The development of the neocortex is a complex process (Fig.1.B). All neocortical 

neurons are generated in the ventricular zone, a region overlying the ventricles. 

The neuronal daughter cells leave the ventricular zone at special stages and then 

migrate to a location nearer to the pia surface, where they will stay until death. 

The neurons that will form layer VI migrate to the preplate zone and divide it into 

a marginal zone and a lower subplate. After this, newborn cortical cells migrate 

through the subplate and stop under the marginal zone above the previous 
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cortical neurons. The oldest neurons from the marginal zone form layer I and the 

neurons from the subplate form layer VI. The layers of the cortical plate have 

therefore an “inside-out” position. Layer II consists of the youngest neurons, 

while layer VI contains the oldest cells (Gilmore & Herrup, 1997) (Fig.1.B). 

 

1.2 Formation of upper layer neurons 
 

The cerebral cortex consists of functionally separate layers, which are 

conventionally divided into upper and deep layers. Layer II - III neurons are 

characterized by morphologically complex branching dendritic trees with 

numerous spines. Dendritic spines are the postsynaptic sites on the surface of 

dendrites. 

The neurons in the upper layers of the cerebral cortex are the last to emerge 

during development. With an increase in cortical surface area, there is a 

concomitant increase in neurons in the upper layers (Hutsler, Lee, & Porter, 

2005). Disturbances in the migration and function of the upper layer neurons 

mediate the development of cognitive disorders such as schizophrenia and 

epilepsy (Guerrini, Dobyns, & Barkovich, 2008; Rajkowska, Selemon, & Goldman-

Rakic, 1998).  

Upper layer neurons are defined by Cux1 and Cux2 expression (Nieto et al., 2004; 

Zimmer, Tiveron, Bodmer, & Cremer, 2004). In the early stages of specification, 

however, young neurons in UL express several transcription domain factors. 

Deletion of transcription factors such as Otx1 (Tarabykin, Stoykova, Usman, & 

Gruss, 2001), or the combined deletion of Brn1 (Pou3f3) and Brn2 (Pou3f2), 

reduces the production of UL neurons in the neocortex (Sugitani et al., 2002).   

Layer II/III neurons project their axons to synaptic connections solely with other 

cortical neurons. Callosal projection neurons play a key role in high-level 
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associative connections and are involved in high-level cognitive associative 

dysfunction syndromes (Fame, MacDonald, & Macklis, 2011). To connect the two 

hemispheres of the cerebral cortex through the corpus callosum are involved a 

population of projection neurons in the neocortex. 

Later Iascone et al. showed the principle of excitatory and inhibitory synapses are 

locally balanced within dendritic branches that determine dendritic integration. If 

the E/I balance is disturbed in the terminal dendrites, soma excitation increases 

and it causes the local dendritic non-linearities (Iascone et al., 2020) that also 

influence on the formation of UL neurons.  

 

1.3 Formation of the dendritic tree  
 

The complex architecture of the cerebral cortex determines the ability of different 

neural populations to transmit information to other cortical and subcortical 

regions. The morphology of the dendritic tree determines the synaptic density, 

the size of the receptive field, and the type of synaptic input, which together  

influence the neuron firing pattern (Dong, Shen, & Bulow, 2015). Abnormal 

branching of the dendrites of the neocortex results in decreased or excessive 

synaptic connectivity, which can lead to cognitive and neurodegenerative 

disorders (Cochran, Hall, & Roberson, 2014; Forrest, Parnell, & Penzes, 2018; 

Martinez-Cerdeno, 2017). 

The architecture of the dendritic tree is determined by external and internal 

factors. Environmental factors affect the length, degree, and orientation of 

branching (Urbanska, Blazejczyk, & Jaworski, 2008). Newborn neurons initially 

form short neurites that extend in similar manner, prior to specialization in axons 

and dendrites. Spine formation is part of late dendritic specialization in neurons 

(Arikkath, 2012; Forrest et al., 2018; Urbanska et al., 2008). We can divide the 

dendrite branching phase into growth characterized by an initial slow phase and 
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subsequent rapid elongation, then dynamic extension and retraction, followed by 

the final period of dendrite stabilization. After the formation of primary dendrites, 

lateral branches appear, which start as thin filopodia and then stabilize into a 

lateral branch. Thus, the formation of lateral dendrite branches undergoes a 

series of successive events: dynamic assembly and disassembly of actin for the 

formation of filopodia and stabilization of the cytoskeleton with further 

development of dendritic branching (Simo & Cooper, 2012).  

Dendritic morphogenesis is regulated by various proteins such as the 

transcription factor  Neurod1 (neurogenic differentiation factor1), which 

mediates activity-dependent growth of dendritic tree (Gaudilliere, Konishi, de la 

Iglesia, Yao, & Bonni, 2004); calcium signalling CREST, regulate dendrite growth 

(Aizawa et al., 2004); surface receptors such as Ngn2 (Hand et al., 2005),  and 

Semaphorin proteins (Komiyama, Sweeney, Schuldiner, Garcia, & Luo, 2007; 

Sweeney et al., 2007) as well as by regulators of the cytoskeleton including 

members and regulators of the Rho family of small GTPases (Chen & Firestein, 

2007; Newey, Velamoor, Govek, & Van Aelst, 2005; Rosario et al., 2012). 

Extracellular factors such as the Wnts and Netrins are responsible for short-range 

and long-range guidance signals, including branch point selection control and 

target navigation (Dickson & Zou, 2010).  

Extension of dendrites occurs in the first years of life in humans. The lengthening 

of dendritic branches and increasing complexity of branches correlate with the 

formation of synapses (Goikolea-Vives & Stolp, 2021). Early branching patterns 

are characterized by a single apical primary dendrite together with 3–9 basal 

dendrites. The leading process that is formed during radial migration is thought 

to become the apical dendrite. The dendritic branching only starts after radial 

migration is finished. The transition from cell migration to the formation of 

dendrites may occur due to a decrease in the expression of the Sox11 gene in the 
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early postnatal cerebral cortex (Hoshiba et al., 2016). A premature decrease in 

Cox11 Spelling expression affects the neuronal migration and mediates 

premature dendrite branching (Hoshiba et al., 2016). In cortical neurons, basal 

dendrites establish their complexity earlier than apical dendrites (Travis, Ford, & 

Jacobs, 2005). 

Correct dendrite branching is dependent on a dynamic actin and microtubule 

cytoskeleton. The bundle and reorganization of actin and microtubules underlies 

the branching of dendrites, supporting the expansion of the plasma membrane. 

Polymerised actin is located at the edges of dendrites and changes in this 

structure regulated through the Rho family of GTPases, stimulates the first 

filopodia formation and exploration. Branching of dendrites has for example been 

shown to be regulated by NOMA-GAP, a negative regulator of the Rho family 

member, Cdc42 and the downstream actin severing protein, Cofilin (Rosario et 

al., 2012). Inhibition of cofilin by Cdc42-PAK-LIMK stabilizes pre-existing filaments 

and blocks the growth of new ones (Arber et al., 1998; Simo & Cooper, 2012). 

Activation of RhoA on the other hand has been shown to limit dendrite growth 

(Chen & Firestein, 2007). Microtubules form the center of the dendritic rod and 

consolidate this structure.  

Spines are formed along the dendrites once branching is complete. Their 

formation also starts with the production of filopodia, in a manner similar to that 

of lateral branches. The formation and stabilization of dendritic spines is 

determined by molecular mechanisms. Rho GTPases, proteases, adhesion 

molecules additionally control the formation of contacts and their stability 

(Yoshihara, De Roo, & Muller, 2009). 

The development of many pathologies of the nervous system are mediated by 

dendritic and spine anomalies. Autism Spectrum disorders for example are 

characterized by a decrease in the complexity of the branching of the dendrites 
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of the hippocampus (Raymond, Bauman, & Kemper, 1996), a decrease in the 

number of dendrites in the dorsolateral prefrontal cortex (Mukaetova-Ladinska, 

Arnold, Jaros, Perry, & Perry, 2004), but at the same time there is an increase in 

the density of spines in the pyramidal neurons of the neocortex (Hutsler & Zhang, 

2010). Layer III pyramidal neurons in epilepsy have a lower density of spines and 

less branched dendrites (Multani, Myers, Blume, Schomer, & Sotrel, 1994). The 

morphology of dendrites in schizophrenia patients is characterized by a decrease 

in the density of spines on the pyramidal neurons of layer III of the neocortex 

(Glantz & Lewis, 2000), less branched basal dendrites in the pyramidal neurons of 

layers III and V of the prefrontal cortex (Broadbelt, Byne, & Jones, 2002), and a 

decrease in the length of dendrites in the pyramidal neurons of layer III 

(Konopaske, Lange, Coyle, & Benes, 2014). These examples demonstrate the 

importance of correct formation and branching of the dendritic tree for brain 

function. 

 

1.4 Transcriptional role of Zeb2 
 

Zeb2 (also known as Smad- interaction protein 1 or Sip1/ SMADIP1) is a 

transcriptional factor that has a great similarity to the deltaEF1 transcriptional 

repressor Zeb1. Zeb2 and δEF1 directly bind to the 5'-sequence CACCT with both 

zinc finger hands, thus competing with the main helix-loop-helix activators for 

these sites (Epifanova, Babaev, Newman, & Tarabykin, 2019; Manthey et al., 

2014; Remacle et al., 1999) (Fig.1.2). 

Also Zeb2 is an intracellular mediator of transforming grown factor-beta- 

signalling (van Grunsven, Schellens, Huylebroeck, & Verschueren, 2001). Proteins 

of the Zeb family have the ability to interact with activated transcriptional 

cofactors such as SMAD.  
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Figure 1.2. Schematic representation of the Zeb2 gene 

The Zeb2 gene is 1215 amino acids long. Zeb2 contains two clusters of zinc fingers, NZF  and 

CZF (999–1076), which flank a centrally located homeodomain-like domain that does not bind 

to DNA. NZF and CZF are composed of C2H2-type zinc fingers that bind to E-box-like sequences 

in DNA. Zeb2 binds NuRD chromatin remodeling corepressor complex via N-terminal NIM and 

phosphorylated R-Smads via 51 amino acid SBD. Four PLXL CID motifs (757-863) interact with 

the 4-sequence CtBP corepressor. Zeb2 undergoes SUMOylation at two SUMOylation sites 

(designated SUMO 390–393; 865–868). The scheme is based on Vandewalle et al., 2009. 

Zeb2 is a 140 kDa protein with two N- and C-terminal zinc finger clusters. They 

provide high affinity DNA binding (Nelles, Van de Putte, van Grunsven, 

Huylebroeck, & Verschueren, 2003). Zeb2 is better known as a transcriptional 

repressor, but it can also activate transcription of target genes along with its 

cofactors (Conidi et al., 2011; Weng et al., 2012). Zeb2 regulates transcription of 

the target gene through the interaction between two zinc fingers and the CACCT  

or CACANNT sites in the gene regulatory regions. Zinc finger domains represent 

the most common eukaryotic DNA binding motifs. The integrity of both clusters 

of zinc fingers is important for binding of Zeb2 to DNA (Remacle et al., 1999). N-

terminal zinc finger cluster (NZF) contains three CCHH zinc fingers and one CCCH 

finger, and the C-terminal zinc finger cluster (CZF) contains three zinc fingers. 

Between these two clusters, there is an isolated zinc finger and a POU-like 

homeodomain (Nelles et al., 2003). The HD domain in Zeb2 does not appear to 
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recognize specific DNA sequences. Complex of Smad binding domain (SBD) and 

phosphorylated Smad MH2 domain with 14 aa minimal binding segment are 

required for the binding of TGFβ and BMP proteins (van Grunsven et al., 2001).  

Zeb2 can be modified post translationally at two sumoylation sites (K391 (SUMO 

390-393) and K866 (SUMO 865-868)) by the Polycomb Pc2 protein. Pc2 acts as a 

small ubiquitin-like modifier of E3 ligase and regulates the repressor activity of 

Zeb2. Previously, Zeb2 was shown to bind to several different Smads proteins 

(Smad1, Smad2, Smad3, Smad4, and Smad5), which are key mediators of TGFβ 

signaling. A complex of these proteins transmits signals from the cell membrane 

to the nucleus, acting as transcription cofactors (Kretzschmar & Massague, 1998; 

Verschueren et al., 1999). Smads proteins are divided into R-Smad, which are 

regulated by receptors (Smad1, Smad2, Smad3 and Smad8) and I-Smad (Smad6 

and Smad7) inhibitory proteins. The ligand-receptor complexes of the TGFβ and 

BMP superfamilies activate R-Smads proteins that bind the common mediator 

Smad or Smad4. R-Smads-Smad4 complex penetrate the core and regulate the 

expression of target genes (Kretzschmar & Massague, 1998; Moustakas, 

Souchelnytskyi, & Heldin, 2001). In turn, I-Smads prevent the activation and 

nuclear translocation of R-Smads and inhibit signal transduction, while the 

complex of R-Smads and Co-Smads activates the transcription of target genes. 

Zeb2 can indirectly negatively regulate BMP signaling through the activation of I-

Smad Smad7 transcription (Weng et al., 2012).In addition, Zeb2 can activate 

transcription when associated with Smad8 (van Grunsven et al., 2001). At the 

same time, Smad2 can suppress Zeb2 expression by binding to the Zeb2 promoter 

(Chng, Teo, Pedersen, & Vallier, 2010). 

Zeb2 begins to be expressed during early stages of development at embryonic 

day 8.5. Zeb2 is expressed in the early stages in neural tube and neural crest cells, 

later expression of Zeb2 is detected in the hippocampus, cerebral cortex, ganglion 
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eminences and thalamus. Zeb2 is highly expressed in pyramidal neurons in the 

hippocampus and neocortex, dopaminergic neurons in the brainstem and 

migrating cortical interneurons (Epifanova et al., 2019). Also Zeb2 expression is 

detected in the ventricular zone and intermediate zone of the neocortex (Srivatsa, 

Parthasarathy, Molnar, & Tarabykin, 2015). In the midbrain Zeb2 is expressed at 

E12.5 (S. Yang et al., 2018), in the wall of the digestive tract, kidney, and skeletal 

muscle (Epifanova et al., 2019; Miquelajauregui et al., 2007; Parthasarathy, 

Srivatsa, Nityanandam, & Tarabykin, 2014; Srivatsa et al., 2015).  

 

1.5 Role of Zeb2 in CNS development 
 

Zeb2 is one of the factors involved in triggering the EMT process (Rogers, Saxena, 

& Bronner, 2013). EMT is necessary for many important stages during embryonic 

development, including the migration of neural crest cells and the formation of 

melanocyte clones. Neural crest cells detach from the dorsal neural tube by an 

EMT process allowing them to migrate as separate cells.  

Individual knockout of EMT- TF genes can lead to significant defects during the 

gastrulation stage, although some redundancy can be observed during neural 

crest formation (Thiery, Acloque, Huang, & Nieto, 2009). Deletion of the Zeb2 

gene in mice results in embryonic lethality around E8.5, with impaired neural tube 

closure associated with early arrest of cranial neural crest cell migration (Van de 

Putte et al., 2003). Zeb2 knockout during the early development of neural crest 

cells also leads to embryonic mortality associated with abnormalities in the 

development of the craniofacial, cardiac, and peripheral nervous systems (Tang, 

Durand, Dalle, & Caramel, 2020; Van de Putte, Francis, Nelles, van Grunsven, & 

Huylebroeck, 2007).  

Zeb2 regulates neural progenitor development in the subpallium, which gives rise 

to cortical and striated interneurons (McKinsey et al., 2013). Zeb2 conditional 
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knockout predominantly in the medial ganglion eminence of mice leads to a 

decrease in the number of cortical GABAergic interneurons and a concomitant 

increase in the number of GABAergic striatum interneurons, indicating that Zeb2 

is a switch of inhibitory interneurons required for brain development (van den 

Berghe et al., 2013). The homeobox transcription factors Dlx1 and Dlx2, which are 

required for the development of subpallial tissue are directly regulated by Zeb2, 

(Long, Cobos, Potter, & Rubenstein, 2009; McKinsey et al., 2013). In addition, 

Zeb2 inhibits the expression of Nkx2.1, a transcription factor in the MGE that 

induces the production of cortical GABAergic interneurons and suppresses 

production of striatal GABAergic interneurons, which indicates that Zeb2 

promotes the specification of cortical GABAergic interneurons through the Nkx2.1 

rate (McKinsey et al., 2013). 18 enhancer candidates of Zeb2 that participate in 

regulation of Zeb2 transcription during the CNS development have also been 

identified (Bar Yaacov et al., 2019). Thus, the spatialtemporal expression of Zeb2 

is important to produce interneurons, and for their differentiation and migration 

during brain development (McKinsey et al., 2013). 

 

1.6 Zeb2 is a cause of the Mowat- Wilson syndrome 
 

Mowat-Wilson syndrome is a syndrome of intellectual disability with multiple 

malformations and a recognizable facial phenotype caused by mutation of the 

Zeb2 gene. Mowat-Wilson syndrome was first described in 1998 by Mowat et al. 

The syndrome results from heterozygous mutations or deletions in the homeobox 

2 gene that links the zinc finger E-box, Zeb2, formerly called ZFHX1B  

(Balasubramaniam, Keng, Ngu, Michel, & Irina, 2010; Grabitz & Duncan, 2012). 

MWS was discovered in chromosome 2q22-23. In 2001, Wakamatsu et al. 

identified the Zeb2 gene with microdeletion of 5 kbp, as being involved in MWS. 
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Zeb2 is located on chromosome 2q22, spans approximately 70 kb. DNA, consists 

of 10 exons and 9 introns (Wakamatsu et al., 2001).  

Microcephaly is often observed (frequency of about 84%) associated with Zeb2 

deletions. Microcephaly occurs due to an imbalance between the production of 

progenitor cells and cell death, resulting in a decrease in the number of neuronal 

and glial cells in the brain, resulting in slower brain growth (Passemard, Kaindl, & 

Verloes, 2013). Also, cortical malformations such as pachygyria, dysplasia, 

periventricular heterotopia, etc., are associated with disruption of Zeb2 function 

in neurogenesis (Beclin et al., 2016).  

Cognitive defects can be observed from the first months of life and one of the first 

symptoms is hypotension (Ivanovski et al., 2018). Zeb2 regulates cortical-

subcortical connections and development of the hippocampus (Seuntjens et al., 

2009) and the formation of projections of neocortical axons (Srivatsa et al., 2015). 

Severe neocortical defects explain the severe mental retardation seen in patients 

with MWS. Zeb2 also regulates the formation of Bergman glia, which is 

responsible for the development of the cerebellum (He et al., 2018). Thus, 

deletion of the Zeb2 gene results in cerebellar lamination defects, mediating the 

development of motor deficits in the MWS. 

Epilepsy as the main symptom in MWS has been described in about 75–80% of 

cases (Ivanovski et al., 2018). Epilepsy is characterized by morphological disorders 

of the hippocampus, microcephaly, hypogenesis or agenesis of the corpus 

callosum (Engenheiro et al., 2008). Numerous studies show the important role of 

Zeb2 in the differentiation of GABAergic interneurons (van den Berghe et al., 

2013). Thus, a mutation in the Zeb2 gene may contribute to the development of 

an imbalance between GABAergic cortical / subcortical interneurons, which 

support the propagation of dysregulated excitatory postsynaptic potentials 

(Cordelli, Pellicciari, Kiriazopulos, Franzoni, & Garavelli, 2013).  
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Zeb2 suppresses differentiation inhibition signals and regulates myelination of the 

central nervous system (Weng et al., 2012). ZEB2 suppresses Sox2 expression in 

Schwann cells, which mediates inhibition of Schwann cell differentiation and 

myelination (Le et al., 2005). Thus, Zeb2 knockout mutant mice have persistent 

Schwann cell proliferation and decreased peripheral nerve myelination 

(Brinkmann & Quintes, 2017). Mouse models with full Zeb2 knockout at stages 

P23 in these regions had reduced or absent pain sensitivity (Fig.1.3). 

 

 

 

Figure 1.3. Phenotypic features of mice at P23 

Phenotypic features of Zeb2- heterozygote and control mice at P23. Zeb2- heterozygote mice 

have a small body size and aggressive to compare with control mice. Zeb2-full knockout mice 

have a small body size, abnormal leg position and coordination of movement is impaired. As a 

rule, Zeb2-full knockout mice do not feel pain, move little and do not come into contact with 

surrounding animals. 

 

Garavelli et al. reported complete agenesis of the corpus callosum in about 25% 

of people with MWS and partial agenesis in 16% and hypoplasia of the corpus 

callosum in 37% (Garavelli et al., 2017). Complete agenesis of the corpus callosum 

is observed more often when a Zeb2 deletion protein is produced than when Zeb2 
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is completely absent. This indicates a dominant negative effect on the formation 

of the corpus callosum (Srivatsa et al., 2015).  

Another defect seen in some MWS patients are hippocampal malformations 

(Garavelli et al., 2017). Previous studies have shown that Zeb2 is important for 

the development of the hippocampus, indirectly acting as a positive regulator of 

Wnt. Noncanonical Wnt signaling can regulate cell death in the formation of the 

hippocampus (C. Zhao et al., 2005). Increased apoptosis of Zeb2 mutants is 

observed in postmitotic regions, which is a consequence of JNK inactivation. In 

this case, Wnt signaling controls both the proliferation of hippocampal cells and 

cell survival through modulation of JNK activity (Miquelajauregui et al., 2007).  

Zeb2 controls neural crest development by limiting BMP-Smad signaling between 

epidermal ectoderm and neuroectoderm (Hegarty, O'Keeffe, & Sullivan, 2013). 

The main stage in the development of the neural crest is the transition from 

epithelium to mesenchyme. In this case, Zeb2 is a key regulator of the transition 

of neural crest cells to the mesenchymal state. High level of Zeb2 expression is 

observed in premigratoring and migrating neural crest cells of the cranial and 

postotic vagal origin (Van de Putte et al., 2003). Zeb2-knockout mice are 

characterized by the absence of vagal nerve crest cells, resulting in defects of 

precursors of the cranial and vagal neural crests (Van de Putte et al., 2007). In 

mice with conditional Zeb2 knockout, reduced development of visceral 

motoneurons is observed, which can lead to Hirschsprung's disease (Roy et al., 

2012), which is the result of defective migration, proliferation, differentiation and 

survival of neural crest cells leading to intestinal aganglionosis. Fibroblast growth 

factor mediates the formation of definitive neural stem cells in the mouse 

neuroectoderm through the activation of Zeb2 and Sox2 (Dang & Tropepe, 2010). 
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Finally, Zeb2 has been shown to play a key role in the development of sensory 

neurons for nociceptive fibers in the dorsal root ganglion (Ivanovski et al., 2018; 

Pradier et al., 2014).  

 

 

1.7 Role of Nrp1 in the neuronal system development 
 

Neuropilin-1 is a transmembrane glycoprotein that was first identified as an 

adhesion receptor (Shimizu, Murakami, Suto, & Fujisawa, 2000) and also acts as 

a co-receptor for the Semaphorin family during regulation of neuronal guidance  

(Kolodkin et al., 1997) and as a receptor of vascular endothelial growth factor 

during angiogenesis (Ferrara & Henzel, 1989; Plein, Fantin, & Ruhrberg, 2014).  

Previous data have shown that the ligand- specificity of Nrp1 is found at the 

amino-terminal part of its extracellular domain (Nakamura, Tanaka, Takahashi, 

Kalb, & Strittmatter, 1998). The Nrp1 oligomerization depend on the membrane-

proximal MAM domain (Nakamura et al., 1998). The extracellular segment of 

Nrp1 determines all functions of the protein. The CUB and MAM domains of Nrp1 

regulate the responsiveness of neurons (Giger et al., 1998; Nakamura et al., 

1998). The Extracellular part of Nrp1 consist of four domains, in combination of 

two repeats of CUB domain (Kong et al., 2016), two repeats of FV/VIII domain 

(Chng et al., 2010), one repeat of MAM domain and transmembrane domain 

(Kawakami, Kitsukawa, Takagi, & Fujisawa, 1996) (Fig.1.4).  The central part of c 

domain is the MAM domain (Cismasiu, Denes, Reilander, Michel, & Szedlacsek, 

2004) which is found in the receptor protein tyrosine phosphatase and 

metalloendopeptidases meprins (Beckmann & Bork, 1993; Cismasiu et al., 2004). 

The class 3 of semaphorins bind to the CUB (Kong et al., 2016), FV/VIII (Chng et 

al., 2010) domains while VEGF to the one of two repeats of FV/VIII domain (Giger 

et al., 1998). Shimizu et al., showed that cell adhesion ligands for Nrp1 are 
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proteins that are distributed in embryonic mesenchymal cells, but differ from 

class 3 semaphorins, VEGF or plexins (Shimizu et al., 2000). 

 

 

 

Figure 1.4. Structure of Neuropilin-1 

Neuropilin receptors contain three types of extracellular domain, including two amino- terminal 

complement- binding domains, two coagulation factor FV/VIII domains, membrane- proximal 

MAM domain and transmembrane domain. Based on Nakamura F. et al., 1998. 

Nrp1 is found on the cell membrane and can act as a cell adhesion protein, explain 

in what system this was seen (Takagi et al., 1995). Other groups found that Nrp1 

is an indispensable component of class 3 semaphorin signalling   to transduce 

repulsive signals of semaphorins in growth cones (Kolodkin et al., 1997). Nrp1 

forms a complex with Plexin proteins and transduces the Sema3a signals 

(Takahashi et al., 1999; Tamagnone et al., 1999).  

A neuropilin-1-related molecule, neuropilin-2, was also identified, which is 44% 

identical to neuropilin-1 (Giger et al., 1998). Finally, neuropilins play many roles 

in the sensory nervous system (Schwarz, Vieira, Howard, Eickholt, & Ruhrberg, 
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2008). Deletion of Neuropilin 1 or 2 disrupts sensory neuron positioning and 

causes abnormal migration of cranial neural crest cells (Schwarz et al., 2008).  

 

1.8 Nrp1 and Semaphorins 
 

Neuropilin receptors and their class 3 semaphorin ligands play multiple roles in 

axon guidance, the position of sensory neurons, organization of axonal 

projections (Schwarz et al., 2008). Neuropilin-1 is expressed in the growth cones 

of Sema3-sensitive neurons. Deletion of the neuropilin gene causes disturbances 

in the trajectory of efferent fibers of the peripheral neurons system. The 

neuropilin-semaphorin III / D-mediated chemopulsive signals is necessary in 

guidance of PNS efferents (Kitsukawa et al., 1997).  Giger et al., showed that the 

CUB domains of neuropilin-1 and coagulation factor mediate semaphorin binding, 

while multiple extracellular domains appear to contribute to homo- and 

heteromultimerization of neuropilin (Giger et al., 1998) (Fig.1.5). 

Previously, it had been suggested that Nrp1 is not expressed in mouse neural crest 

cells and that Sema3a is not expressed in a pattern consistent with a role in neural 

crest cell migration (Kuan, Tannahill, Cook, & Keynes, 2004). On the other hand, 

antibodies specific for Nrp1 recognize mouse neural crest cells in vitro, and that 

dorsal root ganglia are more loosely organized in Nrp1 null mutants, although the 

same study reported that neural crest cells of the brainstem migrate normally 

(Kawasaki et al., 2002). Lumb et al., identified expressions of Nrp1 and Nrp2 in 

three stem of the neural crest cells populations in vivo (Lumb et al., 2014). More 

recent studies have shown that Sema3a / Nrp1 and Sema3F / Nrp2 cooperate to 

guide cranial neural crest cells, and that Neuropilin-mediated neural crest cell 

patterning is important for cranial ganglion segmentation (Schwarz et al., 2008). 

 



25 
 

 

Figure. 1.5. Connection scheme of Neuropilin-1 and Semaphorin3 on the cell 
surface 

The Sema-Nrp-plexin complex is involved in signaling that inhibits integrin-mediated 

extracellular matrix adhesion. Sema3 contains (N- to C-terminus) a seven-lobed β-propeller 

seme domain (pink), a plexin-semaphorin-integrin domain (orange), an immunoglobulin 

domain (blue), and a short main domain (grey arrow). Nrp1 is a ligand-binding subunit of Sema3 

receptors. The CUB a1 domain of Nrp1 plays a role in Sema3 signaling by participating in Sema3 

binding or receptor oligomerization. The cytosolic GTPase-activating protein domain of plexins 

is activated upon binding to Sema3 and turns off small GTPases R-Ras and Rap1, which are key 

stimulators of integrin-dependent cell adhesion to ECM (Goshima, Sasaki, Yamashita, & 

Nakamura, 2012).  

Neuropilin-1 and -2 bind all class 3 Semaphorins, but they differ in their affinities 

for individual ligands. The Sema3a is mediated by Npn-1, Sema3F acts via Npn-2 

and Sema3C via Npn-1–Npn-2 heterodimers (Chen, Chedotal, He, Goodman, & 

Tessier-Lavigne, 1997; Giger et al., 1998; Takahashi et al., 1999). The neuropilins 

are essential components for the class 3 semaphorins, but not sufficient to 

constitute a functional receptor that is able to distinguish different semaphorins 

and activate downstream signal transduction cascades. Plexins and neuropilins 
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work in cooperation, forming complexes that can distinguish between different 

class 3 semaphorins (Rohm, Ottemeyer, Lohrum, & Puschel, 2000). Later data 

showed that the interaction neuropilins with plexins determines the binding 

capacity of neuropilins for class 3 semaphorins (Rohm et al., 2000). 
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2 Aim 
 

Mutations in the Zeb2 gene are responsible for the development of Mowat-

Wilson syndrome and other neurodegenerative diseases. Research has focused 

on the role of Zeb2 during the earliest stages of embryonic development. Defects 

in the development of the dendritic tree represent a hallmark of cognitive 

disorders. A possible role for Zeb2 in regulating this process had not been 

analysed. This work aims to address the role of Zeb2 in the formation of the 

dendritic tree. Furthermore, the work aims to search for target genes of Zeb2 

involved in regulating the development of the dendritic tree.  
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3 Materials and methods 
 

3.1 Mouse mutants 
 

All mouse experiments were carried out according to German law and approved 

by the Bezirksregierung Braunschweig, the Landesamt für Gesundheit und 

Soziales Berlin. 

The Zeb2 conditional mice were produced by flanking exon 7 with lox-p sites. The 

Zeb2 protein becomes inactive after Cre-mediate deletion. To generate Zeb2 

conditional knockout with deletion of Zeb2 gene from neocortical postmitotic 

cells, were made matings of two lines: Zeb2fl/fl and NexCre mice (Parthasarathy et 

al., 2014). The NexCre mice have Cre- recombinase which express only in the 

population of postmitotic cells in the cortex. For all experiments mice with 

genotype Zeb2fl/wtNexwt/wt were used as control and mice with genotype 

Zeb2fl/flNexCre/wt were used as knockout. 

 
 

3.2 Genotyping  
 
Tail tips were used to extract the DNA for genotyping. Tails were spun down at 

max speed for 1 min. Tissue was digest in 310 µl Lysis buffer (300 µl Lysis buffer, 

10 µl Proteinase K for 1 sample) at 55°C for 2 hrs to overnight. Proteinase K 

(Ambion) was dissolved in 50 mM Tris pH8,0, 3 mM CaCl2, 50% glycerol. Tail 

lysises were centrifuged at max speed for 5 min to remove hair and un-lysed 

tissue. Supernatant was taken out in new tube. To precipitate the DNA 300 µl 

Isopropanol was added in the tube with supernatant, inverted and centrifugated 

at max speed for 15 min. After centrifugation, supernatant was gently taken out 

not to disturb the pellet. The DNA pellet was washed twice by 300 µl 80% EtOH 

at max speed for 15 min.  The DNA precipitate was air dried, resuspended in 50 
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µl distilled sterile water. The genotype was made by polymerase chain reaction. 

The following primers were used for amplification of Zeb2-floxed and wild type 

alleles: 

 

Forward Primer - 5’ TGGACAGGAACTTGCATATGCT 3’ 

Reverse Primer - 5’ GTGGACTCTACATTCTAGATGC 3’ 

 

A 20 µl PCR reaction for Sip1 genotyping was performed as below: 

Distilled deionized H2O - 13,6 µl 

5x buffer (Promega) - 4 µl 

10 mM dNTP’s (Invitrogen) - 0,4 µl 

10 nmol/ ml Forward/ Reverse primers - 0,4 µl 

GoTaq polymerase (Promega) - 0,2 µl 

 Template DNA - 1 µl  

Amplification program: 

94°C- 10 sec 

59°C- 20 sec 

72°C- 40 sec 

Amplification was set for 31 cycles. The final elongation was 2 min at 72°C and 

samples were cool down to 20°C for gel electrophoresis. Band of floxed Zeb2 

allele was a product of ≈600 bp and wild type band was a product of ≈450 bp. 

 

The following primers were used for Nex- Cre PCR- reaction and wild type alleles: 

 

Forward Primer - 5’ TCGATGCAACGAGTGATGAG 3’ 
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Reverse Primer - 5’ TTCGGCTATACGTAACAGGG 3’ 

 

A 20 µl PCR reaction for Nex- Cre genotyping was performed as below: 

Distilled deionized H2O - 13,7 µl 

5x buffer (Promega) - 4 µl 

10 mM dNTP’s (Invitrogen) - 0,4 µl 

10 nmol/ ml Forward/ Reverse primers - 0,4 µl 

GoTaq polymerase (Promega) - 0,2 µl 

 Template DNA – 0,5 µl  

Amplification program: 

95°C- 20 sec 

54°C- 30 sec 

72°C- 1 min 

Amplification was set for 35 cycles. The final elongation was 3 min at 72°C and 

samples were cool down to 15°C for gel electrophoresis. 

 

PCR samples were analyzed by electrophoresis. For electrophoresis used 2% 

agarose gel in TAE- buffer (40 mM Tris- acetate, 1 mM EDTA, pH8). For 

visualization was used UV- light in INTAS gel documentation system. To determine 

the size of PCR products in the gel the bands were compared with standard DNA 

ladder (Bioline) loaded at 200 ng/µl. 

 

 

 



31 
 

3.3 Tissue processing 
 
To get the tissue embryos and pups were used at different embryonic and 

postnatal stages depends on experiments (E15.5, E18.5, P4, P7, P23). The brains 

were isolated from embryos into ice- cold 1X PBS and fixed in 4% PFA in 1X PBS at 

4°C overnight. Next day the fixed brains were washed thrice with 1X PBS and used 

for experiments. 

 
3.3.1 Cryo-sections  
 
For in situ hybridization: in situ experiments were done at embryonic stage 15.5. 

The pregnant females were sacrificed by an overdose of Pentobarbital followed 

by cervical dislocation. The brains were immediately isolated into 1X PBS- DEPC 

and fixed in 4% PFA containing 15% sucrose in 1X PBS- DEPC at 4°C overnight. The 

fixed tissues were incubated in 1X PBS- DEPC containing 30% sucrose at 4°C 

overnight. Next morning the fixed tissue was embedded in Tissue-Tek O.C.T. TM 

Compound. The O.C.T. tissue blocks by 16 µm were cutted by cryo-microtome 

and collected on adhesive glass slides. After cutting the slides with tissue sections 

were dried for 1 hour at room temperature and kept at -80°C freezer till use.  

 

For immunohistochemistry: the brains were isolated in 1X PBS and fixed in 4% 

PFA/PBS at 4°C overnight. The fixed tissue was washed thrice with 1X PBS and 

incubated in 1X PBS with 10% and 30% sucrose at 4°C for 12 hours respectively. 

After incubation with sucrose the tissues were frozen in cold 2- Methylbutan and 

processed by cryo-microtome with thickness 50 µm. 
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3.3.2 Perfusion 
 
Mice older than P5 were fixed by perfusion with 1X PBS and 4% PFA/ PBS. Before 

perfusion the mouse was anesthetized by injection of lethal dose of pentobarbital 

(Narcoren, Boehringer Ingelheim) into abdomen. The chest cavity was open, a 

syringe containing cooled 1X PBS was inserted into the left ventricle of heart and 

held in position. A small incision was made in the right atrium in order to expel 

the blood. 10 ml of 1X PBS were injected in the circulation system, and after 5 ml 

of 4% PFA/ PBS was also injected into the circulation system. After perfusion the 

brain was removed off from the cranium and incubated in 4% PFA/ PBS at 4°C 

overnight. 

 
3.3.3   Vibratome-sections 
 
The fixed brains were attached to the special unit of vibratome (Leica) and cut in 

1X PBS at a thickness of 100 µm. The floating sections were collected with brush 

in 0.1% Sodium Azide in 1X PBS. 

 
3.4  Histological staining  

 

3.4.1 Immunohistochemistry (IHC) 
 

First day of staining: the floating sections with thickness 100 µm were incubated 

in blocking solution (1X PBS containing 0.5% horse serum (Sigma Aldrich) and 

0.5% Triton X-100 (Sigma Aldrich). After incubation in blocking solution, the 

sections were incubated with primary antibodies in blocking solution at 4°C 

overnight on a shaker. Second day of staining: the floating sections were quickly 

washed 3 times in 1X PBS and were incubated with secondary antibodies in 

blocking solution for 2-4 hours on the shaker at room temperature (RT). Then the 
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sections were washed 3 times in 1X PBS for 10 min each and were mounted in 

Immu- Mount medium. 

The following antibodies were used: 

Reagents or Resource Source Identifier 
Antibodies 
Mouse anti-Tau-1 Millipore Clone PC16C, 

MAB3420, 
RRID:AB_94855 

Rabbit anti-MAP2  Millipore RRID:AB_5622 
Goat anti-GFP Rockland 600-101-215M, 

RRID:AB_2612804 
Chicken anti-GFP Abcam ab13970, 

RRID:AB_300798 
Donkey anti-rabbit 
AlexaFluor-Cy3 

Jackson 
Immunoresearch 

711-165-152; 
RRID:AB_2307443 

Donkey anti-mouse 
AlexaFluor-Cy5 

Jackson 
Immunoresearch 

715-175-151; 
RRID:AB_2340820 

Donkey anti-goat 
AlexaFluor-488 

Jackson 
Immunoresearch 

705-546-147; 
RRID:AB_2340430 

Donkey anti-chicken 
AlexaFluor-488 

Jackson 
Immunoresearch 

703-545-155; 
RRID:AB_2340375 

DAPI Sigma Aldrich  
 

D8417-5mg  
 

 

 

3.4.2 In situ hybridization  
 

Preparing probes for in situ hybridization: 

Amplification of probe by PCR reaction: 

Distilled deionized H2O - 13,7 µl 

5x GXL-buffer (Takara) - 4 µl 

10 mM dNTP’s (Takara) - 0,4 µl 
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10 nmol/ ml Forward/ Reverse primers - 0,4 µl 

GoTaq polymerase (Takara) - 0,2 µl 

 Template cDNA e18.5- 1 µl  

Amplification program: 

95°C- 10 sec 

X°C- 20 sec 

72°C- 1 min 30 sec 

Amplification was set for 39 cycles. The final elongation was 5 min at 72°C and 

samples were cool down to 12°C for gel electrophoresis.  

 

Primers for in situ hybridization: 

  
Oligo Name Sequence 
BC024139_FW gacCTCGAGAAGAACTGAGCTGGAGGCCA 
BC024139_RV   AATTAACCCTCACTAAAGGGCGGCCGCTCCAGAGCCTCAGGGT

GATG 
Cntn5_FW gacCTCGAGCCGAGCCAGAAGACTCCGTA 
Cntn5_RV   AATTAACCCTCACTAAAGGGCGGCCGCGAGTGCAGGGTTGACT

GAGC 
Dlgap1_FW gacCTCGAGGCAGCCGATGACGACTTTGA 
Dlgap1_RV   AATTAACCCTCACTAAAGGGCGGCCGCGCCCTTCGCTCCTTCTT

GTC 
Fgd2_FW gacCTCGAGCTGAATTCCGGCCAGTGAGC 
Fgd2_RV   AATTAACCCTCACTAAAGGGCGGCCGCCAGTTCGTACCGCGGG

ATTC 
Kif26b_FW gacCTCGAGCTCAGCCCAGGACTCCATGA 
Kif26b_RV   AATTAACCCTCACTAAAGGGCGGCCGCGGGGTCCAGCATCAGG

TACT 
Ncad_FW gacCTCGAGCCAATGGAGACTGCACGGAC 
Ncad_RV   AATTAACCCTCACTAAAGGGCGGCCGCAGAGGGAGTCATACGG

TGGC 
Rabgap1L_FW gacCTCGAGGGCGACCTCAAAGGAAGACC 
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Rabgap1L_RV   AATTAACCCTCACTAAAGGGCGGCCGCGGCTGCTTGCTGTTTCT
CCA 

Rapgefl1_FW gacCTCGAGAGACACAGAGATCCACCGGG 
Rapgefl1_RV   AATTAACCCTCACTAAAGGGCGGCCGCGAGGGTCTTGCTCCCCT

CAT 
Sncb_FW gacCTCGAGATGGACGTGTTCATGAAGGGC 
Sncb_RV   AATTAACCCTCACTAAAGGGCGGCCGCTACGCCTCTGGCTCGTA

TTCC 
Stx3_FW gacCTCGAGCGAGGAAACACGGCTCAACA 
Stx3_RV   AATTAACCCTCACTAAAGGGCGGCCGCCCCCCTGATTTTCCACC

AGC 
Vat1l_FW gacCTCGAGTGTGCTCTACCGTCCCCAAT 
Vat1l_RV   AATTAACCCTCACTAAAGGGCGGCCGCATGTTCCCTCGGTCGTG

GAT 
VgF_FW gacCTCGAGCAGTATCTGTTGCAGGGCGG 
VgF_RV   AATTAACCCTCACTAAAGGGCGGCCGCGAGCACTTCGTTCCAGT

CCG 
 
The amplified sample (volume 1 µl) was run on a 2% gel to check size of probe. 

After gel electrophoresis the samples were extracted from the gel by NucleoSpin 

Gal and PCR Clean-Up (Macherey- Nagel). The piece of gel with the band was 

incubated with 200 µl NTI/ 100 mg gel solution for 5-10 min at 50°C. The samples 

were transferred into tubes with columns and centrifuged 30 sec at 11 000 rpm. 

The rest was removed and then 700 µl NT3 solution was added to the tubes. Then 

samples were centrifuged 30 sec at 11 000 rpm. The rest was removed again, and 

the columns were transferred into the new tube. 30 µl of NE- buffer was added 

in a new tube with sample, incubated 1 min at RT and centrifuged 1 min at 11 000 

rpm. The concentration of extracted pellet was measured using a 

nanophotometer (Implen). 
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For synthesis of in situ hybridization (ISH) probes in vitro transcription reaction 

was incubated for 1.5 hours at 37°C as follows: 

500 ng linearized plasmid 

2 µl 10X transcription buffer 

2 µl 100mM DTT 

2 µl DIG labeling mix 

0.5 µl RNase  

1 µl RNA polymerase (T3- polymerase) 

X µl DEPC- ddH2O 

Total volume of reaction 20 µl  

After incubation the samples were transferred immediately to ice. 680 µl of DEPC- 

H2O was added to the samples. The homogenized lysates were transferred into 

tubes with RNeasy spin columns and centrifuged for 30 sec at 10 000 rpm. The 

flow- through was discarded. 700 µl of Buffer RW1 was added into the RNeasy 

spin column. The lysate was centrifuged 15 sec at 10 000 rpm. The flow- through 

was discarded. 500 µl of Buffer RPE was added into the RNeasy spin column. The 

lysate was centrifuged 15 sec at 10 000 rpm. The flow- through was discarded. 

500 µl of Buffer RPE was added into the RNeasy spin column. The lysate was 

centrifuged 15 sec at 10 000 rpm. The flow- through was discarded. The RNeasy 

spin column was centrifuged 1 min at full speed to further dry the membrane. 

The RNeasy spin column was placed in a new tube and 50 µl and 30 µl of RNase- 

free water were sequentially added and centrifuged for 1 min at 10 000 rpm to 

elute the RNA. Then 80 µl of Formamide pure was added to the tube with eluted 

RNA. 160 µl of eluted RNA was stored in small aliquots (20 µl) at -80°C. One aliquot 
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was run in gel to check the size of eluted RNA. The prepared RNA was used for in 

situ hybridization with dilution 1:100. 

In situ hybridization:  

All glassware and coverslips were baked for making RNase- free hybridization 

solutions.  

On the first day, the hybridization solution (50% Formamide (AppliChem), 5X SSC, 

1% Boehringer block, DEPC- H2O – were dissolved at 65°C and 5 mM EDTA, 0.1% 

Tween (SIGMA), 0.1% CHAPS (SIGMA), 0.1 mg/ml Heparin, 100 µg/ml Yeast RNA 

(Invitrogen) were added) was pre-heated to 65°C. The hybridization chamber was 

prepared with 2 pieces of filter paper on the bottom of box, 50 ml of 50% 

Formamide (not de-ionised)/1X SSC (with DEPC- treated). Parafilm sheets were 

placed over the paper and slides were placed on it. Tissue sections were dried in 

a vacuum chamber for 1 hour. 1 µl of probe was added in 1000 µl of hybridization 

solution (200 µl of probe was needed pre slide). The probe in hybridization 

solution was incubated for 5 min at 70°C. The probe solution was applied to the 

length of slide using 1000 µl pipette (avoiding bubbles). Baked coverslip was 

slowly placed on the slide with probe. The chamber with slides was sealed using 

tape and incubated at 70°C overnight. 

On the second day, wash solution (50% Formamide/1X SSC pH 4.5/0.1% Tween 

20) was pre-heated in 3x coplin jars at 65°C. The slides were washed with wash 

solution for 15-25 min at 65°C. Then the slides were washed with wash solution 

2 times for 30 min at 65°C. The slides were placed in a new cuvette and washed 

2 times in 1X MABT (100 mM Maleic acid, 150 mM NaCl, 0.1% Tween 20 pH 7.5) 

for 30 min at RT on the shaking. The slides were transferred to a humid box and 

incubated in a blocking solution (10% sheep serum in 1X MABT) with DIG- AP 

antibody (dilution 1:1500) at 4°C overnight. 
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On the third day, the slides were transferred in cuvette and incubated 3 times for 

15 min in 1X MABT at RT on shaking. Then the slides were washed 2 times for 5 

min at RT in Pre- staining solution (5M NaCl, 1M MgCl2, 1M Tris pH 9.5, 200 µl 

Tween 20, up with MQ water) on shaking (Pre- staining solution was prepared 

fresh every time). The staining solution was prepared using 25 ml of Pre- staining 

solution containing NBT and BCIP (dilution 1:1000, AP substrates, Roche), and 25 

ml of 10% PVA (was made in water, mixed for 3 days at 80°C to melt PVA, then 

with magnetic stirrer until clear). The coplin jar with slides was incubated for 6 

hours-overnight until color was visible. After staining the slides were dried 

completely and mounted in Entellan media (Merck). 

 

3.5 Image acquisition 
 

For IHC results the fluorescent images were acquired with a confocal microscope 

(Leica TCS SL and SP8) with configured software (Leica). For ISH results, the bright 

field images were acquired with an Olympus BX60 microscope using AxioVision 

4.8 (Zeiss) software. 

 

3.6 In utero electroporation  
 

Plasmids for electroporation were diluted in ultra-pure water containing fast 

green dye (1:20 000) for visualisation. During all the process, the mouse was 

anesthetized by constant inhalation of a mix containing isoflurane and oxygen.  

Embryos were pulled out from uterus gently without damaging the blood vessels 

and internal organs. The plasmid solution was loaded in a fine glass capillary and 

injected into the lateral ventricles of the brain using a vacuum pico-pump. 

Electrodes with positive (on the electroporated side) and negative (on the 
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opposite side) were placed on both side of a head. After electroporation the 

embryos were returned carefully into the abdominal cavity. The skin and fur were 

closed by sterilized sutures and surgical staples, respectively. Then the mouse was 

putted back to an individual cage. The operated mice were monitored every day 

for their healthy till necessary postnatal stage when the mice were sacrificed and 

used for experiments. The constructs were cloned from other members of the 

lab: pCAG-Cre (Dimidschstein et al., 2013), pCAG-GFP, pCAG-fl-stop-fl-GFP, pCAG-

Nrp1-IRES-GFP. All electroporations were carried out by Ekaterina Epifanova in 

the lab group.   

 

3.7 Dissociated cortical neuronal culture 
 

3.7.1 Coverslips preparation 
 

13 mm diameter coverslips were placed in a 50 ml falcon with 70% EtOH (99,9 % 

EtOH ultra pure was diluted with autoclaved MQ water) overnight Next day the 

coverslips were washed 3 times for 1 hour with autoclaved MQ (you need to say 

what MQ is) water, 2 times for 90 min with 100% EtOH ultra pure, 1 time for 15-

30 min with 70% EtOH ultra pure. The coverslips were kept in 100% EtOH ultra 

pure till the moment of baking at 200°C for 6 hours (optional). All washing steps 

were performed on the shaker. 

 

3.7.2 Cell preparation 
 

The coverslips were placed in 24- well plate, coated with 0.2 mg/ml poly-D-lysine 

plus 0.2 mg/ml laminin in autoclaved MQ water at RT overnight under hood 

(buffer for coverslips could be reused for 5 times). HBSS (++) without phenol red 

(Stem Cells Technologies) was cooled for dissecting, HBSS with phenol red (Stem 
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Cells Technologies) was preheated in water bath at 37°C for trypsin solution. The 

wells with coverslips were washed 3 times with autoclaved MQ water and filled 

up 300 µl of BrainPhys (Stem Cells Technologies). Media (200 µl of BrainPhis 

Media, Stem Cells Technologies) was added to wells after cell preparation in 1 

hour of incubation at 37°C. After preparing all staff for cell culture preparation, 

the pregnant female was sacrificed and embryos were placed and dissected in 

HBSS (++) without phenol red (Stem Cells Technologies) on ice. The skull top of 

each embryo was cut, cortices were dissected out in chilled HBSS (++) without 

phenol red (Stem Cells Technologies) and collected in tubes with 500 µl HBSS (++) 

without phenol red (Stem Cells Technologies). The cortices were washed 2 times 

with 500 µl of HBSS with phenol red (Stem Cells Technologies) and mixed in hands. 

Trypsin was added to preheated HBSS with phenol red (Stem Cells Technologies). 

The HBSS (++) without phenol red (Stem Cells Technologies) was removed and 

added 500 µl of Trypsin solution and incubated at 37°C for 20 min mixing once in- 

between. Supernatant was removed carefully, leaving only a small volume of 

solution. 20 µl of DNase was added to the cortices, incubated for 10-15 sec and 

removed. Cortices were gently washed three times in 500 µl of Plating media. The 

cells were finally resuspended gently in 500 µl of Plating media. The cells were 

counted in Neubauer chamber (dilution 1:10). The cells were plated with density 

0.8x105 cell/well. 

Plating media 

 Final  Stock 50 ml 
DMEM high 
glucose, Stem 
Cells 
Technologies 

100%  44.5 ml 

FBS Biochrom, 
gibco 

10% 100% 5 ml 

Pen Strep, Gibco 1x 100x 500 µl 
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BrainPhys Media 

 Final  Stock 50 ml 
BrainPhys Media, 
Stem Cells 
Technologies 

100%  48 ml 

SN1 
supplementary, 
Stem Cells 
Technologies 

  1 ml 

Glutamax, Gibco 1x 100x 500 µl 
Pen Strep, Gibco 1x 100x 500 µl 

 

Trypsin solution  

 Final  Stock 5 ml 
HBSS no salts + 
phenol red, Stem 
Cells 
Technologies 

100%  4.375 ml 

Trypsin, Gibco 0.3125% 2.5% 625 µl 
 

 

3.7.3 Neuronal cell culture transfection 
 

Mouse shRNA constructs (pLKO.1-Scramble, pLKO.1-sh-mNrp1, pLKO.1-sh-

mCdh6) were obtained from Sigma Mission (Merck). The overexpression 

construct was cloned by others in the lab (pCAG-GFP, pCAG-Nrp1-IRES-GFP, 

pCAG-Cdh6-IRES-GFP). 

Neuronal cell cultures were transfected with Lipofectamine2000 (Invitrogen) 

according to the manufacturer’s manual. The DNA of different conditions were 

premixed with 50µl of OptiMEM (Gibco) per sample. Lipofectamine (Invitrogen) 

was mixed with 50µl of OptiMEM (Gibco) per well and incubated for 5 minutes. 

Both two solutions were mixed and incubated for 20 minutes at room 
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temperature. After the incubation, the mixture was added to cells and cells were 

incubated for 2 days in a humidified CO2-incubator at 37°C. 

 

3.8 Biotinylation of surface proteins and immunoprecipitation 
 

Cell culture of primary cortical neurons at E15.5 in 6-well plate was prepared for 

immunoprecipitation mass spectrometry. On the second day after platting, the 

plates with cells were placed on ice and rinsed 1 time with 1 ml per 6- well plate 

ice-cold rinsing solution (PBS, pH 7.5, containing 0.1 mM CaCl2 and 1 mM MgCl2). 

Biotin was dissolved. The cells were incubated with 1 mg/ml sulfo-NHS-SS-biotin 

(Pierce) in rinsing solution (1X PBS pH 7.5, 0.1 mM CaCl2, 1 mM MgCl2) for 30 min 

at 4°C. Then the cells were washed 1 time with quenching solution (rinsing 

solution, 100 mM glycine) at 4°C and incubated with quenching solution for 20 

min at 4°C. After incubation the cells were short washed in rinsing solution, lysed 

in FLAG buffer containing protease and phosphatase inhibitors (200 µl per well) 

(5 ml buffer + 500 µl 10x PhosStop,50 µl PI sigma, 100 µl 100mM Vanadate, 100 

µl 50x Pepstatin, 250 µl 0.2 mg/ml Leupeptin, 250 µl 0.2 mg/ml Aprotinin). The 

cell lysates were harvested and centrifuged for 10 min at 13500 rpm at 4°C. The 

supernatant was transferred to new tube. 10 µl of supernatant was left in another 

tube for protein concentration measurement. 5x sample buffer was added to 

total fraction and incubated for 5 min at 96°C.  

Now out the method for protein concentration. 

Biotinylated proteins were isolated using washed Avidin agarose beads 

(NeutrAvidin Agarose Resin; Thermo scientific #29201). Pulldowns were carried 

out by Marta Rosário.  Briefly, equal protein amounts of lysate were incubated 

with washed avidin agarose beads for 2 hours at 4°C. The beads were washed 

once with 500 µl FLAG buffer and 3 times with TBS (Tris Base, Sodium Chloride) 
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and spun in-between washes for 5 sec at 9000 rpm 4°C. The samples were boiled 

in 20 µl of 2.5x sample buffer for 5 min at 95°C. All samples were stored at -20°C.  

FLAG buffer: 

 

Reagents  Final concentration 
Tris 7.4, Sigma-Aldrich 50 mM 
NaCl, Carl Roth 100 mM 
EDTA, Carl Roth 1 mM 
Triton X100, Carl Roth 1% 
Up to 50 ml using ddH2O 

 

 

3.9 Bicinchoninic acid assay 
 

Bicinchoninic acid (BCA) assay was carried out using Pierce BCA Protein Assay kit 

(Life technologies) to determine protein concentrations. 10 µl aliquote of a 

protein sample was diluted with 50 µl ddH2O, and 25 µl of the dilution was added 

into each well of 96- well plate. 200 µl working reagent (dilution of reagent A 

(transparent): reagent B (blue) = 1:50) was mixed with the sample dilution. The 

complete reaction was achieved by 30 min incubation (light proof) at 37°C. The 

protein standards with concentration gradient (minimally 0.05 mg/ml to 

maximally 2 mg/ml) were prepared using BCA protein solution (2 mg/ml). All 

protein samples and standards were prepared and measured in two wells, 

respectively, by Varioscan Flash (Thermo Scientific, version 2.4.3) with software 

SkanItTM. The mean values of protein concentration were obtained by Excel 

software SDS-PAGE and Western blotting.  
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3.10 Western blot 
 

Protein samples denatured in 1x sample buffer (5x stock: 12.5 ml Tris pH6.8, 3.86 

g DTT, 5.0 g SDS, 250 mg Bromophenol blue, 17.5 ml glycerol dissolved in 50 ml 

ddH2O were separated by SDS-polyacrylamide gel electrophoresis (PAGE) using 

standard Bio-Rad mini Protean system. Protein ladders were used to estimate 

sizes (protein plus, Thermo Scientific). Polyacrylamide gel recipes are as below: 

Running gel (20ml, 10%):   

5 ml 40% Acrylamide/Bisacrylamide  

5 ml 1.5 M Tris-HCl pH8.8  

0.2 ml 10% SDS  

9.9 ml ddH2O  

0.1 ml 10% Ammonium persulfate  

20 µl TEMED  

Stacking gel (10ml, 4%):   

1 ml 40% Acrylamide/Bisacrylamide  

1.25 ml 1 M Tris-HCl pH6.8  

0.1 ml 10% SDS  

7.65 ml ddH2O  

0.1 ml 10% APS  

 

SDS-PAGE gels were run with the aid of Denis Lajkó. 

 

3.11 Deep sequencing 
 

Three control and 3 knockout brains of embryos were used for deep sequencing 

analysis.  Embryo cortices were isolated at E15.5. For RNA isolation, a TRIsol based 
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protocol was used. Briefly, 1 ml of TRIsol reagent was added per 50-100 mg of 

tissue sample directly into the dish with cell culture, wash and homogenize in 

DEPC- ddH2O.  

After homogenization, samples were allowed to sit 5 minutes in the tubes at room 

temperature for complete dissociation of nucleoprotein complexes. Then 0.1 ml 

chloroform was added per 0.5 ml of TRizol reagent. I shaked the tube vigorously 

for 15 sec and was incubated for 2-3 min at room temperature. After that the 

samples were centrifuged at 12,000g for 15 min at 4°C for separation of lower 

phenol-chloroform phase and upper aqueous phase. I pipetted 200 µl of RNA- 

containing aqueous phase into new tube being careful not to touch organic phase. 

250 µl of 100% isopropanol was added to the aqueous phase per 1 ml TRIzol and 

was incubated at -20°C for 1.5 hours. The samples were centrifuged at max for 10 

min at 4°C. I removed a supernatant from the tube leaving only RNA pellet. The 

pellet was washed with 0.5 ml 75% ethanol on DEPC-water. I vortexed briefly then 

centrifuge at 7500g for 5 min at 4°C, discard supernatant by suck off the ethanol 

drops. The pellet was air dried for 5-10 min, over-drying will reduce solubility. The 

RNA pellet was resuspended in 20-50 µl of RNA-free water and was incubated for 

10-15 min on a heat block at 55-60°C. I checked the concentration of the RNA 

pellet by electrophoresis using for gel 50 ml 0.5g of agarose, 5 µl of Sepva and 10 

µl of formaldehyde. The RNA pellet was stored at -70°C. All steps of RNA pellet 

preparation for deep sequencing were carried out by Ekaterina Epifanova. 

Deep sequencing was carried out by Dr. Sascha Sauer and Daniele Sunaga-

Franzefrom the Max Delbrück Center using HiSeq 4000. 

 

All analyses were performed by myself using GSEA 4.0.3 version and images were 

generated using String program. 
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3.12 Quantification for dendritic tree complexity 
 

The images were taken on confocal microscopes Leica SL, Leica Sp8 and inverted 

Olympus microscope and were imaged as 1-2µm spaced z-stacks. 

Analysis of dendritic morphology was carried out by Sholl analysis in Fiji ImageJ. 

The tiff stack was opened in Fiji ImageJ. Scale bars were set in Analysis/Set scale. 

Neuron traces were then made using SimpleNeuriteTracer (select Plugins/ 

Segmentation/ SimpleNeuriteTracer, I clicked No 3D view, changed the format to 

8-bit). A circle was drawn around the cell body. I clicked with cross pointer where 

the dendrites start- from the cell body line and clicked further on to make a 

straight line. I pressed “Y” to confirm – it changes the color of line. I kept going 

until the end of dendrite and continued to complete all paths of dendritic tree 

and saved the trace in Tracing/ File. To prepare a trace for Sholl analysis the all 

paths of dendritic tree were selected on the “Path menu” (create Image stack 

from the file using: SimpleNeuriteTracer/ Analysis/ MakeLineStack. The Sholl was 

inverted Black/ White. Threshold was changed: Image/ Adjust/ Threshold). Sholl 

analysis plugin was used for Sholl analysis (I drew a line across the center of the 

soma and ran Analysis/ Sholl Analysis using following settings: Definitions- starting 

radius 10 µm; end radius 300 µm; step size 10 µm). Descriptors and curve fitting- 

enclosing radius cut off 1 intersection; primary branches- I ticked inter from 

starting radius. I ticked fit profile and showed fitting details. Sholl method- linear, 

best fitting degree, most informative, volume). Sholl analysis was checked using 

the Concentric circles plugin. Neuronal reconstructions presented were created 

using flattened image (Image stacks/ Z projection with max intensity.  
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3.13 Statistics and data analysis 
 

All the experiments have been analyzed by Student’s t test unless otherwise 

mentioned, using GraphPad Prism 5.0a or Microsoft Excel software. The charts 

were made with GraphPad Prism software and presented as mean ± standard 

error. Probability assignment: p > 0.05 (not significant, ns), **** p < 0.0001; *** 

p < 0.001; ** 0.001 < p < 0.01; * 0.01 < p < 0.05.   

Sholl analysis and neuronal reconstructions were performed using Fiji ImageJ.  

To organize the deep sequencing data I used the GSEA 4.0.3 version and the String 

program. 
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4 Results  
 

4.1 Zeb2 affects the orientation of the apical dendrite to the pia  
 
Zeb2 is one of the key molecules that regulates formation of the neuronal tube 

and neuronal crest (Van de Putte et al., 2003). Previous data have shown that 

subpallial neuroepithelial domains regulate the formation of various subtypes of 

interneurons in the adult cortex (Fogarty et al., 2007; Miyoshi, Butt, Takebayashi, 

& Fishell, 2007; Srivatsa et al., 2015). In turn, it was shown that Zeb2 regulates 

the formation of intracortical, intercortical and cortical-subcortical connections in 

the forebrain of the mouse (Srivatsa et al., 2015). The regulation of dendritic 

development by Zeb2 had not been studied before. Disruption of dendritic 

arborization is however characteristic of most neurodevelopmental disorders, 

including those associated with cognitive defects such as MWS.  

To investigate the role of Zeb2 in dendritic development, preliminary work in the 

group using IUE to specifically label neurons in the upper layer at the time of their 

birth, E15.5, in the neocortex of Zeb2fl/flNexCre and Zeb2fl/fl animals and observed 

that these neurons are abnormally oriented in the neocortex. We repeated the 

experiment using in utero electroporation of pCAG-eGFP and pCAG-myr-Venus to 

visualize neurons. I prepared and stained cortical sections of these animals and 

analyzed the degree of deviation of the apical dendrite at P23 when each group 

of mature neurons occupies its own niche in the cerebral cortex (Fig.4.1). 
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Figure 4.1. Loss of Zeb2 expression leads to deviation of apical dendrite 

In utero electroporation of pCAG-eGFP with pCAG-myr-Venus into the neocortex of E14.5 

embryos. Analysis of position of apical dendrite Zeb2fl/fl (N=3) and Zeb2fl/flNexCre (N=3) brains at 

P23. The position of the apical dendrite is marked by a small dotted line, the pia by larger dotted 

line. The axon is marked by red arrow. Scale bar is 50 µm. The angle of apical dendrite to the 

pia of Zeb2fl/flNexCre cells is significantly larger than control cells and shows increased deviation 

of apical dendrite of Zeb2fl/flNexCre to the lateral side compare d with Zeb2fl/fl cells. The number 

of deviated cells is more in Zeb2fl/flNexCre brains than control brains (N of cells= 60). Welch’s t 

test. A variation on this data was published in Epifanova et al., 2021.  

 

I defined the position of apical dendrite is positive as being towards the midline 

and negative to the lateral side. Morphological analysis of neurons showed that 

the majority of Zeb2fl/flNexCre neurons have a negative orientation along the 

midline and positive orientation along the lateral side. Most Zeb2fl/fl cells have a 
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positive orientation to the pia mater and negative orientation to the lateral side 

(Fig.4.1.A). The most cells of Zeb2fl/flNexCre have negative orientation to the 

midline and positive orientation to the lateral side. The most cells of Zeb2fl/fl have 

positive orientation to the pia and negative orientation to the lateral side 

(Fig.4.1.B). 60% of control neurons show a deviation of less than 10 degrees from 

the perpendicular position to the pia. Over 50% of Zeb2-deficient neurons on the 

other hand have a deviation of over 30 degrees from the perpendicular position 

to the pia (Fig.4.1.C). Thus, the Zeb2fl/flNexCre cells have significantly increased 

deviation of apical dendrite and orientation of apical dendrite away from the 

midline as compare with Zeb2fl/fl cells.  

 
4.2 Zeb2 restricts dendritic tree complexity without affecting the number of 

primary dendrites 
 
It is known that dendritic branching begins after the neuron takes correct position 

in the cortical plate (Molyneaux, Arlotta, Menezes, & Macklis, 2007 & Macklis, 

2007). In vitro studies of Drosophila have previously been conducted to study the 

mechanisms that regulate neurite development (Parrish, Kim, Jan, & Jan, 2006 & 

Jan, 2006). Also was shown in vivo data that the NOMA-GAP mouse mutants have 

a thinned cortex and simplified branching of the dendritic tree was found in 

neurons of the upper layer (Rosario et al., 2012). To further understand and 

characterize the influence of transcriptional factor Zeb2 on the dendritic tree 

morphology of neurons, I analyzed Zeb2fl/fl and Zeb2fl/flNexCre cells at P23 using 

electroporated brains with pCAG-eGFP and pCAG-myr-Venus at E.15.5 using a 

modified Sholl analysis (Fig.4.2).  
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Figure 4.2. The dendritic tree complexity is affected in the Zeb2fl/flNexCre mutant. 

Loss of Zeb2 increases dendritic complexity 
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The neuronal reconstructions of cells at P23 demonstrate phenotype of dendritic tree 

complexity in Zeb2fl/fl control (N=30) and Zeb2fl/flNexCre knockout mice (N=30). Scale bar is 50 

µm. Dendritic branching is more complex in the Zeb2fl/flNexCre mutant mice. Loss of Zeb2 is 

associated with a trend for increased total number in Zeb2fl/flNexCre brains than control brains 

(N of cells= 30) without significantly changed in primary intersections. Apical dendrites of 

Zeb2fl/flNexCre neurons show reduced complexity in the distal regions but significantly increase 

in the distal regions of Zeb2fl/fl- сontrol cells. Basal dendrites of Zeb2fl/flNexCre neurons show 

increased complexity in the proximal regions as compare with Zeb2fl/fl control cells (N=30). 

Unpaired t test with Welch’s correction; **** p < 0.0001; *** p < 0.001; ** 0.001 < p < 0.01; * 

0.01 < p < 0.05. Variation of data published in Epifanova et al., 2021. 

 

The brains were electroporated at E15.5 and perfused at P23. For visualization of 

cells, I did immunohistochemistry with anti-GFP antibody and imaged cells on the 

Olympus microscopy. I traced the images with neurite tracer. The dendrites of the 

upper layer were traced and analysed by Sholl analysis. Zeb2fl/flNexCre- deficient 

neurons have extremely increased dendrite arborization as compared with 

control wildtype neurons (Zeb2fl/fl) (Fig.4.2.A). I saw significantly increased 

branching of dendrites in Zeb2fl/flNexCre cells to compare with control cells 

(Fig.4.2.B). Deletion of Zeb2 increases the complexity of the dendritic tree and is 

associated with a trend for increased total number of intersections, respectively 

(Fig.4.2.C). I then analysed the complexity of apical and basal dendrites 

separately. The analysis of apical dendrites of Zeb2fl/flNexCre neurons shows 

reduced complexity in the distal regions. Basal dendrites of Zeb2fl/flNexCre neurons 

show increased complexity in the proximal regions as compare with Zeb2fl/fl 

control cells.  

Thus, loss of Zeb2 mediates significantly increased dendrite arborization in 

particular of basal dendrites, while apical dendrites show decreased branching.  
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4.3 Deep sequencing data 
 

As shown above, Zeb2fl/flNexCre- deficient cells have an abnormal increased 

complexity of the dendritic tree and an altered orientation of the apical dendrite 

with respect to the pia. To identify which genes could be involved in the regulation 

of dendritic morphogenesis downstream of Zeb2, I analysed the transcriptome of 

wildtype and Zeb2-deficient cortices at E15.5. At E15.5 neuronal system have 

achieved their definitive external prenatal configuration. Samples were 

sequenced in collaboration with Dr. Sascha Sauer from the Max Delbrück Center.  

Through deep sequencing of Zeb2fl/flNexCre- deficient RNA, I have obtained data 

on more than 1491 genes expressed in Zeb2fl/flNexCre- deficient cells (Fig.4.3.A). 

By studying the data obtained with the help of a STRING program (https://string-

db.org/), I identified the top 10 molecular functions and biological processes, 

which are responsible for molecules that are up and down regulated in 

Zeb2fl/flNexCre- deficient mRNA (Fig.4.3.B,C). Many genes from the obtained data 

are involved in the regulation of neuronal differentiation, especially in dendritic 

branching. These include cell adhesion molecules, secreted molecules, signaling 

molecules, cell surface receptors, postsynaptic density proteins, and others. 

Many of these proteins show an important functional role in other body systems 

outside the neuronal system and at the same time, multiple regulatory aspects in 

neuronal morphology, including dendritic branching.  
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Figure 4.3. Deep sequencing assay of Zeb2fl/flNexCre- deficient and Zeb2fl/fl- 

control mRNAs  

Deep sequencing of Zeb2fl/flNexCre- deficient and Zeb2fl/fl- control mRNAs. Totally 581 genes are 

down regulated in Zeb2fl/fl- control cells and 910 genes are up regulated in Zeb2fl/flNexCre- 

deficient cells, and 372 genes have a factor less than 1.4 and 613 genes have a factor greater 

than 1.4 (log2FoldChange), respectively.  N= 3 Zeb2fl/fl and 3 Zeb2fl/flNexCre animals per 

condition. Mann-Whitney test. **** p < 0.0001; *** p < 0.001; ** 0.001 < p < 0.01; * 0.01 < p 

< 0.05. The top GO terms of genes upregulated upon loss of Zeb2. The level of expression was 

1.4 fold upregulated. The top GO terms of genes downregulated upon loss of Zeb2. The level 

of expression was 1.4 fold downregulated. 
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Table 1 shows the major molecules involved in the regulation of highly expressed 

dendritic branching in Zeb2fl/flNexCre- deficient cells that based on a factor of at 

least 1.4 fold, respectively. Table 1 was compiled on the basis of the obtained 

mRNA deep sequencing data, all genes have an increased expression at least 1.4 

fold in absence of Zeb2. Zeb2 is known to function mainly as a repressor, and 

therefore I analysed the genes that had been up regulated upon loss of Zeb2. 

 In particular, several members of Cadherin family are upregulated in Zeb2-

deficient cortices at E15.5. Cadherin1 or E-cadherin is an adhesion molecule that 

regulate cell-cell adhesion of neural crest cells (Epifanova et al., 2019; Simoes-

Costa & Bronner, 2015).  

 

Molecule/ factor Functional role Role in dendrite morphogenesis 

Wnt5a Secreted glycoprotein Promotes dendritic complexity 

(Rosso, Sussman, Wynshaw-

Boris, & Salinas, 2005) 

Ephb1 Receptor tyrosine kinases and their 

ligands 

Contribute dendrite arborization 

(Darling & Lamb, 2019) 

Sema5a Secreted and transmembrane protein Control dendrite bifurcation and 

complexity of basal dendrites 

(Polleux, Morrow, & Ghosh, 

2000) 

Plxnd1, Plxna2 Cell surface receptor Regulate dendrites complexity 

(Vodrazka et al., 2009) 

ItgA6, ItgA3 Integral membrane protein Control cell adhesion (Nieto-

Nicolau et al., 2020) 

Ctnnd2/δ-catenin Adhesive junction-associated delta 

catenin protein 

Promote dendritic branching 

(Elia, Yamamoto, Zang, & 

Reichardt, 2006) 
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Pcdh8 Cell adhesion transmembrane 

protein 

Promote dendritic branching in 

hippocampus (Yasuda et al., 

2007) 

Cdh8, Cdh13, 

Cdh11, Cdh4 

Cell adhesion transmembrane 

protein 

Promote dendritic branching 

(Polanco, Reyes-Vigil, Weisberg, 

Dhimitruka, & Bruses, 2021; 

Quitsch, Berhorster, Liew, 

Richter, & Kreienkamp, 2005) 

Camk2a Calcium/calmodulin-dependent 

protein kinase 

Inhibitor of dendrite extension 

(Sosanya et al., 2015) 

Neo1  Basic-Helix-Loop-Helix (Dennis, Han, 

& Schuurmans) transcription factor 

Regulate dendritic polarity (T. 

Yamashita, Mueller, & Hata, 

2007) 

Ptprs, Ptprt Protein tyrosine phosphatase Regulate synaptic formation 

(Lee, 2015) 

 

Table 1. Deep sequencing of Zeb2fl/flNexCre- deficient mRNA. The main molecules 

involved in dendrite morphogenesis 

The RNA deep sequencing show that 581 genes are down regulated by Zeb2 in 

Zeb2- control cortices. Bhlhes, Bmps, Fchos, Gria subunits, Ldbs, Rbms, Scns, 

Stssias, Ptprs and Tmems families genes are at least 2 fold downregulated.  

 

4.4 Mass spectrometry data 
 

Dendritic arborization is regulated by the environment of the cell, and therefore 

I asked whether Zeb2 controls the expression of proteins that can sense 

environmental stimuli. Indeed, dendritic branching has been shown to be shaped 

by multiple cell adhesion molecules and cell surface receptors (Menon & Gupton, 

2018) such as CNTNs, Negr1, App, Ret, Cdhs and Pcdhs. We hypothesized spelling 
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that Zeb2 may in part regulate dendritic morphogenesis by regulating the 

interaction of neurons with their environment. To address this, I carried out 

biotin-linked mass spectrometry to identify proteins localized on the surface of 

wildtype and Zeb2-deficient neurons. I prepared Zeb2- deficient (Zeb2fl/flNexCre) 

and Zeb2fl/fl - control neurons at E15.5 and after 2 days in cultured used biotin to 

all surface proteins. Labelled proteins in cell lysates were captured by pulldowns 

using avidin-agarose beads. Biotinylated proteins were identified by mass 

spectrometry in collaboration with Kathrin Textoris- Taube from the Charite Mass 

spectrometry core facility (Fig.4.4). 

 

 

Figure 4.4. The Mass spectrometry preparation schema 

Mass spectrometry of Zeb2fl/flNexCre- deficient and Zeb2fl/fl- control lysates at E15.5. Primary 

cortical neurons were biotinylated at DIV2 and were prepared for mass spectrometry assay. 

 In total, 2646 membrane and extracellular proteins were detected by mass 

spectrometry in Zeb2fl/flNexCre- deficient and Zeb2fl/fl control lysates. Of these the 

surface localization of 214 proteins were up, and localization of 84 proteins were 

down in Zeb2fl/flNexCre- deficient and Zeb2fl/fl control neurons by a factor of at 

least 1.2 fold, respectively (Fig.4.5). 
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Figure 4.5. Surface localized proteins go up and down in Zeb2fl/flNexCre- deficient 

and Zeb2fl/fl- control neurons.  

The GO terms of important biological processes and molecular function of proteins whose 

surface expression is decreased in  Zeb2fl/flNexCre- deficient neurons. The GO terms of important 

biological processes and molecular function of proteins whose surface expression is increased 

in Zeb2fl/fl- control neurons. The total expression of these genes may not be altered. A cutoff 

of 1.2 fold was chosen for proteins whose surface expression is increased or decreased.  

The loss of Zeb2 causes changes in the population of proteins found on the 

surface of neurons (Fig.4.5.A,B). The proteins of family Plexin (a1, a2, a3, a4, b1, 

b2, d1), , Cadherin (2,4, 6, 10, 11, 13) and Protocadherin (16, 19, 8, ga4), 

Neuropilin-1, Contactin (1, 2) Integrin (a3, a5, a6,b1, b5,b8), , Solute carrier 

family(1, 1a2, 1a3, 1a4, 3a2, 4a4, 4a7, 4a10, 5a3, 7a1, 7a5, 8a1, 16a1, 25a4, 25a5, 

https://en.wikipedia.org/wiki/Solute_carrier_family
https://en.wikipedia.org/wiki/Solute_carrier_family
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25a12, 25a13, 25a17, 25a20, 25a22, 27a1, 31a1, 39a6, 44a1, 44a2) are found on 

the cell surface in Zeb2fl/flNexCre- deficient neurons and less in Zeb2fl/fl - control 

neurons, where the surface localization of these genes is repressed by Zeb2. This 

screen showed that the cell surface localization of several members of the 

Neuropilins, Semaphorins, Plexins, Ephrins, Cadherins, Integrins families were 

increased upon loss of Zeb2. The largest class of molecules whose surface 

localization was increased upon loss of Zeb2 was that of cell adhesion molecules.  

Axon guidance molecules are also increased at the cell surface upon loss of Zeb2 

(Ephrin (a3, a4, a5, a7, b1, b2, b6), Neogenin, Netrin (DCC, 5a, 5d), 

Semaphorin(3c), Slit (rk1, rk3)).  

A large number of adhesive molecules are upregulated in the absence of Zeb2. 

For example, the cell surface expression of molecules of the family of Integrins 

(ItgA6, ItgA5, ItgA3, ItgB5, ItgB1 and ItgB6) and Semaphorins (Sema3c and 

Sema4c, Sema5b) are overexpessed in the Zeb2fl/flNexCre- deficient neurons. 

Cellular adhesion molecules of the Cadherin (1, 2, 3, 4, 6, 8, 10, 13) and 

Protocadherin (3, 16, 19) families increase upon loss of Zeb2. Thus, I suggest that 

Zeb2 regulates the adhesive properties of cells, promoting expression of some 

adhesion receptors and suppressing others, and the axon defects of 

Zeb2fl/flNexCre- deficient neurons.  

 

 

4.5 In situ hybridization screening 
 

To visualize the results of deep sequencing and mass spectrometry data, I 

performed in situ hybridization of E15.5 Zeb2fl/flNexCre and control brains. In situ 

hybridization was carried out for target genes that were upregulated in absence 

of Zeb2 and had a strong difference in the intensity of the KO/WT factor (more 

than 1.2) from deep sequencing and Ip mass spectrometry, as well as for already 

https://en.wikipedia.org/wiki/Solute_carrier_family
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known molecules that regulate neuronal morphology, which could be involved in 

the regulation formation of a dendritic tree. 

Since many of the proteins whose surface expression was upregulated upon loss 

of Zeb2 were adhesion molecules, I decided to have a look expression pattern of 

cadherins. I chose Cdh6, Cdh8, Cdh2, since their surface expression was highest 

among other cadherins in the absence of Zeb2 and were present also in deep 

sequencing, showing that they may be direct transcriptional targets of Zeb2 

(Fig.4.6). Also, Kinesin-like protein (Kif26b) is a protein that regulate cell adhesion 

(Heinrich et al., 2012) and has decreased expression in presence of Zeb2. 

Molecules Itga6, Itgb1, Sema3a, Sema3c, PlxnA4 and Nrp1 are as important 

adhesion molecules were also chosen, which were increased in Zeb2-deficient 

animals. Moreover, they are associated with dendritic morphogenesis (Danelon 

et al., 2020; Moresco, Donaldson, Williamson, & Koleske, 2005; Tasaka, Negishi, 

& Oinuma, 2012). Proteins Prdm8, Vat1l, Tbr2, which, as was shown earlier, 

regulate the projection of neurons (Hevner, 2019; Inoue et al., 2014; L. Yang et 

al., 2019) and are increased in absence of Zeb2. Sncb and Fgd2 are upregulated 

in absence of Zeb2. Previously shown, Sncb participate in the neurodegeneration 

(Sopher et al., 2001). Fgd2 is a member of the Fgd gene family that controls 

cytoskeleton-dependent membrane rearrangements and is expressed by 

dendritic cells (Huber, Martensson, Bokoch, Nemazee, & Gavin, 2008). In 

addition, I analysed the proteins Rabgap1 that was downregulated in 

Zeb2fl/flNexCre. Rabgap1 has mediated role in the integrin activation (Samarelli, 

Ziegler, Meves, Fassler, & Bottcher, 2020) that involved in the dendritic 

morphogenesis.  
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Figure 4.6. In situ hybridization at E15.5 

Cadherins protein family show an upregulation in the Zeb2fl/flNexCre mutant, where Cdh2, Cdh6 

are expressed in cortical plate and Cdh8 is not expressed. Overexpression of Sncb and Vat1L is 

in CP of Zeb2fl/flNexCre mutant. Prdm8 and Kif26b are upregulated by Zeb2 and expressed in 

subventricular zone and CP of Zeb2fl/flNexCre mutant. Tbr2 is expressed without changes in 

Zeb2fl/flNexCre mutant and control. 
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Cdh2, Cdh6, Cdh8 are part of the Cadherin superfamily of cell adhesion. The roles 

of Cdh6 and Cdh8 in the neocortex are not known. However, Cdh2 has been 

shown to participate in the adhesion for correct positioning of the neurons during 

neocortical development (Matsunaga et al., 2017). Besides, CDH2 is essential for 

glial-guided neuronal migration (Horn, Behesti, & Hatten, 2018). In situ 

hybridization show that Cdh6 and Cdh2 have extremely strong upregulation in 

Zeb2fl/flNexCre neocortices as compare with controls. Previously, it had been 

shown that Cdh6 and Cdh2 are expressed by cells of UL regions (Maitre & 

Heisenberg, 2013).  Both Cdh6 and Cdh2 are expressed in the cortex in control 

mice and show increased expressed in the cortical plate of Zeb2fl/flNexCre mutant 

animals (Fig.4.6). 

ItgA6 and ItgB1 are members of the Integrin family of adhesion receptors. ItgB3 

has previously been shown to lead to neuroanatomy and behavior reminiscent of 

autism. Integrins are also involved in the formation of dendritic spines and at the 

contact points of growth cones (Park & Goda, 2016). In situ hybridization show an 

overexpression of ItgA6 and ItgB1 in the Zeb2fl/flNexCre mutant in CP (Chang, Kim, 

& Namgung, 2018; Georges-Labouesse, Mark, Messaddeq, & Gansmuller, 1998) 

(Fig.4.7).  

I also observed the upregulation of or beta-synuclein, a protein involved in the 

neurodegeneration, neuronal plasticity, inhibits alpha-synuclein and induces 

neurodegenerative diseases such as Parkinson disease (Lavedan et al., 1998), 

upon loss of Zeb2. Sncb expression was very weak in control brains but was 

strongly upregulated in the cortical plate of Zeb2- deficient brains.  

In wild type Vat1L is expressed in CP (Allen Brain Atlas, 

http://developingmouse.brain-map.org/experiment/show/100092596). Vat1L is 

considerably overexpressed in the Zeb2fl/flNexCre- mutant brains as compare with 

controls in UL neurons.  
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Tbr2 or T- box transcription factor is expressed by the intermediate progenitors 

and is used here as a positive control (Hevner, 2019). 

Fgd2 are downregulated in the Zeb2fl/flNexCre mutant sections as compare with 

controls in CP. Fgd2 is a protein belongs to family of guanine nucleotide exchange 

factor which expressed in dendritic cells and controls vesicle trafficking in antigen- 

presenting cells cytoskeleton- dependent membrane rearrangement (Huber et 

al., 2008). 

Neuropilin 1 is a receptor protein that binds the secreted guidance cue Sema3a 

and participate in regulation of basal dendrite development in cortical neurons 

(de Anda et al., 2012). Usually, Nrp1 is expressed in CP in WT (Jubb et al., 2012). 

In the Zeb2fl/flNexCre- mutant sections Nrp1 have increased expression in SVZ, IZ 

and CP as compare with control sections (Fig.4.7). 

I also tested Sema proteins because these are key regulators of morphology and 

motility in many different cell types including neurons (Hu & Zhu, 2018) and also 

Sema3a and Sema3c are co- receptors for Neuropilin with an associated plexin 

whose expression I found changed upon loss of Zeb2. Those protein complexes 

control dendritic branching and attraction, cell migration (N. Yamashita, Yamane, 

Suto, & Goshima, 2016). Sema3a, Sema3c, Tbr2 and PlxnA4 are expressed without 

changes in the control and the Zeb2fl/flNexCre mutant sections.  

I also observed downregulation of Rabgap1 proteins upon loss of Zeb2 that is 

downregulated in Zeb2fl/flNexCre mutant sections.  
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Figure 4.7. In situ hybridization at E15.5 

ItgA6 and ItgB1 show an upregulation in the Zeb2fl/flNexCre mutant while Rabgap1 and Fgd2 

show a downregulation. Expression of Sema3a, Sema3c and PlxnA4 are not changed in the 

control and the Zeb2fl/flNexCre mutant sections. Nrpl1 is overexpressed in absence of Zeb2 in 

SVZ, IZ and CP as compare with control. 
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4.6 Analysis of dendrites arborization in Zeb2 knockdown mutants at DIV5  
 

After the in situ hybridization, I decided to test the role of several targets in 

regulating dendritic development using Zeb2- deficient cultured and Zeb2fl/fl-

control cortical neurons. First, I was interested in Nrp1 and Cdh6 that had an 

increased expression in Zeb2- deficient mice and have both been shown to act as 

adhesion receptors (Danelon et al., 2020; Maitre & Heisenberg, 2013; Takeichi, 

1988).  

To investigate the morphological relevance of these potential Zeb2- target genes 

on dendrites, I analyzed the downregulated neuronal cell cultures at 5 days in 

vitro (DIV5). To analyse the role of target genes on the neuronal morphology, the 

neuronal cultures were transfected with either a construct that allows 

overexpression or a specific shRNA against Nrp1 or Cdh6. I used as control 

constructs with GFP (pCAG-GFP) (Fig.4.8-4.9).  

As seen in vivo, DIV5 Zeb2- deficient neurons have increased dendritic complexity 

proximal to the soma (corresponding to basal dendrites) and a drop in complexity 

at more distal positions (typically occupied by the apical dendrite). The 

Zeb2fl/flNexCre has less dendritic tree complex further away from the soma but it 

has more primary dendrites than the Zeb2fl/fl-control neurons. Knockdown of 

Nrpl1 strongly inhibits the number of primary neurites but enhancer branching. 

(Fig.4.8.D). While overexpression of Nrp1 extremely increase the number of 

primary neurites and repress branching (Fig.4.8.C). 
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Figure 4.8. Nrp1 regulation of dendritic tree at DIV5 

The neuronal reconstructions of cells at DIV5 demonstrate phenotype of dendritic tree 

complexity of WT (N=20), WT+ Nrp1 overexpression (N=20), KO+ shScr (N=20), KO+ shNrp1 

(N=20). Scale bar is 100 µm. Comparative data of dendrite tree at DIV5 in KO+ shScr 

(Zeb2fl/flNexCre+ pLKO.1-Scramble) and WT (Zeb2fl/fl+ pCAG-GFP) cells. Comparative data of 

dendrite tree at DIV5 in WT+Nrp1OE (Zeb2fl/fl+ pCAG-Nrp1-IRES-GFP) and WT cells. 

Comparative data of dendrite tree at DIV5 in KO+shNrp1 (Zeb2fl/flNexCre+ pLKO.1-sh-mNrp1) 

and KO+ shScr cells. Unpaired t test with Welch’s correction. **** p < 0.0001; *** p < 0.001; 

** 0.001 < p < 0.01; * 0.01 < p < 0.05. 
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As shown above Zeb2fl/flNexCre- knockout cells have overexpression of Cdh6 in CP 

at E15.5 (Fig.4.6). Overexpression of Cdh6 enhancer the number of primary 

neurites and shows basically no effect on the branching (Fig.4.9.C). Knockdown of 

Cdh6 effect on the number of primary neurites and no change the branching 

(Fig.4.9.D).  

So, Nrp1 regulate morphology of dendritic tree in both conditions then Cdh6 

effect on the number of primary dendrites and do not control the branching. 
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Figure 4.9. Cdh6 regulation of dendritic tree at DIV5 

The WT, WT+ Cdh6 overexpression (N=20), KO+ ShScr (N=20), KO+ ShCdh6 (N=20) neuronal 

reconstructions of cells at DIV5. Scale bar is 100 µm. Comparative data of dendrite tree at DIV5 

in KO+ shScr (Zeb2fl/flNexCre+ pLKO.1-Scramble) and WT (Zeb2fl/fl+ pCAG-GFP) cells. Comparative 

data of dendrite tree at DIV5 in WT+Cdh6OE (Zeb2fl/fl+ pCAG-Cdh6-IRES-GFP) and WT cells. 

Comparative data of dendrite tree at DIV5 in KO+shCdh6 (Zeb2fl/flNexCre+ pLKO.1-sh-mCdh6) 

and KO+ shScr cells. Unpaired t test with Welch’s correction. **** p < 0.0001; *** p < 0.001; 

** 0.001 < p < 0.01; * 0.01 < p < 0.05. 
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4.7 Overexpression of Neuropilin-1 leads to increasing of dendrites branching in 
WT neurons 

 

As shown previously (Fig.4.1, Fig.4.2), Zeb2- deficient neurons have abnormal 

dendrite branching and orientation. Moreover, loss of Zeb2 leads to increased 

expression of Nrp1 (Fig.4.7). Furthermore, Nrp1 control the branching of dendritic 

tree in vitro (Fig.4.8). To understand whether changes in Nrp1 expression levels 

in Zeb2-deficient neurons is responsible for the morphological changes in these 

cells in vivo, we overexpressed Nrp1 in wildtype upper layer neurons in vivo by in 

utero electroporation of the pCAG-Nrp1 expression construct into embryos at 

E15.5 and fixed brains at P23. Morphological analysis of the modified neurons at 

P23 revealed that neurons overexpressing Nrp1 have considerably increased 

branching of dendrites as compare with control cells. These results show that 

Nrp1 can stimulate the branching of the dendritic tree. I had observed a similar 

increase in dendritic branching upon loss of Zeb2 (Fig.4.10).  
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Figure 4.10. Overexpression of Nrp1 increases dendritic branching in control 

neurons  

The neuronal reconstructions of cells at P23 demonstrate phenotype of dendritic tree 

complexity in Nrp1-OE (Zeb2fl/fl+ pCAG-Nrp1-IRES-GFP) cells (N=30) and WT (Zeb2fl/fl+ pCAG-

GFP) cells (N=30). Scale bar is 50 µm. Nrp1-OE cells have increased dendritic branching as 

compare with control cells.  The number of totally intersections are significantly changed in the 

Nrp1-OE brains than control brains (N of cells= 30). Unpaired t test with Welch’s correction. 

**** p < 0.0001; *** p < 0.001; ** 0.001 < p < 0.01; * 0.01 < p < 0.05. 
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4.8 Downregulation of Neuropilin-1 restores arborization 
 

In order to determine if the abnormal dendritic branching seen in Zeb2 knockout 

animals was due to increased expression of Nrp1, we downregulated Nrp1 

expression in these animals using a specific shRNA. When introduced into a cell, 

shRNA suppresses gene expression by RNA interference, thereby providing 

heritable suppression of target gene expression (Moore, Guthrie, Huang, & 

Taxman, 2010). The scrambled shRNA (ShScr) was used as a control. Zeb2fl/fl 

embryos were electroporated with either shScr, Cre+ shScr or Cre+ shNrp1 (KO 

with downregulated Nrp1) at E15.5 and fixed at P23. I imaged and traced the 

modified neurons and analysed the complexity of the dendritic tree by Sholl 

analysis. It shows that KO is more complex that WT as shown previously (Fig.4.2). 

Knockdown of Nrp1 decreases the complexity of the KO to a level similar to the 

WT. It means that shNrp1 restored normal branching complexity. Thus, shNrp1 

rescues the dendritic phenotype of the knockout, reducing the excessive 

complexity of the knockout dendritic tree to a WT dendritic tree morphology 

(Fig.4.11). 
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Figure 4.11. Deletion of Nrp1 expression decreases dendritic branching in 

knockout neurons  

The neuronal reconstructions of cells at P23 demonstrate phenotype of dendritic tree 

complexity in the Zeb2fl/fl+shScr control cells and Zeb2fl/fl + Cre+ shNrp1 cells (N=30). Apical 

dendrite is marked by green color. Basal dendritic tree is marked by black and blue color. Scale 

bar is 50 µm. The number of totally intersections are not significantly changed in the Zeb2fl/fl + 

Cre+ shNrp1 brains and control cells (N of cells= 30). The total number of intersection are 

significantly changed between the Zeb2fl/fl + shScr and Zeb2fl/fl + Cre+ shScr, and Zeb2fl/fl + Cre+ 

shScr and Zeb2fl/fl + Cre+ shNrp1 cells (N of cells= 30, p<0.001) but are not significantly changed 

between the Zeb2fl/fl + shScr and Zeb2fl/fl + Cre+ shNrp1. One-way ANOVA with Dunn’s multiple 

comparison tests. **** p < 0.0001; *** p < 0.001; ** 0.001 < p < 0.01; * 0.01 < p < 0.05. 

Variation of data published in Epifanova et al., 2021. 
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Together, the two experiments with overexpression of Nrp1 and knockdown of 

Nrp1 show that Nrp1 is involved in the phenotype of increased dendritic 

branching of the Zeb2- deficient cells.  
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5 Discussion 
 

Dendrites are key regulators of neuronal function and are often affected in 

cognitive disorders (Cubelos & Nieto, 2010). Patients with Alzheimer's disease 

show loss of dendrites and synapses and reduced dendritic branching (Knopman 

et al., 2021). In Down syndrome mouse models, the distal apical branches are 

missing or reduced in number (Uguagliati et al., 2022). Mutation of the 

transcriptional receptor, Zeb2 is the cause of Mowat-Wilson syndrome, 

characterized among others by facial phenotype and intellectual disability  

(Cordelli et al., 2021).  

The data presented here show that loss of Zeb2 expression in the mouse 

neocortex leads to abnormal increased branching of dendrites and causes the 

incorrect positioning of apical dendrites, so that neurons are rotated to the lateral 

side of the brain.  By deep sequencing assay of RNA and mass spectrometry 

analysis I identified novel targets of Zeb2 that could be regulating dendritic 

development. In situ hybridization showed that the Cadherins (Polanco et al., 

2021), Integrins (ItgA6, ItgB1) family genes as well as Nrp1 are upregulated upon 

loss of Zeb2.   

Finally, I showed that Nrp1 overexpression in Zeb2-deficient neurons in the 

mouse neocortex restores normal dendritic branching patterns but does not alter 

the orientation of the apical dendrite, suggesting that other pathways are 

involved in regulating this phenotype.   
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5.1 Zeb2 controls dendritic development 
 

Previously scientific studies have concentrated on studying the Zeb2 molecular 

structure, the role of Zeb2 in axonal growth, neuronal crest development (van 

Grunsven et al., 2001), Xenopus development, Mowat-Wilson syndrome, 

syndromic form of Hirschsprung disease, and others  (Srivatsa et al., 2015; Van de 

Putte et al., 2007; Van de Putte et al., 2003; Wakamatsu et al., 2001). It was not 

known however, whether Zeb2 also influenced dendritic arborization. 

Dendrites begin to branch out in the first years of life (Goikolea-Vives & Stolp, 

2021). Elongation of dendritic branches and an increase in branch complexity 

correlate with synapse formation before the period of reorganization and synapse 

contraction in early adolescence, when patterns of branching and synaptic 

communication are established in adults. In this study I have showed that Zeb2 

controls the branching step of dendritic development (Fig.4.2).  

Zeb2 starts to be expressed at E8.5 in the neural tube and in neural crest cells. At 

E16.5 and E18.5 Zeb2 continue to be expressed at a higher level in postmitotic 

areas than in mitotically active areas of the cortex (Miquelajauregui et al., 2007), 

although it regulates progenitor fate non-cell autonomously (Seuntjens et al., 

2009). 

During development, dendrites extend after neurons have finished migration 

from the proliferative regions into the CP. Early (P5-7) branching patterns already 

have a single apical primary dendrite organized at 90 degrees to the pia along 

with 3-9 basal dendrites (Larkman, 1991). Disturbance of the morphology of the 

dendritic tree of neurons in the early stages of development of the cerebral cortex 

determines cerebral cortex results in impaired connectivity and therefore 

restricts cortical or cognitive function.  
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Dendritic branching defects can be caused by intrinsic defects in cell homeostasis, 

for example, changes in cytoskeleton and lysosomal disorders (Wang, 

Telpoukhovskaia, Bahr, Chen, & Gan, 2018). Zeb2 may therefore be directly 

involved in the regulation of the dendritic tree development through interaction 

with the main molecules that regulate the development of neuronal morphology 

in the early stages of embryogenesis. One of the first target genes identified for 

Zeb2 was Ninein (Srivatsa et al., 2015), a protein that binds the centrosome and 

the minus-end of microtubules. It was surprising, that although Zeb2 generally 

functions as a transcriptional repressor, it promoted the expression of Ninein 

which was suppressed in the absence of Zeb2. Ninein was shown to influence 

microtubule stability and dynamics in neocortical axons (Srivatsa et al., 2015). 

The group also analysed the possible role for Ninein in the development of 

dendrites, but found no role (M. Rosário, data not shown). Microtubules organize 

plus-ends outward in the axon and are characterized by mixed orientation in 

dendrites (Rao & Baas, 2018). 

I have shown that loss of Zeb2 causes strong changes in the types of proteins that 

are expressed at the cell surface. These include changes in cell adhesion 

molecules such as Integrins and Cadherins and ligands such as Semaphorins 

(Fig.4.5). Earlier work has shown the actions of extrinsic proteins on intrinsic 

developmental processes that lead to dendrite patterning (Lin, Chen, Yu, Hsu, & 

Lee, 2020). Thus, in general changes in cell surface proteins can affect dendritic 

formation.  

 

5.2 Modulation of gene expression by Zeb2 
 

ZEB2 is a highly conserved gene that is expressed in all tissues during embryonic 

development. Zeb2fl/flNexCre mice have neural plate and neural crest defects 
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starting at E8.5. Zeb2 conditional knockout mice show open neural tube defects, 

stopping the stratification of neural crest cells (Higashi-Okai, Kamimoto, Yoshioka, 

& Okai, 2002; Van de Putte et al., 2003). Expression of Zeb2 throughout the 

development of the nervous system highlights important regulatory role in the 

evolutionary process (Gheldof, Hulpiau, van Roy, De Craene, & Berx, 2012). ZEB2 

as a transcription factor is involved in embryonic development at the earliest 

stages, participating in transforming growth factor beta (TGF- β), bone 

morphogenetic protein and Wnt signaling pathways, activating Smads proteins 

and being involved in epithelial to mesenchymal phenotypes (Grabitz & Duncan, 

2012; Miquelajauregui et al., 2007). Zeb2 is mostly known as a repressor (Conidi 

et al., 2011) with high-affinity binding of DNA (Nelles et al., 2003) and connect 

with activated SMAD transcriptional cofactors (Miquelajauregui et al., 2007). 

I observed more genes that were upregulated upon loss of Zeb2 than 

downregulated, in the deep sequencing data suggesting that Zeb2 is mostly acting 

as a repressor. Thus, I concentrated on repressor functions to understand what 

overexpressed genes are in absence of Zeb2 could be involved in regulation of 

dendritic tree morphology.  

 

5.2.1 Zeb2 and Adhesion molecules 
 

When the Zeb2 gene is deleted, enrichment of the Cadherin and the integrin 

family  at the plasma membrane is observed, which suggests the mutual 

participation of these genes in the regulation of the morphology of the dendritic 

tree. The adhesion proteins Сadherins, when interacting with associated cytosolic 

catenins, mediate cell adhesion, and can thus regulate the branching and 

functional role of dendrites (Arikkath, 2012). Cadherins connect to the actin 

cytoskeleton through interaction with catenins, specifically indirect interaction 
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with alpha catenin links them to the actin cytoskeleton (Kobielak & Fuchs, 2004). 

When expressed normally, cadherins mediate selective cell-cell adhesion, which 

play an important role in the formation of all tissues (Takeichi, 1988). Cadherin-2 

is involved in the regulation of growth and branching of dendrites (Tan, Peng, 

Song, Zheng, & Yu, 2010). The loss of Zeb2  led to increased expression of 

Cadherins (2,4, 6, 10, 11, 13)  at the cell surface of cortical neurons (Fig.4.5.A,B).  

Cadherins (2,4, 6, 10, 11, 13)  are increased at the cell surface upon loss of Zeb2. 

In terms of total expression levels however, I only detected upregulation of Cdh6 

upon loss of Zeb2. Here, we detected that Cdh2 and Cdh6 are overexpressed 

upon loss of Zeb2 by in situ hybritization (Fig.4.6). The number of primary neurites 

is increased upon Cdh6 overexpression, but I observed no effect of Cdh6 on the 

complexity of dendritic branching in vitro. Interestingly, our group went on to 

demonstrate that Cdh6 is important for the orientation of the apical dendrite in 

vivo (Epifanova et al., 2021), a function that cannot be studied in vitro. 

I have shown that deletion of Zeb2 in the telencephalon causes an increase in the 

mRNA expression of protocadherins (Garrett, Schreiner, Lobas, & Weiner). Deep 

sequencing data showed that Pcdh1, Pcdh8, Pcdh9, Pcdh10, Pcdh19 are 

overexpressed in the absence of Zeb2. Of these, only Pcdh8 and Pcdh19 were 

found in larger amounts at the plasma membrane upon loss of Zeb2. This suggests 

that only Pcdh8 and 19 are possible direct targets of Zeb2 that may be relevant 

for signalling events in Zeb2-deficient neurons. Protocadherins are cell adhesion 

molecules involved in contact-dependent regulation of dendritic branching and 

axon elongation, specifically regulate branching through signaling via Rho 

GTPases (Peek, Mah, & Weiner, 2017) . Conditional knockout of γ-protocadherins 

in the mouse brain leads to impairment of dendritic complexity, although the 

effect is mainly manifested relatively late in cortical development, from P18 to 

P28 (Garrett et al., 2012 & Weiner, 2012). Also, protocadherins have been shown 
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to regulate spontaneous avoidance of dendrites within dendrites (Lefebvre, 

Kostadinov, Chen, Maniatis, & Sanes, 2012).  

The integrin family, like the cadherins, provide for the binding of neurons to each 

other and to the extracellular matrix, mediate neurite survival and growth in 

primary cortical culture of neurons (Anton, Kreidberg, & Rakic, 1999; Schmid et 

al., 2004). The Integrin α5β1 is expressed in ventricular progenitors during cortical 

development and is involved in the regulation of neuronal morphology and 

migration, as well as cortical dissection during cortical development (Marchetti et 

al., 2010). Combination of Sema3a and ItgB1 mediate stimulation the growth of 

dendrites and axons (Tan et al., 2012). Zeb2 suppress ItgA3 and ItgB1 expression 

in control neurons and it is overexpressed in Zeb2- deficient neurons (Fig.4.7). 

Deep sequencing data showed that ItgA3 and ItgA6 are changed at the expression 

level, while mass spectrometry data indicate that the cellular localization of ItgA3, 

ItgA5, ItgA6, ItgB1, ItgB5 and ItgB8 are changed in the absence of Zeb2. By in situ 

hybridization, I confirmed  upregulation of ItgA6 and ItgB1 in absence of Zeb2 

(Fig.4.7). Thus, Zeb2 controls expression and surface localization of ItgA6 and 

ItgB1 suggesting that these genes may regulate dendritic morphogenesis in Zeb2- 

deficient neurons. Earlier was shown the role of integrin proteins in the cortical 

layer formation (Dulabon et al., 2000).  

 

5.2.2 Zeb2, chemoattractants and repellents 
 

Dendritic morphogenesis is also shaped by interaction with chemoattractants and 

repellents. I observed that Sema3a, Slit1 and Epha7 are overexpressed in absence 

of Zeb2 in mass spectrometry data. Sema3a is a chemorepellant for axons and a 

chemoattractant for dendrites, supports the growth and orientation of the 

primary apical dendrite and is required for secondary and tertiary branching 
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(Fenstermaker, Chen, Ghosh, & Yuste, 2004; Polleux et al., 2000; Shelly et al., 

2011; White & Behar, 2000). Slit1 is a secreted factor acting through the Robo 

receptor, stimulating the growth and branching of dendrites (Whitford et al., 

2002). EphA7 appears to be another regulatory molecule that has varied effects 

throughout development, as EphA7 signaling restricts dendrite growth and early 

spine formation during early development (up to P10 in mice), but promotes 

dendritic spine formation at later stages of development (Clifford et al., 2014).  

I observed that Semaphorins 3a, 3c are expressed without changes (Fig.4.7) 

Sema3a is a major component of chemoattractant signaling for apical dendrites 

growing (Polleux et al., 2000). Local action on undifferentiated neurites by 

Sema3a causes its differentiation into dendrites through local suppression of 

axonal development. Suppression of Sema3a signaling in developing cortical 

neurons in vivo leads to polarization disruption and a decrease in the length of 

the apical dendrite (Shelly et al., 2011). The plexin / neuropilin complex mediates 

the repulsive effects of Sema3a and activates downstream signaling mechanisms 

through the plexin cytoplasmic domain. (Rohm et al., 2000). In the functional 

receptor complex of semaphorin, plexin determines specificity, limits the binding 

properties of neuropilins, and determines the response of axons to some 

semaphorins. The extracellular factor promotes the growth of undifferentiated 

neurites and can polarize the neuron by activating the growth of nucleated 

neurons and suppressing the formation of new axons (Shelly et al., 2011).  

Plexin receptors are always involved in Sema signaling. The Sema /plexin complex 

at the embryonic stage of development prevents the abnormal germination of 

developing neurons and mediates the initial process of growing nerve cells 

(Nishiyama et al., 2011; Shelly et al., 2011). Besides, Plexin proteins regulate the 

adhesion of neuronal cells and the formation of the neural network through the 

mechanism of homophilic binding due to calcium ions (Fujisawa, Ohta, 
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Kameyama, & Murakami, 1997). It is noteworthy that the loss of Zeb2 does not 

disrupt the expression of the Sema3a, Sema3c and PlexinA4 proteins, thus 

eliminating the role of these genes in disrupting the branching of the dendritic 

tree in Zeb2- deficient neurons.  When plexin binds to Sema3a, the level of the 

active Rho family GTPase is increased which leads to a decrease in the activation 

of integrin (Danelon et al., 2020). Surface localisation and protein expression of 

ItgB1 are upregulated in the absence of Zeb2.suggesting that a decrease in the 

activation of integrin signalling is also here needed for correct neuronal 

differentiation that at the same time is upregulated in absence of Zeb2.  

 

5.2.3 Zeb2 and Synaptogenesis 
 

I also identified genes involved in synaptogenesis altered upon loss of Zeb2. Deep 

sequencing and mass spectrometry data showed that contactin and neurexin 

proteins are overexpressed upon loss of Zeb2. Contactin 4 (CNTN4) and neurexin 

(1,2) regulate intercellular contacts, affect dendritic spine formation (R. Zhao et 

al., 2021). Downregulated CNTN4 induces the development of schizophrenia and 

most often alters synaptic function and regulates the branching of hippocampal 

neurons in mice (Oguro-Ando et al., 2021). These data suggest that Zeb2 may also 

regulates later stages of dendritic maturation. Indeed, it has been shown that loss 

of Zeb2 in nociceptive neurons is associated with a reduced spike gain only in 

capsaicin/heat-sensitive neurons of dorsal root ganglia, which was accompanied 

by an up-regulation of persistent Na+-channels and a decrease in delayed rectifier 

K+-channels (Birkhoff, Huylebroeck, & Conidi, 2021). 

Other proteins whose expression was upregulated upon loss of Zeb2 were 

members of the neurotrophin family, VAT1L and β-synuclein. Mass spectrometry 

showed the changed surface localization of these proteins. The family of 
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neurotrophic factors (NGF, BDNF, NT-3 and NT-4) play multiple roles in regulating 

brain development and function. VAT1L is an integral membrane protein of 

cholinergic synaptic vesicles and is responsible for the storage, regulation and 

release of neurotransmitters at the nerve endings, and is involved in vesicular 

transport. β-synuclein (βS) regulates neurodegeneration, which leads to axonal 

swelling, astrogliosis and behavioral abnormalities, impairment and motor 

deficits (Fujita et al., 2010). Synuclein B is predominantly expressed in the 

neocortex, hippocampus, striatum, thalamus, and cerebellum. The absence of 

Zeb2 dramatically increases synuclein B expression, which may protect the central 

nervous system from neurotoxic effects by inhibiting synuclein A (Hashimoto et 

al., 2004).  

 

5.3 Regulation of dendritic branching through Neuropilin-1 
 

Neuropilin-1 is a transmembrane receptor and is present on both axons and 

dendrites (Morita et al., 2006). Proteins such as NRPs and plexin-As can act as the 

ligand-binding and signaling subunits of class 3 semaphorin receptor complexes 

(Fujisawa, 2004; Takahashi et al., 1999). 

I have shown that Neuropilin-1 is overexpressed in Zeb2-deficient mice at E.15.5 

(Fig.4.7). Overexpression of Nrp1 leads to increased dendritic tree branching in 

the neocortex of wildtype animals, while deletion of the Nrp1 gene in Zeb2-

deficient mice restores dendritic branching in vivo (Fig.4.9-4.10). This effect is 

confirmed by experiments in vitro (Fig.4.8). Finally, downregulation of Nrp1 

restores the dendritic tree morphology of Zeb2-deficient neuronal cells (Fig.4.11). 

These data show that both Zeb2 and Nrp1 play an important role in the branching 

of dendritic tree. Tran et al. showed secreted semaphorins and Nrp2 control spine 

distribution and morphogenesis in the postnatal central nervous system  
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(Goshima et al., 2012; Tran et al., 2009). Sema3a- knockdown mice show reduced 

dendritic branching, and when Sema3a is overexpressed ins wild-type neurons 

dendritic length and branching is increased (Fenstermaker et al., 2004). 

Comparing the data on Sema3a and our data on Nrp1, we can conclude that both 

Sema3a and Nrp1 are necessary for dendrite morphology. Being a co-receptor 

function for Sema, Neuropilin-1 participated in regulation of development of CNS. 

Thus, I can suggest that the Nrp1 function downstream of Zeb2 is to do with 

Sema3A. Besides, being a co-receptor for vascular endothelial growth factor, Nrp1 

control downstream signaling pathway for development of cardiovascular system 

(Soker, Takashima, Miao, Neufeld, & Klagsbrun, 1998).  

Other way to regulate Nrp1 is Reelin. Nrp1 is a coreceptor for Reelin that together 

regulate normal dendritic development in superficial-layer neurons (Kohno et al., 

2020). Zeb2 controls expression of Reelin that characterized by layering 

malformations in the cerebral cortex and increased complexity of apical, but not 

basal dendrites (Forster, 2014). Besides, Reelin has recently been shown to 

interact with Nrp1, a complex that is required for normal dendritic development 

in superficial-layer neurons (Kohno et al., 2020). Zeb2 regulates the external 

protein Nrp1 in vitro at DIV5 (Fig.4.8) and in vivo at P23 (Fig.4.2), and by in situ 

hybridization at E15.5 (Fig.4.7). 

 

5.4 Relation of increased dendritic complexity and neurodegenerative diseases 
 

Zeb2 knockout is characterized by the absence of the corpus callosum, Zeb2 + 

Emx1-iresCre knockout in cortical progenitors is characterized by the absence of 

the entire hippocampus (Miquelajauregui et al., 2007). Mutant mice are viable, 

usually stunted, have smaller brains, and lack the hippocampus and corpus 

callosum. This tight regulation can be explained by the fact that ZEB2 directly 
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represses the common Wnt inhibitory gene Sfrp1. Thus, overregulation of Sfrp1 

in Zeb2 knockout leads to inhibition of JNK activity and causes the 

aforementioned defects in proliferation and apoptosis (Rosso et al., 2005). 

Birkhoff et al. demonstrated that Zeb2 is essential for the normal development of 

the cerebellum in mice at the stages of postembryonic development P18-P28 

(Birkhoff et al., 2021). Studies of the ZEB2 gene have shown the presence of the 

rs6755392 locus, which is initially associated with chronic severe mental disorder 

schizophrenia (Khan et al., 2016). 

Disturbed dendritic branching can be the cause of the development of many 

neurodevelopmental disorders, since the synaptic connections of neural 

networks will be disrupted. Long-term relapses of neurodegenerative diseases 

inevitably also cause dendritic anomaly (Rossini et al., 2021). In the absence of 

the Zeb2 gene, Nkx2-1 expression is not suppressed, and the cells develop into 

the NPY / nNos / Sst subtype of the striatal GABAergic interneuron. Disruption of 

the development of cortical interneurons may be involved in the occurance of 

epilepsy in some  Mowat-Wilson syndrome, patients (Adam, Conta, & Bean, 1993; 

McKinsey et al., 2013). At the same time, people with Down syndrome often 

develop comorbidities during their life, including Alzheimer's disease. It is noted 

that Alzheimer's disease is characterized by the loss of neurons and synaptic 

connections in the cerebral cortex and certain subcortical regions (Wenk, 2003). 

Thus, the development of a particular dementia is based on the pathologies of 

neuronal cells. Despite a large number of studies, there is still no complete picture 

of the development of one or another neurodegenerative disease, which suggests 

a possible role of the ZEB2 gene at the initial stages of neuronal morphology 

disorders and, as a consequence, the development of dementia. 
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5.5 Orientation of the apical dendrite and neurodegenerative diseases 
 

The apical dendrite is the first primary dendrite that forms during the 

development of a neuron. The direction of development of the apical dendrite is 

very limited and grows in a directed direction towards the pia (Miller & Peters, 

1981). After migrating to the cortical plate, neurons immediately extend the 

apical dendrite towards the pia surface. The Golgi apparatus is usually located at 

the base of the apical dendrite during the establishment of dendritic polarity (Wu, 

Fujishima, & Kengaku, 2015).It is not clear however, how the apical dendrite 

acquires its orientation. The second distinctive feature of the neuronal 

morphology phenotype of the Zeb2fl/flNexCre neuronal cells is the abnormal 

orientation of the apical dendrite in relation to the pia. The apical dendrite of 

wildtype neocortical excitatory neurons runs directionally from the upper pole of 

the neuron soma to the pia and is characterized by localization of the Golgi 

apparatus at the base of it during early stages of differentiation (Horton et al., 

2005; Matsuki et al., 2010). Basal dendrites emerge from the base of the neuron 

soma and are directed to the side or downwards. But neurons in other regions of 

the brain also have different orientations (Leguey et al., 2018).  

Apical dendrites of layer VI pyramidal neurons extend all the way to layer IV 

(Ledergerber & Larkum, 2010). The presence of a huge number of apical dendritic 

branches in layer I of the cerebral cortex provides contact with a large number of 

neurons, which mediate large-scale modulating effects. On the surface of apical 

dendrites, there are voltage-gated ion channels that regulate the integrative 

process and signal propagation in the dendritic tree (London & Hausser, 2005; 

Spruston, 2008). The misorientation of the apical dendrite, that we see in Zeb2-

deficient neurons (Fig.4.1), the deviation of the angle to one side or the other 

from the surface of the pia determines the number of contacts with other cells 

and the integrative process. 
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The aberrant orientation of the apical dendrite could be associated with loss of 

Reelin or Sema3a chemoattractants (Forster, 2014; Sasaki et al., 2002), that also 

characterized by development of morphological defects (Fenstermaker et al., 

2004; Sasaki et al., 2002) but I did not see changes in expression of Reelin in 

absence of Zeb2. Also, Sema3a is overexpressed in Zeb2-deficient RNA that was 

shown by deep sequencing, but in situ hybridization showed no effect in Zeb2-

deficient sections (Fig.4.7). The group has gone on to show that Cdh6 is actually 

responsible for orientation downstream of Zeb2 (Epifanova et al., 2021). 

Apical dendrite growth is regulated by a diffusing chemoattractant present at high 

levels near the marginal zone. Previously, it was shown that Sema3a and 

Neurogenin2 expressed in the cortical lamina, control the direction of growth of 

apical dendrites (Polleux et al., 2000). The orientation of the dendrites is 

disturbed in absence of these proteins. The apical dendrites reach the nearly 

cortical surface and are found in layer I (Ledergerber & Larkum, 2010). The 

presence of a huge number of apical dendrites in layer I of the cerebral cortex 

provides contact with a large number of neurons, which mediate large-scale 

modulating effects. On the surface of apical dendrites, there are voltage-gated 

ion channels that regulate the integrative process and signal propagation in the 

dendritic tree (London & Hausser, 2005; Spruston, 2008). The misorientation of 

the apical dendrite, that we see in Zeb2-deficiet neurons (Fig.4.1), the deviation 

of the angle to one side or the other from the surface of the pia determines the 

number of contacts with other cells and the integrative process. 

Unlike basal dendrites, which receive information from a local region, apical 

dendrites transmit information from associative inputs from other areas of the 

cerebral cortex (Levy, Horn, & Ruppin, 1999). Misorientation of the apical 

dendrite of neurons in the cerebral cortex of Zeb2 knockout mice may therefore 
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change the types of connections made onto upper layer neurons and contribute 

to the formation of pathologies of the cerebral cortex. 

A sharp increase in misorientation and the length of apical dendrites is observed 

after cerebral ischemia (Ruan et al., 2006). The patients have shown that the 

development of neurodegenerative disorders such as schizophrenia, the 

depressive mood is mediated by structural abnormalities of decreased spine 

density, dendritic branching of subicular internal pyramidal cells (Li et al., 2012 

Sun, & Wang, 2017). Misorientation of the apical dendrite, as well as an abnormal 

dendritic tree, can be directly involved in the formation and development of 

neurodegenerative diseases, which are based on the abnormal functioning of the 

neuronal cells of the cerebral cortex as a triggering mechanism. 
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