
Mechanisms of epileptogenesis in
animal models of developmental brain

lesions

Dissertation

zur

Erlangung des Doktogrades (Dr. rer. nat)

der

Mathematisch-Naturwissenschaftlichen Fakultät

der

Rheinischen Friedrich-Wilhelms-Universität Bonn

vorgelegt

von

Barbara Karoline Robens
aus

Kattowitz

Bonn, 2016



Angefertigt mit Genehmigung der Mathematisch-Naturwissenschaftlichen Fakultät der Rheinischen

Friedrich-Wilhelms-Universität Bonn

1. Gutachter: Prof. Dr. Albert Becker

2. Gutachter: Prof. Dr. Albert Haas 

Tag der Promotion: 18.11.216 

Erscheinungsjahr: 2016



Eidesstattliche Erklärung

Diese Dissertation wurde im Sinne der Promotionsordnung vom 17.06.2011 am Institut für Neuropa-

thologie der Universität Bonn unter der Leitung von Prof. Albert Becker angefertigt.

Hiermit versichere ich, dass ich die vorgelegte Arbeit selbstständig und ohne unzulässige Hilfe Dritter

gemäß der Promotionsordnung vom 17.06.2011 verfasst habe. Nur die angegebenen Quellen wurden in

dieser Arbeit genutzt. Abschnitte die direkte Zitate enthalten, wurden als solche gekennzeichnet.

Alle elektrophysiologischen Messungen wurden von Robert Maresch durchgeführt. Die Analyse der

elektrophysiologischen Daten erfolgte durch Robert Maresch und Tony Kelly aus dem Institut für ex-

perimentelle Epileptologie von Prof. Heinz Beck der Uni Bonn. Die Resultate wurden mit deren Geneh-

migung in dieser Arbeit verwendet.

Abbildung 2.2 wurde von Prof. Albert Becker aufgenommen und mit seiner Genehmigung in dieser

Arbeit verwendet.

Einige Teile dieser Arbeit wurden bereits in Form von wissenschaftlichen Fachartikeln verö�entlicht

und entsprechende Abbildungen wurden in dieser Arbeit ebenfalls verwendet:

Robens, B, Grote, A, Pitsch, J, Schoch, S, Cardoso, C, & Becker, A. J. (2016) Minute amounts of hamartin

wildtype rescue the emergence of tuber-like lesions in conditional Tsc1 ablated mice. Neurobiology of

Disease.

Ort, Datum Barbara Karoline Robens



Contents

1 Summary 7

2 Introduction 9
2.1 Glioneuronal tumors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.1.1 Gangliogliomas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.1.2 Pathogenesis of gangliogliomas . . . . . . . . . . . . . . . . . . . . . . . . 10

2.2 Malformations of cortical development . . . . . . . . . . . . . . . . . . . . . . . . 12

2.2.1 Focal cortical dysplasia (FCD) . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.2.2 Tuberous sclerosis (TSC) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.2.3 Pathogenesis of focal cortical dysplasia & tuberous sclerosis . . . . . . 14

2.3 A unifying pathological feature of GGs, FCDIIb, and TSC: Dysplastic neurons . 15

2.4 Animal models for GGs, FCDIIb, and TSC . . . . . . . . . . . . . . . . . . . . . . 16

2.5 Basic mechanisms of cortex development . . . . . . . . . . . . . . . . . . . . . . 18

2.5.1 Axon and dendrite outgrowth . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.5.2 Synapse development and maintenance . . . . . . . . . . . . . . . . . . . 22

2.6 Ste20 like kinase (SLK) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3 Aims of the study 26

4 Material 28
4.1 Equipment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

4.2 Chemicals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

4.3 Antibodies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

4.4 Cell culture media and reagents . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

4.5 Kits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

4.6 Oligo nucleotides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.6.1 Cloning Primers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.6.2 Sequencing Primers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4.6.3 Genotyping primers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

4.6.4 Primers for quantitative real-time PCR . . . . . . . . . . . . . . . . . . . 37

4.7 Enzymes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

4.8 Plasmids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

5 Methods 40
5.1 Molecular biological methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

5.1.1 Polymerase chain reaction (PCR) and agarose gel electrophoresis . . . . 40

4



Contents 5

5.1.2 Cloning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

5.1.3 Genotyping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

5.1.4 mRNA isolation, cDNA synthesis and real-time PCR . . . . . . . . . . . . 42

5.2 Cell culture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

5.2.1 Cell culture with human embryonic kidney (HEK) cells . . . . . . . . . . 42

5.2.2 Transfection of HEK cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

5.2.3 Production of crude recombinant adeno-associated virus (rAAV) extracts 42

5.2.4 Primary neuronal cell culture . . . . . . . . . . . . . . . . . . . . . . . . . 43

5.2.5 Transfection and transduction of primary neuronal cultures . . . . . . . 43

5.3 Biochemical methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

5.3.1 SDS-Page and western blo�ing . . . . . . . . . . . . . . . . . . . . . . . . 44

5.4 Immunochemical methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

5.4.1 Immunocytochemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

5.4.2 Immunohistochemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

5.5 Microscopy and imaging analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

5.5.1 Neurite quantification and Sholl Analysis . . . . . . . . . . . . . . . . . . 45

5.5.2 Fluorescence intensity analysis . . . . . . . . . . . . . . . . . . . . . . . . 46

5.5.3 Analysis of colocalization . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

5.5.4 �antification of synapse density . . . . . . . . . . . . . . . . . . . . . . . 46

5.5.5 Analysis of growth cone size . . . . . . . . . . . . . . . . . . . . . . . . . . 47

5.5.6 Analysis of gephyrin cluster size and fluorescence intensity of synaptic
antibody staining . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

5.5.7 Analysis of TSC1 knockout neurons . . . . . . . . . . . . . . . . . . . . . 47

5.5.8 Cortical positioning of electroporated neurons . . . . . . . . . . . . . . . 48

5.5.9 Assessment of tumor “malignancy” and Kaplan-Meier curve . . . . . . . 48

5.5.10 Band analysis a�er western blot . . . . . . . . . . . . . . . . . . . . . . . . 48

5.6 Intraventricular in utero electroporation in mice . . . . . . . . . . . . . . . . . . 48

5.7 PTZ experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

5.8 Statistical analyses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

6 Results 51
6.1 Establishing a ganglioglioma mouse model . . . . . . . . . . . . . . . . . . . . . 51

6.1.1 Cerebral tumor characterization . . . . . . . . . . . . . . . . . . . . . . . 52

6.2 Analysis of dysplastic neurons within tuber-like lesions in an improved TSC
mouse model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

6.2.1 Establishing an improved TSC mouse model . . . . . . . . . . . . . . . . 57

6.2.2 Embryonic TSC1 knockout leads to altered final positioning of cortical
neurons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

6.2.3 Induction of dysplastic neurons within tuber-like lesions is not restricted
to a certain time point in embryonic development . . . . . . . . . . . . . 63

6.2.4 Focal cortical expression of distinct TSC1 variants results in tuber-like
lesions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65



Contents 6

6.2.5 Minimal amounts of wildtype TSC1 are su�icient to prevent dysplastic
neuron and tuber-like lesion formation . . . . . . . . . . . . . . . . . . . 68

6.2.6 TSC1 knockout in di�erent precursor cell populations . . . . . . . . . . 70

6.3 The role of SLK for normal cortex development . . . . . . . . . . . . . . . . . . . 73

6.3.1 Loss of SLK expression in dysplastic neurons of FCDIIb and GGs . . . . 73

6.3.2 RNAi mediated SLK knockdown . . . . . . . . . . . . . . . . . . . . . . . 75

6.3.3 SLK knockdown in neurons results in impaired neurite morphology in
vitro . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

6.3.4 Focal cortical loss of SLK results in impaired cortex development . . . . 79

6.3.5 SLKs specific subcellular localization . . . . . . . . . . . . . . . . . . . . . 82

6.3.6 SLK silencing results in progressive juvenile inhibitory postsynapse loss 84

6.3.7 Reduced inhibition upon SLK knockdown . . . . . . . . . . . . . . . . . 87

6.3.8 Focal SLK knockdown leads to increased PTZ-induced seizure severity 88

6.3.9 In vitro analysis of SLK interaction with the cytoskeleton . . . . . . . . 89

6.4 The role of LDB1 and LDB2 for normal cortex development . . . . . . . . . . . 92

6.4.1 Reduced LDB1 protein levels in dysplastic neurons human GG cases . . 92

6.4.2 RNAi mediated LDB1/2 knockdown . . . . . . . . . . . . . . . . . . . . . 94

6.4.3 LDB1/2 knockdown in neurons results in impaired neurite morphology
in vitro and in vivo . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

6.4.4 Focal LDB1&2 knockdown does not induce a hyperexcitable cortical le-
sion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

7 Discussion 102
7.1 Focal loss of p53 together with BRAF-V600E and Akt expression induces glioneu-

ronal tumors with dysplastic neurons . . . . . . . . . . . . . . . . . . . . . . . . . 102

7.2 Analysis of the pathogenetic mechanisms underlying tuberous sclerosis . . . . 104

7.3 SLK is needed for normal cortex development . . . . . . . . . . . . . . . . . . . 109

7.4 Focal loss of SLK leads to a hyperexcitable neuronal phenotype . . . . . . . . . 112

7.5 Loss of LDB1 and LDB2 leads to aberrant neuronal morphology . . . . . . . . . 115

8 Abbreviations 118

9 Acknowledgements 146



1 Summary

Developmental brain lesions, including glioneuronal tumors (GNT) and malformations of cortical devel-

opment (MCD), are among the most common causes for pharmaco-resistant epilepsy. Despite substan-

tial di�erences, their shared major hallmark are dysplastic neurons characterized by abnormal dendritic

arborization. However, the exact molecular mechanisms underlying dysplastic neurons and epileptoge-

nesis in these devastating disorders are still largely unknown. This lack in our knowledge signi�cantly

hinders the development of novel therapeutic approaches. Therefore, the goal of this study was to gain

more insight into various aspects of the pathogenesis of tuberous sclerosis (TSC), focal cortical dys-

plasia type IIb (FCDIIb) and gangliogliomas (GG) with an emphasis on the mechanisms underlying the

emergence of dysplastic neurons.

We generated a mouse model for developmental brain tumors by embryonic, focal p53 knockout as well

as BRAF-V600E and Akt expression. Our �rst �nding is that a compromised progenitor cell population

is su�cient to induce GG resembling tumors harboring dysplastic neurons. As of yet, there were no GG

animal models available, thus our mouse model provides an excellent basis for future in depth analysis

of these complex tumors as well as potential drug testing.

In a second experimental setup we analyzed the so far unclear pathogenetic mechanisms underlying

the formation of cortical tubers, a hallmark of TSC. These are composed of large dysplastic neurons

and giant cells that are histomorphologically virtually indistinguishable from abnormal cells found in

FCDIIb lesions. We found that developmental expression of TSC-associated mutations, but not the

FCDIIb-associated allelic variants, of the tuberous sclerosis complex1 (TSC1) gene results in the forma-

tion of dysplastic neurons in mice. Respective TSC1-silenced cortical neurons expressing the mutated

TSC1 gene product hamartin
R692X

or hamartin
R786X

showed cellular features reminiscent of dysplastic

neurons, stressing their pathogenic potential. Intraventricular in utero electroporation (IUE) of TSC1-

R692X and varying concentrations of wildtype TSC1 revealed that already minimal amounts of func-

tional hamartin are su�cient to prevent the emergence of dysplastic neurons from tuber-like lesions.

This strong rescuing capacity stresses substantial silencing of both TSC1 alleles as critical pathogenetic

mechanism for the manifestation of cortical tubers and provides a promising basis for gene therapy

approaches.

Our next �nding suggests loss of the cytoskeleton regulating protein Ste20 like kinase (SLK) as a com-

mon pathological event in the emergence of dysplastic neurons across distinct glioneuronal lesions. We

�nd reduced SLK protein levels in dysplastic neurons of highly epileptogenic FCDIIb and GGs. Accord-

ingly, shRNA mediated SLK silencing in developing cortical neurons results in impaired neurite growth

and arborization of higher order dendrites together with a progressive and selective loss of inhibitory

synapses in mice older than 15 days. A functional impairment of neuronal inhibition was re�ected by

a higher propensity for chemically evoked epileptic seizures. These results indicate SLK loss as a key

7



CHAPTER 1. SUMMARY 8

factor underlying the development of dysplastic neurons and, hence, as a contributor to the emergence

of hyperexcitability in epileptogenic brain lesions. Our data suggest, that the SLK mechanistic pathway

is in part regulated by the upstream LIM-domain binding (LDB) proteins, transcriptional co-activators

with reduced expression in the abnormal neuronal component of GGs. LDB1 and LDB2 knockdown in

developing mouse neurons results in a reduction of neuronal arbor morphology, reminiscent of dys-

plastic neurons, that is rescued by SLK overexpression but not vice versa.

The present study provides novel insights into the mechanisms of epileptogenesis and the emergence

of dysplastic neurons in glioneuronal brain lesions, setting the stage for the development of targeted

treatment methods and drug testing.



2 Introduction

Epilepsy is a syndrome characterized by unpredictable, recurrent seizures a�ecting approximately 50

million people of all ages and is therefore regarded as one of the most common neurological disorder

worldwide [1, 2]. It is a spectrum disorder with a wide range of causes as well as seizure types that

can vary greatly in frequency and severity [3, 4]. Seizures are commonly regarded as the result of a

transient, abnormal, excessive or synchronous neuronal activity in a population of neurons [4, 5]. Up

to 60% of patients have focal epilepsies from which around 30% are pharmaco-resistant, probably due to

the multiple underlying pathogenetic mechanisms [6]. Epilepsy can be classi�ed by etiology as symp-

tomatic, idiopathic or cryptogenic epilepsy [7]. Among these, developmental brain lesions are the most

common causes for drug-resistant, focal, symptomatic epilepsy frequently diagnosed in children and

young adults [8–12]. They are characterized by locally restricted loss of cortical lamination, abnormal

cell growth and di�erentiation [8, 11, 13–23]. Within this group of glioneuronal brain lesions two major

forms can be distinguished: The neoplastic glioneuronal tumors (GNT) and the non-neoplastic malfor-

mations of cortical development (MCD) [24]. Even though their molecular-genetic basis is diverse and

pathologic mechanisms are far from completely understood, some similarities have been identi�ed. The

major shared functional, pathological feature of the extremely epileptogenic GNT and MCD are dys-

plastic neurons. As these neurons or their emergence may have a key role in epileptogenesis and thus,

for severe drug-resistant epilepsy, they are particularly interesting as a basis for new therapeutic strate-

gies [24]. Uncovering the mechanisms underlying their formation and hyperexcitability will increase

our knowledge of epileptogenesis possibly common among glioneuronal lesions and help to identify

therapeutic targets. The gradual process whereby the brain develops recurrent seizures that become

more frequent and severe is referred to as epileptogenesis [25, 26]. More precisely, epileptogenesis

is de�ned as “... the development and extension of tissue capable of generating spontaneous seizures,

resulting in a) development of an epileptic condition and/or b) progression of the epilepsy after the con-

dition is established” [27, 28]. Thus, during this process changes occur in the structure and physiology

of the brain that result in the development of epilepsy. Even if these changes are poorly understood they

are thought to include reorganization of neuronal networks, reorganization of the molecular architec-

ture of individual neurons, aberrant release of neurotransmitters and inhibition/excitation imbalance,

abnormal neurogenesis, axonal sprouting, in�ammation and cell death [1, 29].

Surgical resection of the lesion is currently the treatment of choice for medically intractable epilepsy

[30–32], but is often due to perilesional pathologic changes of the brain no cure to epilepsy [32–36]. To

overcome these known limitations of modern medicine, new treatment options need to be identi�ed.

Therefore, determining mechanisms of disease development that include the emergence of dysplastic

neurons is indispensable for the development of e�ective and targeted therapy strategies.

9



CHAPTER 2. INTRODUCTION 10

2.1 Glioneuronal tumors

GNTs can be classi�ed as a subgroup of long-term epilepsy associated tumors (LEAT), a term recently

introduced by Luyken et al. [11, 37]. LEATs are low grade tumors, characterized by slow growth and

they are mostly located in cortical areas, especially in the frontal and temporal lobe [11]. By de�ni-

tion these tumors are mostly diagnosed in young patients with a history of drug-resistant epilepsy

for more than two years [11, 24, 37]. Drug-resistant complex partial seizures are often the only clini-

cal manifestation [24]. The two most common forms of LEAT are the GNT gangliogliomas (GG) and

dysembryoplastic neuroepithelial tumors (DNT) [38].

2.1.1 Gangliogliomas

GGs are the most common neoplastic tumors causing chronic focal epilepsy [11, 13, 37–39]. They are

highly di�erentiated, benign tumors composed of a mixture of dysplastic neurons and a proliferative

glial component [40]. Most GGs are WHO grade I neoplasms and their benign character allows a fa-

vorable prognosis after surgical resection and seizure freedom. To avoid uncontrolled seizures and

morbidity or the rare risk of malignant transformation, lesionectomy is recommended early after di-

agnosis [38]. However, resection of the tumor itself is often not su�cient for seizure freedom, due to

epileptogenic peritumoral changes [32–36]; e.g. excitatory and inhibitory pathways were shown to

be altered in the perilesional cortex. In some cases also focal cortical dysplasias (FCDs), that were re-

ported to coexist with GGs, are responsible for persisting seizures after surgical removal of the tumor

[11, 13, 41].

Histologically, GGs can be di�erentiated from other tumors by Haematoxylin and eosin (HE) stain-

ing, revealing nodular or compact aggregates of dysplastic neurons with overt ganglioid morphology

with often enlarged, distorted somata and prominent Nissl substance as well as a vesicular nucleus

which is often bi- or multi-nucleated [11, 42]. Typically, GGs are positive for the neuronal markers

chromogranin A, neuro�lament and MAP-2 but not NeuN and show a strong perisomatic synapto-

physin staining [42]. In 80% of GGs cases abnormal appearing neurons are surrounded by precursor

cell marker CD34 underlining the developmental origin of GGs [42]. Still, no speci�c marker was found

to di�erentiate dysplastic from normal neurons, therefore, these cells are usually identi�ed by their ab-

normal size or shape [13] (Fig 2.2 c, d). The neoplastic glial portion, consisting of astrocytes and in part

oligodendrocytes is found in varying proportion and distribution [13].

2.1.2 Pathogenesis of gangliogliomas

Until today pathomechanisms leading to GG formation and focal hyperexcitability remain uncertain,

though many theories have been hypothesized. The di�erentiated biphasic glioneuronal architecture,

focal nature, coexistence of FCDs and the presence of the CD34 stem cell marker colocalizing with

glial cells and neurons underlines the immature phenotype of the tumor cells and the developmental

origin of GGs [8, 11, 13, 14, 24, 42]. Furthermore, alterations in pathways critical for cell size and

growth control, cortical development and neuronal migration, have been reported. These �ndings

point to a compromised or dysplastic precursor lesion with subsequent neoplastic transformation due
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to a second hit in the glial component [13, 15, 16, 40]. However, they also allow for a second theory,

as GGs may as well arise from a single neoplastic progenitor cell harboring somatic mutations that

gives rise to neuronal and glial cell types [43]. Thus, the resulting tumor cells are monoclonal in origin

and subsequently di�erentiate to form neoplastic glial and dysplastic neuronal elements. Nevertheless,

abnormal, dysplastic and hyperexcitable neurons within the lesioned cortex are considered to provoke

synchronized discharges and hence, to be responsible for epileptic seizures. In addition to the peculiar

cellular composition, tumor size, location, and peritumoral changes contribute to epileptogenesis [24].

Mutational events have been suggested as a possible cause for GGs. A systematic analysis of two key

players in the reelin pathway, doublecortin (DCX) and cyclin-dependent kinase 5 (CDK5), revealed

no mutations in these genes but reduced expression [44–46]. These proteins play important roles in

neuronal development, cellular migration processes and modi�cation of the cytoskeleton, thus, their

reduced expression may explain GG formation [40]. Reduced expression of several other genes was fur-

ther demonstrated by microarray analysis of GG tissue compared to adjacent tissue. In theses studies

the authors found altered expression of mRNAs encoding proteins involved in regulation of the chro-

matin state, intracellular signal transduction, in�ammation, cell adhesion, cell cycle and proliferation,

development and di�erentiation [47–49]. One of the most reduced transcripts in GGs in one of these

studies was LDB (LIM-domain-binding) 2. It is a transcriptional co-activator that interacts with the

LIM-HD (LIM-homeodomain) proteins and LIM-only proteins [47]. Their interaction was shown to be

important for neuronal development [50].

Only recently the activating mutation of the BRAF (proto-oncogene B-Raf or v-Raf murine sarcoma viral

oncogene homolog B1) oncogene on position V600 was detected in more than 50% of GGs [51, 52]. BRAF

is a member of the Raf (Rapidly accelerated �brosarcoma) family of serine/threonine protein kinases

and is a key molecule in the mitogen-activated pathway that regulates a variety of cellular functions,

such as proliferation, cell-cycle arrest, terminal di�erentiation, and apoptosis [53]. Mutated BRAF-

V600E is associated with high pS6 (phosphorylated ribosomal protein S6) immunoreactivity [24, 54], a

protein that is phosphorylated upon mammalian target of rapamycin (mTOR) activation. Subsequent

experiments demonstrated that in BRAF-V600E mutated cells, BRAF signaling leads to activation of

downstream proteins and results in excessive mTOR activity [55, 56].

The mTOR pathway is a highly conserved signaling cascade that integrates information from multiple

sources in response to cues from nutrient and energy levels, growth factors, synaptic activity, maturity

or senescence (see Figure 2.1) [17]. Key molecules in the mTOR pathway include Akt (protein ki-

nase B; PKB), PI3K (phosphatidylinositol 3-kinase), PTEN (phosphatase and tensin homolog) and LKB1

(liver kinase B1). They modulate the downstream tumor suppressor complex containing the TSC1 and

TSC2 gene products hamartin and tuberin, which in turn inhibit mTOR kinase activity [57]. Active

mTOR leads to phosphorylation of various downstream molecules including S6K1 (ribosomal protein

p70S6 kinase 1), S6 (ribosomal S6 protein), or 4E-BP (eukaryotic translation initiation factor 4E bind-

ing protein 1). Their activation regulates cell growth, proliferation, di�erentiation, metabolism and

ion channel-, neurotransmitter, and receptor expression [58, 59]. Accordingly, pathologies with mTOR

hyperactivation, also referred to as “mTorpathies” [60], share similar characteristics such as abnormal

cell size, di�erentiation, proliferation and epileptic seizures [58, 59, 61–64]. These mTorpathies include

not only GGs but also FCD and TSC (see more details in chapter 2.2.3). Furthermore, numerous acti-
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vating mutations or aberrant activation of other proteins that result in excessive mTOR activity have

been associated with these disorders [16, 65–68]. Thus, hyperactivated mTOR signaling represents a

feature that may be regarded as a pathogenic link between these diverse disorders. However, their

molecular pathogenesis and possible common pathologies have only recently begun to be elucidated.

Several open questions remain to be answered as deregulation of the mTOR pathway is certainly only

one aspect in the pathology of these complex disorders.

Somatic BRAF-V600E mutations were already known in several other tumors, including melanomas and

malignant gliomas [66] and speci�c BRAF-V600E inhibitors (e.g. Vemurafenib) are currently in clinical

trials for treatment of these pathologies [69]. This demonstrates that a more detailed knowledge of

pathogenetic mechanisms underlying lesion formation is crucial to enable more targeted therapeutical

approaches.

Figure 2.1: Overview of themTOR pathway. The mTOR pathway integrates various signals from extracellular cues that ac-

tivate the IGF1 tyrosin-receptor kinase. As a result, the mTOR complex 1 (mTORC1) is either activated by the PI3K/PDK1/Akt

pathway or by the BRAF/ERK/LKB/AMPK pathway via modulation of the TSC1/TSC2 complex and Rheb GTPase. Activa-

tion of the DEPDC5 (DEP domain containing protein 5) pathway inhibits mTOR kinase activity. This leads to regulation

of mTOR downstream targets including S6K1, S6, 4E-BP1, which control among other processes protein biosynthesis, cell

growth, proliferation and metabolism. Mutations in some of these genes have been implicated with either GNT, FCD and/or

TSC by disturbing mTOR mediated cellular control mechanisms. These alterations result in pathological changes including

tumorigenesis, malformation of cortical development or epileptic seizures.

2.2 Malformations of cortical development

MCDs, sometimes also referred to as disorders of cortical formation or developmental cortical malfor-

mations, represent a complex, inhomogeneous group of brain disorders and are one of the most com-

mon non-neoplastic entities in pediatric epilepsy [70]. Besides refractory, pharmacoresistant epilepsy

comprising 25 - 40% of all drug-resistant childhood epilepsies, patients su�er from developmental de-

lay, cognitive impairment as well as motor and sensory de�cits [71, 72]. Typically formation of MCDs

is thought to occur during embryogenesis as a consequence of a disruption of uncertain cause in at

least one of the three crucial periods of cortical ontogenesis: cell proliferation, neuronal migration or
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post-migrational cortical organization. These disruptions result in abnormal cells and structure of the

cortex [12, 73]. The most common forms of MCD include focal cortical dysplasia (FCD), tuberous scle-

rosis (TSC), double cortex syndrome, lissencephaly, and hemimegalencephaly [73]. FCD and TSC are

prototypic examples of MCDs caused primarily by disruptions in proliferation and di�erentiation of

early glio-neuronal precursor cell populations [74], however, such early disturbances may also a�ect

subsequent developmental stages of cortex formation.

2.2.1 Focal cortical dysplasia (FCD)

The International League Against Epilepsy (ILAE) proposed a classi�cation system based on histopatho-

logical features sub-classifying isolated and associated forms of FCD into type I, II, and III [75]. Isolated

FCD type I is characterized by alterations in cortical lamination often causing severe epilepsy with

early seizure onset and psychomotor retardation in young patients [76]. Depending on the pattern of

cortical delamination three subtypes are distinguished FCDI a – c. FCDII cases include both, cortical

dyslamination and cytoarchitectural abnormalities and the presence of dysplastic neurons in FCDIIa

and additionally balloon cells in FCDIIb. Dysmorphic neurons with their abnormal shape, size and

orientation are immunohistochemically visualized by HE (Fig. 2.2a, b) [76]. Most balloon cells have

multiple nuclei and are positive for glial markers vimentin, GFAP-δ, but also for CD34 or the stem cell

markers Pax6, ER81 and Otx1 [21], demonstrating that these cells have immature neuronal and glial

features [10]. Both FCDII types exhibit the most severe cytological alterations, i.e. strong enlargement

of cells and dysmorphism [10]. The clinical phenotype depends strongly on age and onset of seizures

as well as the cortical location of the lesion. FCD type III represents the combination of FCD together

with epileptogenic principal lesions.

2.2.2 Tuberous sclerosis (TSC)

TSC is a multi-organic, autosomal, dominant syndrome with a highly variable phenotype and an inci-

dence of one in 6000 people. Currently approx. one million individuals worldwide are a�ected [77, 78].

Common symptoms are hamartomas or benign tumor-like growths in multiple organ systems includ-

ing skin, eyes, heart, kidneys, lungs and the brain. In the brain hamartomas are referred to as cortical

tubers, the hallmark of TSC. They occur in nearly all patients and represent the major clinical burden.

About 90% of a�ected individuals su�er from severe epilepsy that is drug-resistant in two-thirds of

those individuals [79, 80]. Cortical tubers are developmental brain malformations that are formed at

around week 10 or 20 of human gestation in one or more focal areas of the temporal or frontal region of

the cerebral cortex [81]. They are believed to be the epileptogenic foci [77]. Histopathologically tubers

are characterized by loss of normal cortical layering and composed of heterogeneous cell types. These

include dysmorphic neurons with abnormal axonal and dendritic patterns, large giant cells (GC) and

proliferative astrocytes with aberrant morphology, processes and enlarged cell body [82–85]. GCs are

histologically indistinguishable from balloon cells in FCDIIb lesions. Both exhibit strong enlargement

of the cell body [75] and express neuronal and immature glial markers. These �ndings indicate a failure

to di�erentiate before migration to the cortex [83].
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2.2.3 Pathogenesis of focal cortical dysplasia & tuberous sclerosis

Both, cortical tubers and FCDIIb share remarkably similar histopathological features, which has in-

spired scientist to �nd a pathogenetic link between these two entities. Enlarged and dysplastic cellu-

lar components in TSC, FCD and even GGs are united by abnormal mTOR pathway activation, that

indicates a common underlying pathogenesis in these distinct lesions [18, 19, 23]. Therefore, the iden-

ti�cation of the exact pathogenetic and/or molecular mechanisms responsible for lesion formation or

epileptogenesis is critical as they may serve as a substrate for new treatment options for multiple dis-

orders [24, 86].

The exact causes of FCD are not known. Environmental insults were considered as potential FCD

causes, however, FCD is often unilateral indicating that rather somatic de novo mutations play a role

in their formation [86, 87]. In fact, several individual genes up- or downstream of the mTOR cascade

were demonstrated to be mutated or di�erentially activated not only in FCDIIb but also cortical tubers:

Akt, PDK1, PTEN, eIF4G, S6, DEPDC5 [18, 19, 88–91] (see Fig. 2.1). Furthermore LOH or various

allelic variants of TSC1 have been found in FCD patients, suggesting that TSC1 deregulation and thus

aberrant mTOR activation accounts for cellular abnormalities [10, 92, 93]. In FCDIIb patients a TSC1

allelic variant with a base transition from C to T (2415C to T; His732Tyr) on exon 17 was more frequently

found than in control patients [94]. In vitro expression of this TSC1 variant was shown to impair binding

of the TSC1 gene product hamartin to the TSC2 gene product tuberin potentially resulting in defective

tumor suppressor function [93].

In TSC patients the pathogenetic mechanisms are, compared to FCDs better understood. Inactivating

mutations in one of the TSC genes, TSC1 or TSC2, coding for hamartin or tuberin respectively, are found

in 75-90% of cases [95–98]. Loss of the TSC1/2 tumor suppressor function results in mTOR pathway

activation as cause for the formation of the hyperexcitable brain lesion. More than 1000 unique allelic

variants with nonsense-, missense-, insertion-, and deletion mutations of TSC1 or TSC2 in nearly all

exons have been reported [99–103]. In particular, two truncating TSC1mutations were frequently found

in di�erent cohorts of TSC patients, TSC1-R692X and TSC1-R786X [101, 103, 104]. The expression of

the truncated TSC1 mutants in vitro induced binding de�cits of hamartin with tuberin and resulted in

an abnormal subcellular distribution of the mutated hamartin. These experiments suggest functional

impairment of the hamartin/tuberin tumor suppressor complex and thus abnormal mTOR activity [93].

On average, somatic and germline TSC2 mutations are 3.4 times more common than TSC1mutations and

often correlated with a more severe clinical phenotype [103, 105]. Even though TSC1/2 mutations were

not found in all TSC patients, it is now assumed that large deletions, somatic mosaicism, or technical

limitations account for the rest of patients with no mutation identi�ed [98, 106]. However, there is still

debate about the pathogenetic situation of focal cortical tubers and no consensus on the mechanism

of cortical tuber formation. Loss of heterozygosity (LOH) has often been observed in extra-cerebral

hamartomas [107] or TSC-associated tumors, but only rarely in cortical tubers [108]. Single giant cell

sequencing revealed that cortical tubers harbor both germline and somatic mutations, thus supporting

a biallelic gene inactivation or a somatic “second hit” event as a potential cause [109–111]. Focally

introducing a “second hit” in a TSC1 heterozygous mouse model resulted in cellular abnormalities rem-

iniscent of theses seen in tubers [112]. In fact, no cortical tubers were found in mice heterozygous for

TSC1 [113–115]. In direct contrast to these �ndings another group found by deep sequencing of ge-
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nomic DNA from whole tubers that “second hit” events in TSC1 or TSC2 are rare [116]. Furthermore, the

TSC pathway seems to be highly sensitive to gene dosage e�ects since haploinsu�cency impairs neu-

ronal morphology [117]. Thus, further investigation is required to uncover the pathogenetic situation

leading to tuber formation.

2.3 A unifying pathological feature of GGs, FCDIIb, and TSC:
Dysplastic neurons

Neoplastic gangliogliomas and non-neoplastic lesions from focal cortical dysplasias or tuberous scle-

rosis patients are quite di�erent in several regards, but as already indicated in chapter 2.2.3 certain

similarities exist as well. Among the severe hyperexcitability, histological as well as structural similar-

ities, dysplastic neurons are a striking unifying pathological feature of these glioneuronal lesions [24].

As these dysmorphic neurons are a key morphological hallmark, it remains an open question whether

they are the functional substrate conveying the severe drug-resistant epileptic phenotype. Dysplastic

neurons are characterized by abnormal dendritic arborization, cytomegaly, sometimes bi- or multin-

ucleation and their abnormal localization and clustered appearance within the cortex [13] (Fig. 2.2).

In the context of cytomegaly, deregulation of the mammalian target of rapamycin (mTOR) pathway

is frequently reported in dysplastic neurons among the spectrum of glioneuronal lesions [24]. Even

though dysplastic neurons are the common key cell type of developmental brain lesions, the molecular

mechanisms leading to their emergence or hyperexcitability remain largely unresolved.
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Figure 2.2: Dysplastic neurons in FCDIIb and GGs. Human FCDIIb and GG specimens were stained with antibodies

against MAP-2 or HE. (a, b) Dysplastic neurons are large, irregularly oriented and have abnormally thin (black arrow) or

strong processes (grey arrow). (c, d) They are highly enlarged and present with shortened processes with aberrant, varying

diameter (black arrow). Dysplastic neurons often appear clustered (asterisk) and bi-nucleated (black arrow). (e, f) In contrast,

normal cerebral cortical structures harbor neurons with clear organoid organization and delicate processes (black arrow).

Scale bar 100µm. Image courtesy of Prof. Albert Becker.

2.4 Animal models for GGs, FCDIIb, and TSC

In order to study developmental brain lesions or test potential therapeutics, numerous attempts to gen-

erate adequate animal models have been made over the past decades. However, there is still no good

animal model to reproduce FCD with all its traits including lamination defects and varying cellular

abnormalities. Several di�erent approaches exist to induce FCD-like lesions by disruption of cell pro-

liferation, excitotoxicity or environmental injuries in embryonic or newborn rodents (see table 2.1 for

details and references; table modi�ed from [118]). Even though most of these models replicate abnormal

cortical lamination and heterotopic and/or dysmorphic neurons, a major downside is that they have a

low incidence of spontaneous seizures (10-20% of all animals).



CHAPTER 2. INTRODUCTION 17

More recently also genetic models have been demonstrated to induce FCD-like lesions. Most of them

include mutations a�ecting the mTOR pathway that have been linked to FCD such as Pten and Tsc1/2

[10, 92, 93, 119]. But also alterations in other genes unrelated to mTOR were found aberrantly expressed

in FCDs, such as Lrp12 (low-density lipoprotein receptor-related protein 12), a protein associated with

formation of the cortical plate, neuronal polarity, migration and growth control [120]. Even though

most of these animal models exhibited spontaneous seizures, the cellular abnormalities were not spa-

tially restricted to a certain cortical area, a key hallmark of FCD. However, since our knowledge of FCDs

is rather limited and there are no ideally suited animal models that precisely replicate all FCD features,

the TSC mouse model is currently the best model to study epileptogenesis in MCDs [24, 121].

Table 2.1: Mouse models of FCD

FCD model Epilepsy Pathology
In utero x-ray irradiation

[122]

≤20% spontaneous

seizures

di�use cortical and hippocampal

disorganization, dysmorphic neurons

In utero freeze lesion

[123]

Interictal

spikes/increased kindling

cortical disorganization (in 42%

cases), randomly oriented neurons

In utero exposure of MAM

[124, 125]

≤20% spontaneous

seizures

cortical disorganization

In utero exposure to BCNU

[126, 127]

hyperexcitability cortical disorganization, dysmorphic

neurons

Neonatal focal ibotenate

excitotoxicity [118]

hyperexcitability cortical disorganization

Genetic models: PTEN

[128, 129]

severe seizures in 100%

cases

cortical disorganization, dysplastic

neurons, macrocephaly, large

neurons, premature death

Genetic models: TSC

[24, 74]

spontaneous seizures cortical disorganization, large and

dysmorphic neurons, premature death

Genetic models: LRP12

[120]

decreased threshold to

evoked seizures

cortical disorganization, abnormal

neuronal morphology

The Eker rat was the �rst animal model for TSC. These rats carry spontaneously occurring germline mu-

tations of TSC2 rendering them TSC2-null. In less then half of the Eker rats subcortical and subependy-

mal hamartomas were observed [130] and in some rare cases also cortical tubers but none had sponta-

neous seizures [131]. The TSC-mouse model was further optimized to reproduce the human phenotype

more carefully. All of these new mouse models are based on (conditional) mutations or loss of TSC1 or

TSC2. To induce a robust phenotype, usually both alleles are silenced. In heterozygous mice, seizures

only occurred in young postnatal mice and stopped after approximately 9 - 18 days of age [131]. Ho-

mozygous TSC1 or TSC2 knockout mice are embryonic lethal, therefore viable mouse models with Cre-

mediated homozygous TSC1 or TSC2 inactivation were designed. In these mice expression of Cre under

the control of speci�c promoters leads to TSC1 or TSC2 loss in certain central nervous system (CNS)

cell populations, such as neurons (synapsin-, CamKII-, Dlc5/6-promoter), astrocytes (GFAP-promoter)

or neuronal progenitors (GFAP2-, Emx1-, nestin-promoter) (see table 2.2 for details and references; table

modi�ed from [74]). Again, one signi�cant downside in most of these models is that they cause dif-

fuse abnormalities throughout the entire brain and fail to recapitulate localized cortical tubers. A focal

approach with a higher degree of temporal and spatial speci�city to mimic the pathological situation



CHAPTER 2. INTRODUCTION 18

in humans more closely, was generated by intra ventricular in utero electroporation of heterozygous

TSC1�/mut
mice with Cre. This TSC mouse model represents the so far most realistic model with in-

creased cerebral excitability and a tuber-like cortical malformation with typical immunohistochemical

features. Still also this model has its limitations since no spontaneous seizures were reported in these

mice [74].

Table 2.2: Mouse models for TSC

TSC model Epilepsy Pathology Reference
TSC1/TSC2 KO

in astrozytes

epileptic

seizures

di�use, macrocephaly, astrogliosis, cellular

hypertrophy, increased astrocyte

proliferation, neuronal dispersion,

premature death

[132–136]

TSC1/TSC2 KO

in radialglia

epileptic

seizures

di�use cortical disorganization,

macrocephaly, astrogliosis

[137–139]

TSC1KO in

neurons

epileptic

seizures

di�use cortical disorganization,

macrocephaly, abnormal neuronal

morphology, enlarged and dysplastic

neurons, premature death

[140–142]

TSC1 KO in

interneurons

decreased

threshold to

evoked seizures

di�use cortical disorganization, abnormal

neuronal morphology, enlarged and

dysplastic neurons, ectopic GABAergic

interneurons

[143]

TSC1 KO in

neuronal

progenitors

epileptic

seizures

di�use cortical disorganization,

macrocephaly, astrogliosis, cellular

hypertrophy, abnormal neuronal

morphology, premature death

[144–146]

Focal TSC1 KO

in �/mut mice

decreased

threshold to

evoked seizures

focal cortical disorganization, abnormal

neuronal morphology, cellular hypertrophy,

tuber-like lesions

[112]

Adult TSC1 KO epileptic

seizures

Rare giant cells [147]

As for GGs, so far no animal model exists. Based on the current literature, the Eker rat is the only

animal model that developed anaplastic gangliogliomas, in only one out of 19 rats [130]. Typically,

models focusing on other brain tumors, such as gliomas, rather rely on human cell lines [148], human

primary cell cultures maintained in nude, i.e. immunocompromised mice, or on a rat cell line [149].

In some cases tumor cells are injected into the brains of nude mice or rats, resulting in tumor growth

within days with low epilepsy incidence [149]. Obviously, these models are not suited for the study of

complex developmental tumors.

Overall, animal models provide invaluable insight into disease pathogenesis, however, the existing

animal models do not recapitulate hallmarks of the lesion seen in human TSC, FCD, or GG patients.

2.5 Basic mechanisms of cortex development

Mammalian brain development starts with neurulation from the ectoderm to the neural tube, which is

the origin of all cells from the central nervous system [150]. Di�erent stages crucial to generate a func-
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tional laminated cortex can be discriminated: cell proliferation, migration, di�erentiation, expansion

in size, complexity and synaptogenesis [150]. The cortex di�erentiates from the most anterior region

of the neural tube that consists of neuroepithelial cells (NEC) [151, 152]. In the germinative ventricular

zone (VZ) which lines the ventricle, they extend long processes throughout the entire cortical wall and

divide symmetrically [152, 153]. At the onset of neurogenesis some NECs begin to di�erentiate into

radial glia (RGC) that can be identi�ed by their expression of GLAST and BLBP [154–156] (see Fig. 2.3).

Pioneer neurons are generated (such as Cajal-Retzius cells) that form the pre-plate [157]. Asymmetri-

cal devisions generate a new RGC and either directly a neuron or an intermediary type of progenitor

cell (IPC) [150, 155, 158]. IPCs from the VZ delaminate to the subventricular zone (SVZ) juxtaposed to

the basal surface of the VZ [158–160]. After symmetrical devision the IPCs terminally divide into two

neurons [158]. Any alterations of this proliferative pool of IPCs that give rise to all projection neurons

of the cortex will have a signi�cant impact on the �nal neuronal output and may result in lamination

disorders such as FCD, microlissencephaly or hemimegalencephaly [12, 72]. Primary neurons born in

the SVZ split the pre-plate into the marginal zone and the subplate [150, 161, 162]. Newborn projection

neurons migrate from the SVZ to their layer of destination in the cortical plate in an inside-out pattern

towards the cortical surface [159]. The later-born neurons therefore migrate past the deeper-layer neu-

rons born earlier, shaping the complex laminar cytoarchitecture of the cortex [150]. At �rst, newborn

neurons have a multipolar morphology and later, as they start to migrate a bipolar morphology with

a leading and a tail process [163–165]. They migrate along the basal process of the RGC ultimately

resulting in the formation of columnar, radial units within the laminated cortex [160]. Disorders a�ect-

ing the expression of cytoskeleton components or motor proteins impair neuronal migration and thus,

will lead to various brain morphogenic disorders such as lissencephaly, sub-cortical band heterotopia

or double cortex syndrome [12, 72, 166, 167].

Within the cortical plate glutamatergic, excitatory projection neurons form the six-layered cortex [159].

Together with interneurons they compose the two major classes of neurons that populate the cortex

[168]. Unlike excitatory projection neurons, interneurons are largely inhibitory, connect locally within

the cortex and originate from progenitors of the subpial proliferative zone called ganglionic eminence

[169, 170]. In C57Bl/6 mice, the sequence of di�erent layer projection neurons is well characterized:

At around E10.5 the �rst cortical neurons forming the subplate are born, followed by layer VI neurons

around E12.5, layer V at E13.5, layer IV around E14.5 and layer II/III around E15.5 [150, 171]. Each

layer is comprised of di�erent types of neurons with di�erent expression patterns or axonal projec-

tions. The deeper layer neurons from layer VI and V are mainly corticofugal neurons projecting to

subcortical brain areas such as the thalamus, brain stem or the spinal cord. Neurons from layer IV to II

are predominantly intracortical neurons that project locally or to the contralateral hemisphere [171].

Layer IV is also referred to as a cortical hub for intracolumnar information processing and converges

the majority of the sensory information. It represents a highly interconnected layer that ampli�es and

redistributes thalamo-cortical inputs [172–174]. At birth neurogenesis and axo-dendritic network for-

mation are largely complete while maturation of glial cells (such as astrocytes and oligodendrocytes),

myelination, synaptogenesis, and synapse pruning are still in progress [150, 175]. Proper neuroge-

nesis and migration together with adequately timed gliogenesis are critical for proper neural circuit

formation and thus brain function [150].
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Figure 2.3: Development of the mouse cortex. During mouse cortex development neuroepithelial cells (NECs) divide

and generate radial glia cells (RGCs) that divide into primary neurons. These include Cajal-Retzius cells that migrate to the

marginal zone (MZ) and later on intermediate progenitor cells (IPCs) populating the sub ventricular zone (SVZ) starting at

E12.5. IPCs generate cortical layer neurons that migrate through the intermediate zone or subplate (IZ/SP) to their designated

layer. Figure modi�ed from [150].

2.5.1 Axon and dendrite outgrowth

During or shortly after neuronal migration �rst axonal and then dendritic outgrowth starts, a process

known as neuronal polarization. Initially, neurons start to form lamellipodia, which then further de-

velop into short processes, the neurites. One of the neurites elongates rapidly and becomes the future

axon, whereas the others start to grow later and acquire their characteristic dendritic branch-pattern

[176]. Their growth is guided by local or long-range environmental, chemical cues that can either at-

tract or repulse the growth cone (enlargements on a growing neurite tip). This induces reorganization

of the cytoskeleton in growth cones and leads to forward movement and extension of the neurite. Mi-

crotubules and actin �laments are the major structural components of the cytoskeleton, underlying

neurite growth and morphology. Their dynamic rearrangement, especially actin assembly and disas-

sembly is pivotal for motility of the growth cone and the leading edge and consequently for neurite

elongation and branching [177]. High F-actin (�lamentous actin) turn-over furthermore loosens the

actin meshwork and allows microtubules and other proteins to enter distal parts of the growth cone,

thereby promoting neurite elongation [178, 179]. Cytoskeleton remodeling is regulated by hundreds

of accessory proteins converging intrinsic and extrinsic signals on these �laments, thereby regulating

their dynamic assembly and location [180].

A major regulator of actin and microtubule dynamics is the Rho family of GTPases such as RhoA, Rac1

(Ras-related C3 botulinum toxin substrate 1) and Cdc42 (Cell division control protein 42 homolog).

RhoA and Rac1 have opposing e�ects in controlling the orientation, growth and stability of cytoskele-
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ton �laments. While Rac1 activation induces actin disassembly, thus, promoting growth and branching,

RhoA has mainly growth inhibiting e�ects [181, 182]. Rac1 activates the Arp (actin-related protein)

2/3 complex that binds actin �laments and leads to actin polymerization and PAK (p21-activated ki-

nase), which leads to phosphorylation of the actin depolymerizing factor co�llin, while RhoA activates

formins inducing unbranched �lament extension [183–185]. Rac1 and RhoA also in�uence dynamics

and (+)-end capture of microtubules [186]. Besides GDP-GTP exchange by Rho family GTPases, also

phosphorylation by various kinases of integrins or microtubule- and actin-associated proteins regulate

their stability and orientation and thus axon and dendrite growth or branching [187–192].

In axons, microtubules are usually uniformly oriented with their fast-growing (+)-ends away from the

cell body towards the leading edge, providing a protrusive force for outgrowth, while dendrites contain

microtubules with both orientations [193]. It has been suggested, that these di�erences in�uence the

manner in which organelles or proteins are transported along neurites. The stability of microtubules

is regulated by accessory proteins that protect �laments from depolymerization. Tau is associated

with axonal microtubules while in dendrites MAP (microtubule associated protein) 2 complements

microtubules [194] (see Fig. 2.4).

Unlike axons, dendrites harbor Golgi outposts that are required for local dendritic branching. A reduc-

tion in Golgi outposts in dendrites reduces branching with a shift from distal to proximal branching

[195]. A tightly controlled temporal and spatial interplay between the cytoskeleton, motor protein

based transport and organelles is a important mechanism for cytoskeleton organization and thus for

neuronal process formation.

Figure 2.4: Neurite outgrowth in cultured neurons. In a dissociated neuronal culture, neurons start to form lamellipodia

from which one is determined to become the axon whereas the remaining processes di�erentiate later into dendrites. While in

axons the microtubule polarity is mostly (+)-end distal complemented with tau proteins, dendrites have a mixed orientation of

microtubules with MAP-2 as associated proteins and Golgi outposts that are required for dendritic branching. Figure modi�ed

from [196].

The pattern of a dendritic arbor in di�erent neurons is not only regulated by cytoskeleton remodeling

but also by cell surface receptors that guide outgrowth and transcription factors [197]. Furthermore,

the distinct protein expression levels in di�erent neuron classes determine dendrite morphology by reg-

ulating branching, thus transcriptional programs are the driving force of neuronal growth [198–200].

The complex interplay of cytoskeleton remodeling and transcription regulation during neuronal polar-

ization are still not fully understood. However, one particular interesting group of highly conserved

and ubiquitous transcriptional co-factors are the LIM-domain binding (LDB) proteins LDB1 and LDB2.

They mediate the action of the transcription factors LIM-HD (LIM homeodomain) and LMO (LIM-only)

proteins that have been associated with a myriad of developmental processes and especially with neu-

ronal speci�cation and cytoskeletal organization [201, 202]. Experiments on zebra�sh (Danio rerio) and

C.elegans showed that LDB proteins (or their orthologs) regulate axon outgrowth and neurite branching
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[203, 204]. These multi adapter proteins are also important regulators of radial migration and subtype

speci�cation of cortical neurons [205, 206].

2.5.2 Synapse development and maintenance

An important step in circuit formation is synapse development including pre- and postsynaptic special-

izations, synapse pruning and stabilization. Overproduction of synapses takes place in the postnatal

period. Less productive or e�ective connections will be eliminated due to insu�cient electrical activity,

a process called pruning [207, 208]. In humans, pruning of weak or unused synapses continues about

15 years, a process that is much faster in mice, and includes nearly 50% of all synapses [150]. The

remaining synapses are stabilized and require constant maintenance to stay functional [208, 209].

In the embryo, connections are established and in�uenced by spontaneous activity patterns, thus synapse

formation generally starts after birth when synaptic connections are exposed to activity dependent

changes caused by interactions with the environment and learning [150, 210]. Once a growing tip has

reached its �nal target it transforms into a presynaptic terminal [150, 211]. Further specializations into

speci�c presynaptic structures generally take place at the axonal, or somatic compartment and speci�-

cations of postsynaptic structures along the dendrite [211–214]. The interaction and stability of pre- and

postsynapse is mediated by cell-surface molecules, such as cadherins, integrins, neurexins and neuroli-

gins [215–218]. While mature presynapses are mostly characterized by the presence of the active zone

and neurotransmitter �lled synaptic vesicles [211], the postsynapse is enriched with neurotransmit-

ter receptors. These receptors are incorporated into the membrane and anchored by a dense sca�old-

protein-cytomatrix complex [219, 220]. Sca�olding molecules act as anchoring elements that are critical

for the organization of functional synapses. They ensure accurate accumulation of neurotransmitter

receptors in exact apposition to the presynaptic active zone. Furthermore, they maintain the position

of receptors, which is a prerequisite for accurate synaptic transmission [221, 222]. The excitatory post-

synapse harbors large numbers of glutamate receptors within the post synaptic density (PSD) that are

activated by the glutamate neurotransmitter released from the presynapse. Furthermore, the PSD of

excitatory postsynapses consists of stabilizing sca�old proteins such as PSD95, homer and shank, cy-

toskeleton proteins (mainly actin �laments), adhesion molecules, receptor interacting proteins, protein

kinases and phosphatases [219, 220]. Most mature glutamatergic, excitatory postsynapses are orga-

nized in tiny actin-rich protrusions on the dendrite, called dendritic spines [223]. Excitatory cortical

neurons also receive input from GABAergic, inhibitory interneurons that form synaptic connections

onto the axon, cell body or along the dendritic shaft [224]. In contrast to the well characterized excita-

tory postsynapse, only few information is available on the inhibitory postsynapse. These synapses are

formed earlier in development than excitatory synapses [225, 226]. GABAA receptors (GABAARs) of

the inhibitory postsynapse directly bind to and are clustered by the sca�olding protein gephyrin that

forms a submembranous, hexagonal lattice anchored to the actin and microtubule cytoskeleton (see

Fig. 2.5) [221, 227, 228]. Sca�olding of gephyrin in neurons and thus, proper synaptic GABAAR cluster-

ing critically depends on the dynamic rearrangements of microtubules and actin �laments [229, 230].

Membrane targeting of gephyrin is mediated by collybistin (Cb), a guanine nucleotide exchange factor

(GEF) that catalyzes GDP-GTP exchange on the small GTPase Cdc42 of the Rho family. The assembly of

GABAergic postsynapses is triggered by the activation of Cb by NL2, allowing Cb to be recruited to the
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membrane, where it facilitates the synaptic accumulation of gephyrin and GABAARs [231]. Cb and NL2

are not only crucial for the initial synaptic localization of gephyrin and thus, the establishment of the

inhibitory postsynapse, but also for constant maintenance and stability in adult neurons [232–235]. In

humans, mutations of Cb, NL2 or gephyrin have been linked to epilepsy, X-linked mental retardation,

aggressive behavior, anxiety, autism or hyperekplexia [221, 236–241].

Besides GABAARs, NL2 and Cb several other gephyrin-interacting proteins have been identi�ed, al-

though the function of their interaction is largely unknown [242]. Actin-associated proteins (for ex-

ample Mena/VASP) are thought to connect gephyrin to actin �laments while dynein light chains are

implicated in motor-depended transport of gephyrin to the membrane along the cytoskeleton [230,

243, 244]. Nonetheless, modi�cation of the core components of this synapse type by phosphoryla-

tion represents one key regulatory mechanism. The formation and stability of postsynapses critically

depends on adequate phosphorylation that regulates sca�old clustering, tra�cking and binding prop-

erties [221, 242, 245, 246]. However, the exact mechanisms that regulate the inhibitory synapse are still

only poorly characterized.

Figure 2.5: Overview of the inhibitory postsynapse. The inhibitory postsynapse of the CNS is mainly composed of

GABAARs that are anchored and stabilized by a sca�old composed of gephyrin, collybistin (Cb) and neuroligin-2 (NL2).

This sca�old is connected to the presynapse via interaction of NL2 and neurexins. Moreover, NL2 and gephyrin are in tight

association with and the cytoskeletal components, including actin and tubulin. Figure modi�ed from [221].

2.6 Ste20 like kinase (SLK)

Kinases are highly dynamic molecular switches and regulate a multitude of various cellular processes,

including regulation of neurite development as well as synapse formation and long-term stability. One

large family of serine/threonine kinases particularly involved in these processes is the Ste20 (Sterile 20)

protein kinase family. With its more than 60 members this kinase family is divided into two mammalian
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subfamilies based on phylogenetic relationships: PAKs (p21-activated kinases) and GCKs (germinal

center kinases). These kinases are characterized by the conserved kinase domain and a non-catalytic

domain that enables interactions with other molecules and regulatory proteins of the cytoskeleton

[247]. Cytoskeleton rearrangement and thus, regulation of growth and cell migration is the major

function of these kinases. However, their regulatory mechanisms remain largely unknown.

One particular kinase of this family is the Ste20 like kinase (SLK). SLK is basically ubiquitously ex-

pressed but highly enriched in adult and developing cortical neurons [248]. It consists of an N-terminal

serine/threonine kinase catalytic domain, a consensus SH3 binding site, a C-terminal ATH (AT1-46

homology domain) domain and an M-NAP (microtubule and nuclear associated protein) homology do-

main [249, 250]. Gene-trap mediated SLK truncation that results in less e�cient phosphorylation leads

to reduced cell proliferation and developmental defects that consequently result in lethality around

E12.5 - E15 [248]. This �nding implies an important role of SLK in embryonic and possibly also brain

development, however, nothing is known about SLKs function in the CNS.

SLK is one of the less well characterized Ste20 kinases and initial insights into SLKs functions were

gained from experiments in �bro- and myoblasts or other cell lines only within the last 15 years. In

these cells SLK is predominantly expressed at the periphery at sca�old structures of weak cellular adher-

ence but is also present in the cytosol [249]. SLK was shown to be part of a signaling pathway mediating

JNK1 (Jun terminal kinase 1) activation and apoptosis [249–251]. Furthermore, SLK is needed for e�-

cient cell migration, a process in which SLK induces cytoskeleton rearrangements by regulating actin

�ber disassembly, microtubule dynamics and orientation, and focal adhesion turn over [252–254]. Focal

adhesions are protein complexes that mediate cellular adherence to the substratum, including integrins,

paxillin, vinculin and FAK (focal adhesion kinase) [254, 255]. In cultured, migrating �broblasts, the in-

duction of SLKs kinase activity requires FAK and MAPK (mitogen activated protein kinase)-dependent

pathways and the recruitment to the leading edge requires Src family kinases [253, 254]. The exact

molecular mechanisms are still unclear, but is was suggested that SLK is recruited to the leading edge

of migrating �broblasts by a microtubule-dependent process. This induces a redistribution of SLK to

local sites of adhesion using actin �bers or microtubules. At these sites, recruited SLK phosphorylates

signaling components, regulating growth and migration [254].

Furthermore, SLK was shown to phosphorylate Rac1 and RhoA, two major regulators of cytoskeleton

dynamics. Rac1 activation by SLK leads to actin �ber disassembly in various cultured, non-neuronal

cells [249, 256], while RhoA is inhibited by SLK phosphorylation at Ser188. This promotes adhesion-

and F-actin disassembly, further demonstrating SLKs important role for cytoskeletal remodeling and cell

motility [257]. Other known downstream substrates of SLK are paxillin, dynactin and ezrin, proteins

involved in cytoskeleton dynamics and myelin basic protein, histone H3 and histone H1 [250, 258–

261]. Consistent with a role in cytoskeleton rearrangements, SLK was also shown to be involved in

cell cycle progression. SLK knockdown or expression of a kinase inactive mutant inhibited �broblast

proliferation in vitro by interfering with microtubule dynamics during mitosis [262]. In contrast to

phosphorylation, direct binding of SLK and LDB (LIM-domain binding protein) 1 and 2 in �broblasts

resulted in SLK inactivation that was highly dependent on the relative stoichiometry of LDB-proteins.

These results identi�ed LDB transcriptional co-activators as potential SLK regulators and demonstrated

a kinase independent SLK mechanism in migrating cells [263].
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In summary, SLK is a key player for cell motility and growth in non-neuronal cell lines that regulates

cytoskeleton reorganization and cross talk between actin and microtubules. These functions suggest

a potentially similar molecular mechanism in neurons, however, to date SLKs function in these cells

remains unknown.



3 Aims of the study

Developmental brain lesions including gangliogliomas (GGs), tuberous sclerosis (TSC) or focal cortical

dysplasias (FCDs) are devastating conditions a�ecting mostly young patients su�ering from pharmaco-

resistant epilepsy. Until today their treatment is di�cult and often accompanied with major side e�ects.

Even though signi�cant progress has been made in this research �eld over the last years, the molecular

pathogenesis of developmental lesions is still only poorly understood. This is to a large extent due to

the lack of adequate animal models that reliably replicate all crucial aspects of the individual condition.

For the identi�cation of novel and targeted therapeutical options it will be essential to uncover the

speci�c mechanisms of epileptogenesis in these disorders and to create suitable mouse models.

The major unifying hallmark of these highly epileptogenic glioneuronal lesions are dysplastic neurons,

which are characterized by abnormal dendritic arborization. So far, the molecular mechanisms leading

to their formation or hyperexcitability are largely unknown. Deregulation of several candidate genes

that may be implicated in their emergence have been identi�ed by various approaches. Expression anal-

ysis or immunohistochemical stainings on human GG specimens revealed strongly reduced expression

of Lim-domain binding (LDB2) transcripts and increased levels of phosphorylated Protein kinase B

(Akt) compared to the surrounding brain tissue. Furthermore, mutational analyses found speci�c se-

quence alterations of the tuberous sclerosis complex 1 (TSC1) gene to be frequent in TSC or FCD type

IIb (FCDIIb) patients as well as one particular Raf murine sarcoma viral oncogene homolog B1 (BRAF)

mutation (BRAF-V600E) in GGs. The aim of this study is to analyze the molecular mechanisms of

epileptogenesis underlying the most common developmental brain lesions GG, TSC and FCDIIb, with

a speci�c focus on dysplastic neurons possibly induced by deregulation of the mentioned candidate

genes.

Our �rst goal is to establish a novel mouse model for GGs by expressing the mutated BRAF-V600E

together with a constitutively active form of Akt in p53-null developing cortical neurons. With this

experimental approach we will identify the contribution of these molecular alterations to the manifes-

tation of dysplastic neurons and consequently the so far uncertain etiology of GGs. Furthermore, a GG

mouse model will enable detailed research of the neoplasm as well as drug testing.

The second goal is to analyze the pathogenetic mechanisms underlying the formation of dysplastic

neurons within cortical tubers. To increase our understanding of the etiology and cellular composition

of cortical tubers from TSC patients, we will investigate morphological and structural e�ects of TSC1

loss at distinct developmental time windows or progenitor cell populations. A further goal is to identify

the pathogenetic potential of disease associated TSC1 gene variants to induce dysplastic neurons. By

analyzing the gene dosage required for the formation of tuber-like lesions harboring dysplastic neurons,

we intend to clarify the controversy about their pathogenetic situation.

The next goal is to �nd out, whether the emergence of dysplastic neurons has a shared molecular cause

26
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across the di�erent types of glioneuronal lesions that possibly even accounts for the severe epileptic

phenotype. It was previously shown that reduced levels of LDB2 result in an abnormal arborization

of the dendritic tree in cultured neurons. So far, it is unresolved if a decrease in LDB2 levels in vivo

causes alterations resembling dysplastic neurons. In non-neuronal cells LDB2 engages in a functionally

important interaction with its family member LDB1 and the Ste20 like kinase (SLK). However, virtually

nothing is known about SLKs function in the mammalian brain. It remains an open question, whether

the SLK/LDB1/2 complex plays a role in neurite morphology and whether deregulation of these proteins

may contribute to the emergence of dysplastic neurons. Therefore, our third goal is to study the role of

SLK in developing neurons in vitro and in vivo. In non-neuronal cells, SLK was shown to be an important

regulator of cytoskeleton dynamics, a process critical at various stages of neuronal development and

especially for normal dendritic arborization. Thus, we aim to analyze the e�ect of SLK silencing or

overexpression on neurite development and synapse formation. Moreover, with our experiments we

want to answer the question, whether neuronal SLK loss in vivo, as present in FCDIIB and GG patients,

results in the emergence of dysplastic neurons and thus, a hyperexcitable brain lesion.

In a similar set of experiments, we aim to analyze whether also loss of LDB2 and LDB1 interferes

with normal neuronal development and mirrors dysplastic neurons. We will further examine whether

spatially restricted cortical, silencing of both LDB proteins during mouse development has the potential

to induce an epileptic condition.

In summary, this study provides novel insights into the emergence of dysplastic neurons and thus,

developmental brain lesions and underlying mechanisms of epileptogenesis that may represent a basis

for new targeted and e�ective treatment methods.



4 Material

4.1 Equipment

Equipment Model Company
Acrylamid electrophoresis

system

Mini-PROTEAN 3

Electrophoresis System

BioRad

Agarose electrophoresis

system

SUB-CELL GT BioRad

Analytical balance BP210S Sartorius

Autoclave HSP Laboklav Steril Technik AG

Balance SBC53 SCALTEC

Blotting paper white Whatman, GE Healthcare

Cell culture hood MSC-Advantage Thermo Scienti�c

Centrifuge Function line Heraeus

Centrifuge 5415C Eppendorf

Centrifuge Mikro 22R Hettich

Centrifuge Mikro 200R Hettich

Centrifuge Rotina 220R Hettich

Confocal laser scanning

microscope

Eclipse Ti Nikon

Controller Micro4 Controller, 4-Channel World Precision Instruments

Electrode forceps 7mm

Electroporator CUY21SC Nepa Gene

Filter system (IUE) Harvard Apparatus

Gas anesthesia Harvard Apparatus

Gel documentation system AlphaImager Alpha Innotech

Glass capillaries 1.2mm Drummond Scienti�c

Heating pad

Incubator (cells/cell culture) HERAcell 150 / 150i Thermo Scienti�c

Incubator (media/cell culture) Modell 100 Memmert

Incubator small Inkubator 1000, Unimay 1010 Heidolph

Incubator small Incubating Mini shaker VWR

Infrared imaging system Odyssey Li-cor

Inverse microscope Axio Observer 1A Zeiss

Inverse microscope Axiovert 40 CF Zeiss

28
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Microinjector Picospritzer III General Valve Corporation

Micro glass capillary puller PC-10 Narishige group

Microtome Microm HM 335 E Microm

Nitrocellulose membrane Protran 0.4 mm Whatman, GE Healthcare

PCR-Cycler UNOII Biometra

PCR-Cycler T3 Biometra

PCR-Cycler T3000 Biometra

pH-meter pHMeter 766 Calimatic Knick

Power Supplies Agarose PHERO-stab.500 BIOTEC-FISCHER

Power Supplies Agarose Power Pack 25 Biometra

Real time PCR (Taqman) 9700HT ABI Prism

Rotor Type 70 Ti Beckman Coulter

Shaker plate Polymax 1040 Heidolph

Spectrophotometer ND-1000 NanoDrop

Thermo shaker MKR13 HLC

Thermo shaker Thermomixer compact Eppendorf

Ultrasonicator Processor UP50H Hielscher

Ultrasonicator Labosonic 2000 B.Braun

Vibratome Microm HM 650V Thermo Scienti�c

Vortex Vortex-Genie 2 Scienti�c Industries

Vortex Reax control Heidolph

Table 4.1: Equipment used for this study

4.2 Chemicals

Chemical Company
4’,6-diamidino-2-phenylindolindole,

dihydrocholoride (DAPI)

Life technologies

6 x loading bu�er Fermentas

Acrylamide Roth

Agarose peqLab

Ammoniumpersulfate (APS) Roth

Ampicillin Roth

Aqua ad injectabilia Delta Select

Bovine serum albumin (BSA) Sigma-Aldrich

Buprenovet Bayer

Calcium chloride Sigma-Aldrich

Chloroform Roth

Complete Mini Protease Inhibitor Roche

Direct PCR Tail Lysis Reagent PeqLab

EDTA Calbiochem
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Eosin Roth

Ethanol Fluka

Ethidiumbromide Merck

Fast Green Sigma-Aldrich

Fetal calf serum (FCS) Life technologies

Gabrilen Mibe

Gelatin from cold water �sh skin Sigma-Aldrich

Glucose solution 5 % Fresenius

HEPES Sigma-Aldrich

Hemalaun solution (Mayer) Merck

HCl 2N Merck

Iso�uorane Sigma-Aldrich

Isopropanol Fluka

Jasplakinolide Thermo Fischer Scienti�c

Kanamycin Sigma-Aldrich

Ketamine (Ketavet) P�zer

Luria Broth-Agar LabM/idg

Luria Broth-Medium LabM/idg

Magnesium chloride Merck

Methanol Merck

Mowiol 4-88 Roth

Normal goat serum (NGS) Gibco

Paclitaxel (taxol) Sigma-Aldrich

Paraformaldehyd Roth

PBS Biochrom AG

Penicilin Sigma-Aldrich

Pentylenetetrazol (PTZ) Sigma-Aldrich

Phalloidin (Acti-stain 555 �uorescent phalloidin) Cytoskeleton

Phalloidin (Phalloidin-iFluor 647 Conjugate) Biomol/Rockland

Propidium iodide Sigma-Aldrich

Protease inhibitor cocktail (complete) Roche

Ringer solution Braun

RNAse away Molecular BioProducts

Saccharose Sigma

Sodiumchloride Roth

Sodiumdodecylsulfate (SDS) Roth

Sodiumhydrogenphosphate Merck

ß-Marcaptoethanol Roth

TEMED Roth

Tris-Base Sigma

Tris-HCl Roth

Triton-X-100 Roche
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Vectashield mounting medium Vector Laboratories

Xylazine (Rompun) Bayer

Xylol Merck

Table 4.2: Chemicals used for this study

4.3 Antibodies

Primary antibodies

Antibody Dilutions Company
β-actin mouse (ab6276) 1:5000 Abcam

Acetylated Tubulin (T7451) 1:1000 Sigma-Aldrich

Annexin V (R-20, sc-1929) 1:200 Santa Cruz

Chromogranin A (M086901) 1:500 DAKO

Cleaved Caspase-3 (9661T) 1:200 Cell Signaling Technology

Cre recombinase (ab137240) 1:100 Abcam

CUX1 (CDP, M-222, sc-13024) 1:200 Santa Cruz

FoxP2 (ab1307) 1:200 Abcam

GFAP (G3893) 1:500 Sigma-Aldrich

hrGFP (monoclonal) (240241) 1:5000 Agilent Vitality

LDB1 (ab96799) 1:400 Abcam

MAP-2 (MAB3418) 1:500 Millipore

NeuN (A60, MAB377) 1:400 Millipore

Neuro�lament (M076229) 1:500 DAKO

p53 (ab26) 1:200 Abcam

pS6 (Ser240/244, D68F8 XP, 5364S) 1:600 Cell Signaling Technology

pS6 (Ser235/236, 2211L) 1:600 Cell Signaling Technology

S100 (Z031101) 1:1500 DAKO

SLK (anti rabbit) 1:800 Donated by Prof. Luc Sabourin

(Ottawa)

Vimentin (ab5733) 1:2000 Millipore

Table 4.3: List of primary antibodies

Secondary antibodies

Antibody Dilutions Company
Alexa Fluor 405 goat anti mouse 1:200 Life Technologies

Alexa Fluor 405 goat anti rabbit 1:200 Life Technologie

Alexa Fluor 488 goat anti mouse 1:200 Life Technologies

Alexa Fluor 488 goat anti rabbit 1:200 Life Technologie

Alexa Fluor 568 goat anti mouse 1:200 Life Technologie

Alexa Fluor 568 goat anti rabbit 1:200 Life Technologie
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Alexa Fluor 568 donkey anti goat 1:200 Life Technologie

Alexa Fluor 647 goat anti mouse 1:200 Life Technologie

Alexa Fluor 647 goat anti rabbit 1:200 Life Technologie

Alexa Fluor 647 goat anti chicken 1:200 Life Technologie

IRDye 680-anti mouse IgG 1:20000 LI-COR Odyssey

IRDye 680-anti rabbit IgG 1:20000 LI-COR Odyssey

IRDye 800-anti mouse IgG 1:20000 LI-COR Odyssey

IRDye 800-anti rabbit IgG 1:20000 LI-COR Odyssey

Table 4.4: List of secondary antibodies

4.4 Cell culture media and reagents

Cell culture medium Company
B27 Gibco

Basal Medium Eagle (BME) Life technologies

Dulbecco’s Modi�ed Eagle’s Medium (DMEM) Gibco

Fetal calf serum (FCS) Life technologies

Hank’s Bu�ered Salt Solution (HBSS) Gibco

Iscove’s Modi�ed Dulbecco’s Medium (IMDM) Gibco

L-Glutamine Gibco

Minimum essential medium (MEM) Sigma-Aldrich

Penicillin-Streptomycin Gibco

Phospate saline bu�er (PBS) Gibco

Poly-D-Lysin Sigma-Aldrich

Trypsin-EDTA Gibco

Table 4.5: Culture media used for this study

4.5 Kits

Kit Company
BigDye® Terminator v3.1 Cycle Sequencing Kit Applied Biosystems

DNA Clean and Concentration kit Zymo Research

Dynabeads® mRNA DIRECT™ Micro Kit Life technologies

EndoFree Plasmid Maxi Kit Quiagen

GeneJET™ Plasmid Miniprep Kit Thermo Scienti�c

High Capacity cDNA Reverse Transcription Kit Applied Biosystems

PureLink™ HiPure Plasmid Filter Maxiprep Kit Life technologies

RevertAid First Strand cDNA Synthesis Kit Thermo Scienti�c

SYBR ® Green RT-PCR Mix Applied Biosystems

Zymoclean DNA Clean&Concentrator kit Zymo Research
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Zymoclean Gel DNA recovery kit Zymo Research

Table 4.6: Kits used in this study

4.6 Oligo nucleotides

4.6.1 Cloning Primers

Enzymes were obtained from fermentas.

Plasmid Direction Primer 5’-sequence-3’ Enzyme Vector
2A-Cherry fw GCGACCGGTCTCGAGGAGCTAT

CTAGAGTG

AgeI pB-CAG-GFP

2A-Cherry rev GCGGCGGCCGCCTACTTGTACAG

CTCGTCCATGC

NotI pB-CAG-GFP

CAG-Cre-

GFP

fw GCGGAATTCATGTCCAATTTACT

GACCGTACA

EcoRI pB-CAG-GFP

CAG-Cre-

GFP

rev GCGCCCGGGCCATCGCCATCTTC

CAGCAGG

XmaI pB-CAG-GFP

Cherry-2A-

BRAF-

V600E-KD

fw GCGACCGGTgACCATGGACTTGA

TTAGAGACCAAGG

AgeI CAG-Cherry-

2A

Cherry-2A-

BRAF-

V600E-KD

rev GCGGCGGCCGCTCAGTGGACAG

GAAACGCAC

NotI CAG-Cherry-

2A

hSLK-mut-

GFP

fw GCGGAATTCACCATGTCCTTCTT

CAATTTCCGTAAGA

EcoRI pB-CAG-GFP

hSLK-mut-

GFP

rev GCGACCGGTTGATCCGGTGGAA

TGCAAGC

AgeI pB-CAG-GFP

hSLK-mut-

mCherry

fw GCGGAATTCACCATGTCCTTCTT

CAATTTCCGTAAGA

EcoRI CAG-Cherry

hSLK-mut-

mCherry

rev GCGGCGGCCGCCTACTTGTACAG

CTCGTCCATGC

NotI CAG-Cherry

mCherry fw GCGACCGGTATGGTGAGCAAGG

GCGAGG

AgeI pB-CAG-GFP

mCherry rev GCGGCGGCCGCCTACTTGTACAG

CTCGTCCATGC

NotI pB-CAG-GFP

mCherry-

2A-GFP

fw GCGGAATTCACCATGATGGTGA

GCAAGGGCGA

EcoRI pB-CAG-GFP

mCherry-

2A-GFP

rev GCGGGTACCGCTCCAGGGCCGG

GATTCTCCTCC

KpnI pB-CAG-GFP

mLDB1-

mCherry

fw GCGGAATTCATGCTGGATCGGG

ATGTGG

EcoRI CAG-Cherry
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mLDB1-

mCherry

rev GCGACCGGTCCCTGGGAAGCCT

GTGACGTG

AgeI CAG-Cherry

mLDB1-

mut-

mCherry

fw GCGGAATTCATGCTGGATCGGG

ATGTGG

EcoRI CAG-Cherry

mLDB1-

mut-

mCherry

rev GCGACCGGTCCCTGGGAAGCCT

GTGACGTG

AgeI CAG-Cherry

mLDB2-

mCherry

fw GCGGGATCCATGTCCAGCACAC

CACATGA

BamHI CAG-Cherry

mLDB2-

mCherry

rev GCGACCGGTCCCTGGGAAGCCT

GGGGTG

AgeI CAG-Cherry

mLDB2-

mut-

mCherry

fw GCGGGATCCATGTCCAGCACAC

CACATGA

BamHI CAG-Cherry

mLDB2-

mut-

mCherry

rev GGCGACCGGTCCCTGGGAAGCC

TGGGGTG

AgeI CAG-Cherry

mSLK-GFP fw GCGCCCGGGATGTCCTTCTTCAA

TTTCCGTAAG

XmaI pB-CAG-GFP

mSLK-GFP rev GCGACCGGTCCTGACCCAGTGG

AATGTAAG

AgeI pB-CAG-GFP

mSLK-

mCherry

fw GCGCCCGGGATGTCCTTCTTCAA

TTTCCGTAAG

XmaI CAG-Cherry

mSLK-

mCherry

rev GCGACCGGTCCTGACCCAGTGG

AATGTAAG

AgeI CAG-Cherry

mSLK-

K63R-GFP

fw GCGCCCGGGATGTCCTTCTTCAA

TTTCCGTAAG

XmaI pB-CAG-GFP

mSLK-

K63R-GFP

rev GCGACCGGTCCTGACCCAGTGG

AATGTAAG

AgeI pB-CAG-GFP

mSLK-

K63R-

mCherry

fw GCGCCCGGGATGTCCTTCTTCAA

TTTCCGTAAG

XmaI CAG-

mCherry

mSLK-

K63R-

mCherry

rev GCGACCGGTCCTGACCCAGTGG

AATGTAAG

AgeI CAG-

mCherry

myrAkt-2A-

mCherry

fw CGACCATGGGGTGTATTAAATC

GAAACGGAAAGACAACCTTC

KpnI CAG-2A-

mCherry

myrAkt-2A-

mCherry

rev GAGGCGGCCGCTTAGGCTGTGC

CACTGGCTGA

NotI CAG-2A-

mCherry
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shLDB1-

hrGFP

top TTTGCACGCTACTTCCGAAGCAT

TTCTCGAGAAATGCTTCGGAAGT

AGCGTGTTTTT

BamHI pAAV-U6-

shRNA-CBA-

hrGFP

shLDB1-

hrGFP

bottom CTAGAAAAACACGCTACTTCCG

AAGCATTTCTCGAGAAATGCTTC

GGAAGTAGCGTG

HindIII pAAV-U6-

shRNA-CBA-

hrGFP

shLDB2-

hrGFP

top CGACGGACCAAAGCGATACATT

CAAGAGATGTATCGCTTTGGTCC

GTCTTTTTGGAAA

BamHI pAAV-U6-

shRNA-CBA-

hrGFP

shLDB2-

hrGFP

bottom TTTCCAAAAAGACGGACCAAAG

CGATACATCTCTTGAATGTATCG

CTTTGGTCCGTCG

HindIII pAAV-U6-

shRNA-CBA-

hrGFP

shSLK-

hrGFP

top GATCTCGGGTTGAGATTGACATA

TTAATAGTGAAGCCACAGATGTA

TTAATATGTCAATCTCAACCTTTT

GGAAA

BamHI pAAV-U6-

shRNA-CBA-

hrGFP

shSLK-

hrGFP

bottom GCTTTTCCAAAAGGTTGAGATTG

ACATATTAATACATCTGTGGCTT

CACTATTAATATGTCAATCTCAA

CCCGA

HindIII pAAV-U6-

shRNA-CBA-

hrGFP

shSLK-

mRFP

top CGCGTGGTTGAGATTGACATATT

ACTCGAGTAATATGTCAATCTCA

ACCTTTTTTAT

MluI pLVTHM-

mRFP

shSLK-

mRFP

bottom CGATAAAAAAGGTTGAGATTGA

CATATTACTCGAGTAATATGTCA

ATCTCAACCA

ClaI pLVTHM-

mRFP

TSC1-WT-

2A-mCherry

fw GCGGGTACCATGGCCCAACAAG

CAAATGTC

KpnI CAG-2A-

mCherry

TSC1-WT-

2A-mCherry

rev GCGACCGGTGCTGTGTTCATGAT

GAGTCTCA

AgeI CAG-2A-

mCherry

TSC1-

R692X-2A-

mCherry

fw GCGGGTACCATGGCCCAACAAG

CAAATGTC

KpnI CAG-2A-

mCherry

TSC1-

R692X-2A-

mCherry

rev GCGACCGGTGAGGGTGCGGATC

TCATCT

AgeI CAG-2A-

mCherry

TSC1-

H732Y-2A-

mCherry

fw GCGGGTACCATGGCCCAACAAG

CAAATGTC

KpnI CAG-2A-

mCherry

TSC1-

H732Y-2A-

mCherry

rev GCGACCGGTGCTGTGTTCATGAT

GAGTCTCA

AgeI CAG-2A-

mCherry
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TSC1-

R786X-2A-

mCherry

fw GCGGGTACCATGGCCCAACAAG

CAAATGTC

KpnI CAG-2A-

mCherry

TSC1-

R786X-2A-

mCherry

rev GCGACCGGTGTCATGCTGCAGCT

GTCTGA

AgeI CAG-2A-

mCherry

Table 4.7: Primers used for cloning.(fw: forward; rev:reverse)

4.6.2 Sequencing Primers

Template Direction Primer 5’-sequence-3’
Akt fw ATGGGGAGCAGCAAGAGCAA

GCTCACCCAGTGACAACTCA

GATTGTGTCTGCCCTGGACT

GCAGCACCGGTTCTTTGCC

AGTTCGAGATCGAGGGCGA

ACCCCGAGGACGGCGC

BRAF fw TGTTGAATGTGACAGCACCTAC

AATGCAAGATAAAAATCCATACAGCT

hSLK fw AATCTTTGGATCCTCATTGAATTTTG

GAATTAAATCCAATGCGAGTGCT

TCAACAGCAAAATTCTTAATGAAAAAC

TTACAAAGGAAGACACCCAAGAG

AGTGAAGTTCAGGATGCTTCTAAA

TTACAGATAGTGATTCCAAAACTGAA

GAGAGAGTGCCTGAATAACAAG

GCCAATGTCCGCGAACTGC

mSLK fw TGCTGTGATGCTTGAACTTGAG

TGAGCCCCCAACATTAGCAC

GGATGAGCATGCAAGTGATGT

ACCAGTGATAGAAGCAGTGAG

CAGAAAGTGCCCGTTAAAGCA

CGGGAGCTGAGGCTTCTTC

AATTTGGGAGCTTGAAGAGCGA

CACCTGTTGGTTGAACATGAGA

mLDB1 fw CCCTCGACTGTGACCAGG

ACGACAGCAGCCCAGCAAA

GGAACAGCAAGCCTCCATC

mLDB2 fw ATATCACAACTCATCCATCACAGT

AGAACCCACAAGGCAACCGA

AACCTCCCGCCACGCAAG



CHAPTER 4. MATERIAL 37

GFP fw ATGGTCCTGCTGGAGTTC

CAG-X fw CTTCTGGCGTGTGACCGG

GAAGCGGTGCGGCGCC

mCherry rev ATGATGGCCATGTTATCCTCCT

pLVTHM-mRFP fw ATTTAGGTGACACTATAG

TSC1 fw TTCGTCTCCTTTTTGCGTTCTC

CACAGACAACACCATCTTCTGAA

CCTCCCCCGTATGATCATCT

CAGACTGATACAGCAGGGAG

GAGGACTGCAGGAACATGATT

GCAGGTTGGAGAAAGATGGC

ATTCCCCTGAACCTAGATGGC

Table 4.8: Sequencing primers.(fw: forward; rev: reverse)

4.6.3 Genotyping primers

Genotype Primer 5’-sequence-3’

p53�/�

GGTTAAACCCAGCTTGACCA

GGAGGCAGAGACAGTTGGAG

TSC1�/�

AGGAGGCCTCTTCTGCCTACCC

TGGGTCCTGACCTATCTCCTA

CAGCTCCGACCATGAAGTG

Table 4.9: Primers used for genotyping of TSC1 and p53 mice.

4.6.4 Primers for quantitative real-time PCR

Gene Primers Company
SLK TTCGGGAACTGCACCAGCT

CTTCTTCCTGGGTCTCAGCT

Life Technologies

β -actin ATGCTCCCCGGGCTGTATT

CTCCATGTCGTCCCAGTTGG

Life Technologies

Table 4.10: Primers used for quantitative real time RT-PCR

4.7 Enzymes

Enzyme Company
DNase I Roche

FastAP Life technologies

Pfu DNA Polymerase Life technologies
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PNK Life technologies

Proteinase K PeqLab

Econo Taq DNA Polymerase Life technologies

T4 Ligase Thermo Scienti�c

Trypsin Gibco

Restriction Enzymes Company
EcoRI, XbaI, XmaI, AgeI, KpnI,

NotI, BamHI, MluI, ClaI, HindIII

Thermo Scienti�c

Table 4.11: List of Ezymes used in this study

4.8 Plasmids

Generated plasmids

Name Insert Vector
CAG-mCherry-2A-GFP mCherry-2A pB-CAG-GFP

CAG-mCherry mCherry pB-CAG-GFP

CAG-2A-mCherry 2A-mCherry pB-CAG-GFP

CAG-Cre-GFP Cre pB-CAG-GFP

CAG-Cherry-2A-BRAF-V600E-KD BRAF-V600E-

KD

CAG-mCherry-2A

CAG-mCherry-2A-GFP mCherry-2A pB-CAG-GFP

CAG-hSLK-mut-GFP hSLK-mut pB-CAG-GFP

CAG-hSLK-mut-mCherry hSLK-mut CAG-mCherry

CAG-mLDB1-mCherry mLDB1 CAG-mCherry

CAG-mLDB1-mut-mCherry mLDB1-mut CAG-mCherry

CAG-mLDB2-mCherry mLDB2 CAG-mCherry

CAG-mLDB2-mut-mCherry mLDB2-mut CAG-mCherry

CAG-mSLK-GFP mSLK pB-CAG-GFP

CAG-mSLK-mCherry mSLK CAG-mCherry

CAG-mSLK-K63R-GFP mSLK-K63R pB-CAG-GFP

CAG-mSLK-K63R-mCherry mSLK-K63R CAG-mCherry

CAG-myrAkt-2A-mCherry myrAkt CAG-2A-mCherry

U6-shLDB1-hrGFP shLDB1 pAAV-U6-shRNA-CBA-

hrGFP

U6-shLDB2-hrGFP shLDB2 pAAV-U6-shRNA-CBA-

hrGFP

U6-shSLK-hrGFP shSLK pAAV-U6-shRNA-CBA-

hrGFP

U6-shSLK-mRFP shSLK pLVTHM-mRFP

CAG-TSC1-WT-2A-mCherry TSC1-WT CAG-2A-mCherry
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CAG-TSC1-R692X-2A-mCherry TSC1-R692X CAG-2A-mCherry

CAG-TSC1-H732Y-2A-mCherry TSC1-H732Y CAG-2A-mCherry

CAG-TSC1-R786X-2A-mCherry TSC1-R786X CAG-2A-mCherry

Table 4.12: Constructs generated during this study

Plasmids generated prior this study

Plasmids with shLDB1 (sh216), shLDB2 (sh916), shSLK within the pAAV-U6-shRNA-CBA-hrGFP vector.

Plasmids kindly provided by other labs

pCAG_PSD95.FingR-eGFP-CCR5TC; AddGene Plasmid #46295 and pCAG_GPHN.FingR-eGFP-CCR5TC;

AddGene plasmid #46296, was a gift from Don Arnold [264].

SLK K63R (Prof. Luc Sabourin, Ottawa Hospital Research Institute, Canada), pB-CAG-GFP, pB-CAG-

pBase (Joe LoTurco, University of Connecticut, USA), GLAST-Cre, Nestin-Cre, BLBP-Cre, GFAP-Cre

(Carlos Cardoso, INSERM, Institut de Neurobiologie de la Méditerranée, Marseille, France),



5 Methods

The approved nomenclature fore gene symbols is used throughout the text. Gene symbols are abbre-

viated and italicized (http://www.genenames.org). This nomenclature would require that human gene

symbols are written with capitalized letters, and that in mouse gene symbols only the �rst letter is

capitalized. However, we refrain from doing so in order to keep the appearance simple and uniformly.

All patients included in this research project gave informed and written consent for additional studies.

Procedures were carried out in accordance to the Helsinki Declaration and were approved by the local

ethics committee.

5.1 Molecular biological methods

5.1.1 Polymerase chain reaction (PCR) and agarose gel electrophoresis

PCR is a technique to amplify DNA from cDNA templates. The DNA-polymerases used in this study

are Pfu-Polymerase and EconoTaq-Polymerase. To avoid mutations the Pfu polymerase is used for

cloning since it has proof reading properties. The EconoTaq is used for genotyping as proof read-

ing is not required for this approach. Typically a reaction mix for cloning contains 36.4µl a.dest, 5µl

10xMgSO4-containing Pfu-bu�er (Life technologies), 3µl 25mM MgSO4 (Life technologies), 0.6µl dNTPs

(Life technologies), 1.5µl 10pmol/µl forward primer, 1.5µl 10pmol/µl reverse primer, 1µl Pfu polymerase

(Life technologies) and 1µl cDNA. A reaction for genotyping contains 2µl a.dest, 5µl 2xEcono-mix (Life

technologies), 1µl forward 10pmol/µl primer, 1µl 10pmol/µl reverse primer and 1µl tail-lysate.

Double stranded DNA samples are then ampli�ed in a thermocycler. A typical ampli�cation program

with Pfu polymerases for a 1000 base pair long DNA fragment consists of an initial 10min denaturation

period at 94°C, followed by 35 cycles of 1min 94°C, 50sec primer annealing at 58°C and 2min elongation

at 72°C (Pfu ampli�es 500 base pairs/min), completed by a �nal 10min elongation phase. Ampli�cation

of 300 base pair long DNA fragments with Econo Taq consists of an initial 10min denaturation period

at 95°C, followed by 35 cycles of 50sec 95°C, 50sec 58°C and 60sec 72°C, completed by a �nal 10min

elongation phase. Ampli�ed DNA fragments were complemented with 6x loading dye (Life technolo-

gies) and separated on a 1% agarose gel containing 2% ethidium bromide for 30 – 60 min and 150V.

For an estimation of band size, GeneRuler 1kB DNA ladder was also loaded on the agarose gel. DNA

bands were visualized by UV-light, cut out of the gel for further vector generation and puri�ed with

the Zymoclean Gel DNA recovery kit.

40
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5.1.2 Cloning

For the generation of new plasmids template cDNAs were ampli�ed by PCR with appropriate primers

(all primers including restriction enzyme recognition sequences used are listed in chapter 4.6.1). Primers

and shRNA oligomers were ordered online (Invitrogen Life Technologies). shRNAs were designed based

on sequences in the RNAi Codex database (http://cancan.cshl.edu/cgi-bin/Codex/Codex.cgi). Before lig-

ation into their �nal vectors, the shRNA oligomers were annealed in 100mM Tris pH7.5, 1M NaCl and

10mM EDTA solution for 10min at 95°C. Samples were cooled down slowly to room temperature and

phosphorylated by addition of PNK (polynucleotide kinase, Life technologies) and 10xkinase bu�er

(Life technologies). After puri�cation by ice-cold ethanol precipitation oligomers were ready for liga-

tion. Final vectors and puri�ed PCR amplicons were digested with appropriate enzymes (see primer list

with used enzymes in chapter 4.6.1 and vector list in chapter 4.8 for details; bu�ers were used as recom-

mended by the manufacturer: https://www.thermo�sher.com/de/[...]/double-digest-calculator-thermo-

scienti�c.html). All vectors were additionally dephosphorylated to avoid self-ligation by adding 1µl of

FastAP (fast alkaline phosphatase, Life technologies) to each reaction and �nally both, vectors and PCR

amplicons were puri�ed with the Zymoclean DNA Clean&Concentrator kit. A ligation mix contained

1µl T4 DNA ligase (Life technologies), 2µl 10xT4 DNA ligase bu�er (Life technologies), 50ng vector

DNA, a molecular ratio of 1:3 PCR amplicon DNA and a.dest was �lled up to achieve an end volume of

20µl. The DNA mix was incubated at 16°C for 20 – 24h. For ampli�cation of newly generated plasmids,

chemically competent 5-alpha E.coli were incubated with 20µl ligation reaction for 20min on ice. After

a 45sec long heat shock, bacteria-DNA mix was incubated for another 2min on ice. Afterwards, 200µl

sterile LB-medium was added and the bacteria were incubated for 60min at 37°C and 800rpm. Bacte-

ria were plated on LB-agar plates containing the appropriate antibiotics as selection marker (100µg/ml

ampicillin or kanamycin) and incubated over night at 37°C. To test for positive clones, single colonies

were picked with a pipette tip and allowed to grow in 4ml antibiotics containing LB-medium for 12 –

16h at 200rpm and 37°C. Afterwards, bacteria was pelleted and plasmid DNA was isolated and puri�ed

with the GeneJet Plasmid Miniprep Kit following the manufacturer’s instructions. Correct insertion of

PCR amplicons was veri�ed by sequencing reactions (BigDye Terminator v3.1 Cycle Sequencing Kit

PCR sequencing reaction, performed according the manufacturer’s instructions; sequencing reaction

carried out at the Life&Brain GmbH in Bonn). By transfection of the newly generated plasmids into

HEK293T cells, we tested for robust expression and/or correct subcellular localization of �uorescent

proteins.

For in utero electroporation or transfection of primary cultured cortical neurons, plasmids were ampli-

�ed in 200ml LB-medium-bacteria cultures and isolated with the EndoFree Plasmid Maxi Kit following

the manufacturer’s instructions.

5.1.3 Genotyping

To verify the correct genotype of the used TSC1�/�
and p53�/�

mice, small tail pieces were cut from three

week old mice. To extract DNA, tails were incubated on a thermo shaker in lysis solution (Direct PCR

Tail Lysis Reagent, PeqLab) containing 1% proteinase K for 2 – 18h at 55°C. Proteinase K was inactivated

by 85°C for 60min and the crude tail DNA mix was then used for further PCR ampli�cation.
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5.1.4 mRNA isolation, cDNA synthesis and real-time PCR

mRNA was isolated from cultured neurons transduced with rAAV crude extracts by using the Qiagen

RNA Mini Kit according to the manufacturer’s instructions. For each condition, neurons from four

wells of a 24-well plate were combined for RNA isolation. Reverse transcription and cDNA synthesis

were performed using the RevertAidH Minus First Strand cDNA Synthesis Kit (Thermo scienti�c) with

oligo dT primers as recommended by the manufacturer. Similarly, instructions of the manufacturer

were followed for real-time PCR using the SYBR Green PCR kit (Life technologies). Therefore, 3µl Sybr

Green were mixed with 1.25µl cDNA, 0.3µl 5’primer, 0.3µl 3’primer and 1.4µl DEPC-water. In an ABI

Prism 9700HT system (PE Applied Biosystems, USA) samples were �rst heated to 95°C for 10min and

then ampli�ed by 40 cycles of 95°C for 15sec, 59°C for 60sec, 72°C for 40sec. Gene expression was

calculated as 2
-Δct

(Δ cycle threshold value (ct) = ct of the analyzed gene - ct β -actin). relative to an

internal reference gene (β -actin).

5.2 Cell culture

5.2.1 Cell culture with human embryonic kidney (HEK) cells

HEK293T cells were continuously cultured in DMEM (supplemented with 10% FCD and 1% Pen/Strep)

in a T75 tissue culture �ask at 37°C in an incubator with 5% CO2. These actively dividing cells were

passaged as soon as they reached 70 – 80% con�uency. Therefore, culture medium was replaced with

5ml PBS as a washing step and then incubated in 2ml trypsin-EDTA (Gibco) to detach the cells from

the bottle ground. After 1 – 2min 5ml DMEM was added to stop the lysis reaction. Cells were singu-

larized by pipetting up and down. Cell density was assessed using a Neubauer counting chamber. For

HEK293T cell transfection, 50000 cells per well of a 24-well plate were seeded. For further cultivation,

approximately 1mio. cells were left in the culture �ask and 12ml DMEM was added.

5.2.2 Transfection of HEK cells

HEK293T cells were transfected with the calcium phosphate method 24h after plating. Three hours

before transfection, culture medium of HEK293T cells plated in 24-well plates was replaced with 1ml

IMDM (containing only 5% FCS) per well. DNA (500ng/µl) was mixed with 50µl 250mM CaCl2. While

mixing on a vortex 55µl 2xHEBES phosphate-bu�er (50mM HEPES, 280mM NaCl, 1.5mM Na2PO4 -

pH7.1) was added dropwise. 50µl of the DNA mix was added per well and the DNA-CaPO4 precipi-

tate was allowed to form. After 14 – 18h IMDM was replaced with fresh culture medium. After 48h

transfected HEK293T cells were harvested for protein extraction. In the case that HEK293T cells were

transfected for veri�cation of newly generated plasmids, cells were 4% PFA �xed an analyzed with a

�uorescence microscope (Zeiss Axio Observer.A1, A-Plan 10X 0.25NA objective).

5.2.3 Production of crude recombinant adeno-associated virus (rAAV) extracts

For production of recombinant adeno-associated viruses (rAAVs), HEK293T cells were plated in 10cm

culture dishes. 24h after plating, culture medium was replaced with IMDM and 5% FCS. The DNA-CaCl2
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mix for one 10cm-dish contained 5.5µg endotoxin free AAV plasmid DNA, 11.0µg pFdelta6 plasmid,

2.64µg pRV1 plasmid, 2.75µg pH21 plasmid, 145µl 2.5M CaCl2 and 1ml a.dest. While mixing, 1.15ml

2xHEBES phosphate-bu�er was added dropwise. The DNA-CaP mix was added to the culture medium

and IMDM was replaced with culture medium 14 – 18h later. After 48h AAV containing HEK293T cells

were harvested for virus extraction. Therefore, cells were detached from the culture plate by adding

1ml trypsin-EDTA. Culture medium and lysed cells were collected in a 15ml falcon tube and spun for

4min at 2000rpm. The supernatant was discarded and the cell pellet was resuspended in 500µl PBS.

After three freeze-thaw cycles, cells were lysed and the AAV particles were separated from cell debris

by full speed centrifugation for 3min. The supernatant, containing the crude AAV particles was stored

at 4°C for short-term use and at -80°C for long-term use.

5.2.4 Primary neuronal cell culture

Primary cortical neurons were dissected from embryo brains of pregnant (E17 – E19) mice or rats. Both

cortical hemispheres were removed and kept in ice-cold HBSS (calcium and sodium free Hank’s Bu�ered

Salt Solution). Meninges were removed and each isolated cortical hemisphere was reduced to small

pieces. After three washing steps with 5ml ice-cold HBSS, the brain pieces were incubated for 10min

in 4.5ml HBSS (supplemented with 500µl trypsin) at 37°C. Afterwards the pieces were washed again

three times with HBSS supplemented with 1mg/ml 200µl DNAse I and with 800µl warm BME (Eagle’s

Basal Medium). To mechanically isolate and singularize neurons, brain pieces were gently triturated

using 1ml pipette tips. Cell density was then assessed in a Neubauer counting chamber. For subsequent

transfection or transduction, cortical neurons were plated at a density of 55000 cells/well on poly-D-

lysine (0.01%) coated glass cover slips in a 24well-plate. Culture medium contained NB (NeuroBasal)

supplemented with B27 and L-Glutamine and cells were maintained in a humidi�ed incubator at 37°C

with 5% CO2. Culture medium was replaced with 1ml fresh NB medium/well 24h later.

5.2.5 Transfection and transduction of primary neuronal cultures

Two – four days after preparation (DIV1 – 4) cortical neurons were transfected using the calcium phos-

phate method as described in [265]. Neuronal medium was collected, stored at 37°C and replaced by

warm MEM (Minimum Essential Medium Eagle). A transfection mix for two wells contained 5µg en-

dotoxin free plasmid DNA and 60µl 250mM CaCl2. Same molecular ratios were used when transfecting

shRNAs together with overexpression plasmids. While mixing on a vortex, 65µl 2xBBS (BES-bu�ered

saline; 280mM NaCl, 1.5mM Na2HPO4, 50mM BES, pH 7.1) was added drop-wise. After adding 60µl of

the DNA-containing mix per well, neurons were incubated for 30 – 50 min at 37°C with 2.5% CO2. As

soon as a prominent calcium-phosphate precipitate formed, cells were washed twice with HBS (HEPES-

bu�ered saline; 135mM NaCl, 4mM KCl, 1mM Na2HPO4, 2mM CaCl2, 1mM MgCl2, 10mM glucose,

20mM HEPES, pH 7.35), twice with BME and in the end the previously removed and stored medium

was added to the cells. At DIV4, 6, 14, or 21 neurons were 4% PFA �xed and either mounted on glass

slides or used for immunocytochemistry. For cell death assays, 5mM propidium iodide was added to

neurons before PFA-�xation. For transduction, 20 – 40µl of crude rAAV extract was added to neu-

rons one day after plating (DIV1). Neurons were harvested on DIV14 and used for mRNA expression
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analysis.

5.3 Biochemical methods

5.3.1 SDS-Page and western blo�ing

To harvest proteins form HEK293T cells, the culture medium was removed 48h after transfection, re-

placed with cold PBS and the cells were detached from the culture dish using a cell scraper. Cells were

collected in a 1.5ml tube and pelleted by full speed centrifugation for 3 min at 4°C. The pellet was re-

suspended in lysis bu�er (4mM HEPES, 150mM NaCl, 1% Triton X-100, protease inhibitor cocktail) and

sonicated for 1 – 3sec. This was followed by a second full speed centrifugation at 4°C for 3 min to pellet

the cell debris. The protein concentration of the supernatant was measured using a Nanodrop. For

SDS PAGE 50µg protein per sample supplemented with 6x Laemlibu�er (TRIS-hydrochlorid 378mM,

30% glycerol, 12% SDS and 0.06% Bromphenolblue, 10% β -mercaptoethanol) were denatured at 95°C

for 5min and then loaded on a 10% acrylamide gel. After separation proteins were transferred onto a

nictrocellulose membrane by western blotting for 3h at 4°C and 200mA or over night at 4°C and 45mA.

Subsequently, the membrane containing the proteins was incubated on a rocking plate in 3% cold-water

�sh gelatin in PBST (PSB with 0.1% Triton X-100) to block unspeci�c binding sites. After 1h blocking

the membrane was incubated for 3h in primary antibodies that were diluted in the blocking solution.

Unbound antibodies were removed by three washings steps for 5min with PBST. Secondary �uorescent-

labeled IRDyes anti mouse 800nm or anti rabbit 680nm IgG antibodies were diluted (1:20000) in PBST

and incubated for 1h. After three washing steps with PBST the IRDyes were detected with the infrared

Odyssey imaging system.

5.4 Immunochemical methods

5.4.1 Immunocytochemistry

For immuno�uorescence analysis primary cultured cortical neurons were �xed by incubation in 4%

PFA for 15min. Residual PFA was removed by three washing steps with PBS and one washing step

with PBST (0.1% Triton X-100 in PBS). This was followed by 1h incubation with blocking solution

(10% FCS, 1% NGS, 0.3% Triton X-100 in PBS). After overnight incubation with primary antibodies

in blocking solution at 4°C, neurons were again washed with PBS and incubated with Alexa Fluor®

secondary antibodies diluted in PBS for 45min. For some experiments, secondary antibody solution

was supplemented with �uorescently labeled phalloidin. Afterwards, neurons were washed three times

with PBS and mounted on glass slides with mowiol.

5.4.2 Immunohistochemistry

For co-immuno�uorescence analysis PFA-perfused mouse brains were cut on a Microm HM 650V vi-

bratome to 80µm brain slices. For immunohistochemical stainings, free �oating brain slices were

washed three times in PBST (PBS with 0.1% Triton X-100) and incubated in blocking solution (0.1%
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Triton X-100, 0.1% Tween 20, 4% BSA in Tris-bu�ered saline (TBS) pH 7.7) for 1h at room tempera-

ture. Primary antibodies were diluted in blocking solution and incubated at 4°C over night on a rocking

platform. Afterwards, the brain slices were washed again three times in PBST and the secondary �u-

orescently labeled Alexa Fluor antibodies diluted in PBST were incubated for 1h at room temperature.

After three washing steps brain slices were mounted on glass slides with vectashield.

For immuno�uorescence analyses, human GG and FCDIIb para�n tissue sections, diagnosed according

to the current WHO classi�cation by an experienced neuropathologist (Prof. Albert Becker) [266] were

used. Discrimination of lesion versus adjacent non-lesioned ‘control’ CNS tissue based on hematoxylin

& eosin (HE)-staining. Para�n was removed by incubation in xylol for 20min, 100% ethanol for 2min,

96% ethanol for 2min, 75% ethanol for 2min, 50% ethanol for 2 min and a.dest for 2min.

For HE staining, brain sections were incubated in hematoxylin for 6 - 8min to label cellular nuclei.

Hematoxylin was removed by rinsing the sections for 10min with fresh water. Afterwards specimens

were incubated in 10% eosin (supplemented with 0.001% glacial acetic acid) for 10min, that was removed

by rinsing with water for 3min and followed by 5 min incubation in 80% ethanol, 5min 100% ethanol

and 5 min xylol. HE stained brain sections were mounted with corbit and dried in at 37°C for 30min.

For immuno�uorescence analyses of para�n embedded in utero electroporated mouse brains, brains

were cut into 3µm thick slices on a microtome and mounted on glass slides. After para�n was removed

(as described earlier in this section) sections were incubated in 0.1% citric bu�er (pH 6.0) in a microwave

for 20min. After this antigen retrieval step, brain slices were cooled down to room temperature, washed

three times for 5min in PBS, placed in a sealed, humid chamber and incubated in blocking solution (5%

FCS, 1% NGS in PBS). Primary antibodies were diluted in blocking solution and incubated over night

at room temperature. Afterwards the sections were washed three times with PBS, incubated in Alexa

Fluor secondary antibodies diluted in PBS for 2h at 37°C, washed again three times and mounted with

vectashield.

5.5 Microscopy and imaging analysis

All specimens were imaged with a confocal microscope (Nikon Eclipse Ti confocal microscope - Nikon

Instruments) and analyzed for di�erent parameters. All images used for �gures were edited and created

in Adobe Photoshop CS6 or Adobe Illustrator CS6.

5.5.1 Neurite quantification and Sholl Analysis

Confocal images of mRFP or hrGFP expressing primary cortical neurons were made and analyzed us-

ing the NeuronJ plug in for ImageJ. For morphometric quanti�cations each neuron was reconstructed

manually by tracing their neurites from branch point to the tip. For axon length determination, only

the axon with its branches was reconstructed from DIV6 neurons. For quanti�cation of di�erent or-

der dendrites, the whole dendritic tree was reconstructed at DIV14. Each branch of a single neuron

was designated as either primary, secondary or tertiary, depending on its branch point origin. Den-

drites originating from the soma were termed primary, dendrites branching out of primary dendrites

were considered secondary and those growing out of secondary were accordingly de�ned as tertiary
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dendrites. The absolute number of all di�erent order dendrites was determined for each neuron and

summarized as the mean number of dendrites. Furthermore, the length of each reconstructed dendritic

subunit was measured by NeuronJ and also summarized as the mean value.

Single in utero electroporated neurons were analyzed in a similar fashion. As IUE usually resulted in

densely packed clusters of electroporated neurons, only neurons from layer IV in the outer borders

of the IUE area that were mostly isolated were selected. For Sholl analysis, each traced neuron was

overlaid with rings of 10 or 50µm intervals with the neurons soma being the center. Then the number

of intersections with neurites for each circle was assessed by the Sholl analysis tool of ImageJ [267, 268].

5.5.2 Fluorescence intensity analysis

To analyze immunohistochemical stainings from human surgical specimens, confocal maximum in-

tensity projection images of z-stacks were taken and analyzed by NIS Elements Nikon software. The

auto-detect function of the software automatically recognized and set MAP-2 positive neurons as re-

gion of interest (ROI). Fluorescence intensity of SLK or LDB1 in MAP-2 positive neurons within the

and outside the GG was determined. Vimentin staining was used to help distinguish GG- from ad-

jacent control brain tissue. In the case of FCDIIb analysis, only highly enlarged, dysplastic neurons

positive for MAP-2 were selected for determination of SLK �uorescence intensity. As a control, normal

sized MAP-2 positive neurons without apparent pathological changes of morphology, in an area with

maximal distance from dysmorphic neurons were chosen and automatically detected by the software.

Single cell SLK �uorescence intensity was read out for each ROI and subtracted by background �uores-

cence of individual images. The mean �uorescence intensity for lesioned vs. non-lesioned brain area

was summarized as the mean value.

5.5.3 Analysis of colocalization

Colocalization of MAP-2 and GFAP with LDB1 was analyzed in neurons from human GG specimens,

colocalization of SLK with gephyrin or PSD95 in primary transfected cortical neurons and colocalization

of DAPI, NeuN, Cux1 and FoxP2 with ectopic neurons in brains electroporated with shSLK. For that

purpose confocal maximum intensity projection images of z-stacks were taken and analyzed with the

NIS Elements Nikon software. In order to analyze overlap, or positive colocalization, the �uorescence

signal recorded for each ROI (MAP-2 positive neurons in GGs, gephyrin or PSD95-positive synapses or

DAPI, NeuN, Cux1 or FoxP2) in each channel was subtracted by the corresponding background value

of each individual image. We de�ned an overlap as positive or colocalized when the �uorescence signal

of the ROI for PSD95, gephyrin, MAP-2, GFAP, DAPI, NeuN, Cux1 or FoxP2 overlaps with the ROI for

SLK, LDB1 or hrGFP expressing ectopic neurons with more than three-times the �uorescence intensity

of the background. Thus all SLK, LDB1 or hrGFP �uorescence intensity values lower than three-times

the value of the background were determined as negative or not colocalized.

5.5.4 �antification of synapse density

Confocal maximum intensity projection images of z-stacks of brains in utero electroporated with mRFP

or shSLK together with GFP-fused gephyrin-, or PSD95-FingRs were taken and analyzed with two dif-
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ferent methods. In a �rst manual analysis all GFP-labeled synapses on a mRFP expressing dendritic

branch were counted. Afterwards the complete dendritic tree was reconstructed and the length was

read out using the ImageJ plug-in NeuronJ as described before. The corresponding number of gephyrin-

or PSD95 positive postsynapses per 100µm dendrite was summarized as the mean value. This approach

was veri�ed by using an automatic quanti�cation method. A custom made MATLAB algorithm (pro-

vided by Carsten Robens, Institute for Applied Physics, Bonn, Germany) calculated the number of GFP-

labeled synapses per µm dendrite overlapping at least 50% with the red �uorescent dendritic processes.

Brain slices from mice at di�erent ages (P5, P15, P30, P60 ±1 day) were analyzed and compared.

5.5.5 Analysis of growth cone size

For the analysis of growth cone size, confocal maximum intensity projection micrographs of z-stacks

from PFA-�xed transfected cortical neurons were analyzed with the NIS Elements Nikon software. ROIs

were laid around individual growth cones that were identi�ed by morphology, location and the presence

of strong phalloidin �uorescence signals. We distinguished between growth cones from axons and from

future dendrites. The size of each individual ROIs was measured and their mean size was compared to

the mean size of control growth cones.

5.5.6 Analysis of gephyrin cluster size and fluorescence intensity of synaptic
antibody staining

For the determination of gephyrin cluster size, z-stack maximum intensity projections of confocal mi-

crographs of phalloidin/antibody labeled neurons transfected with gephyrin-GFP-FingRs and mRFP/

shRNAs were analyzed with ImageJ. First, only the green, gephyrin-GFP channel was used. For each

image, the background was subtracted using the ‘subtract background’ function. A rolling ball radius

of 1/3 pixel width of the image (in our case 340) was used. For each image the lower threshold level

was set to 20%. With the ‘analyze particles’ function of ImageJ, the program automatically recognized

all round objects, larger than 2 pixels (corresponding to a length of 0.44µm or an area of 0.088µm
2
).

The size of each particle was determined by the program. The particles represent gephyrin positive

synapses only from transfected cortical neurons. The outline of each particle was converted in to a

ROI and overlaid on the channels for acTubulin, phalloidin and mRFP of the corresponding image. The

�uorescence intensity was read out only for the ROI that represents the gephyrin positive synapse. The

values for the �uorescence intensity of acTubulin and phalloidin were normalized to the correspond-

ing mRFP �uorescence intensity within the same ROI. The mean �uorescence intensity for control and

shSLK transfected neurons was summarized from all synapses of all analyzed neurons. For a more

detailed illustration of the distribution of synapses with distinct �uorescence intensities, values were

binned and plotted as a histogram. As the number of synapses was di�erent in both conditions, all

values were expressed as percentage of the absolute number of analyzed synapses.

5.5.7 Analysis of TSC1 knockout neurons

To test for pathological mTOR pathway activation, confocal maximum intensity projection images of

z-stacks were taken from brain slices of TSC1
�/�

mice in utero electroporated with distinct, indicated
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plasmids. These brain slices were immunolabeled with antibodies against phospho-S6 Ribosomal Pro-

tein (pS6) and depending on the experiment also against NeuN, S100, GFAP and/or vimentin. mCherry

expressing cells were automatically recognized by the ROI auto-detect function of the NIS Elements

Nikon software and parameters such as �uorescence intensity or cell size were generated for each ROI.

In each condition the individual results of each neuron (that was bright enough to be recognized by the

software) was included into the analysis and summarized as the mean value. Analysis was carried out

as described in [269].

5.5.8 Cortical positioning of electroporated neurons

For TSC1�/�
mice: The �nal position of cortical neurons in utero electroporated at di�erent time points

was analyzed by de�ning the borders of the six-layered cortex based on NeuN staining. The percentage

of all electroporated neurons within each layer was calculated manually. As an additional control, the

mean distribution of all electroporated neurons within the cortex was determined by measuring the

distance of each individual neuron to the upper border of layer I. Analysis was carried out as described

in [269].

For wildtype mice in utero electroporated with control vs. shRNAs: The percentage of ectopic neu-

rons was determined by manually counting all electroporated neurons within layer II/III and IV versus

neurons located in deeper layers. As described before, layers were distinguished by NeuN staining.

5.5.9 Assessment of tumor “malignancy” and Kaplan-Meier curve

In order to estimate survival time of tumor bearing mice, usually the time until death is noted and

illustrated in a Kaplan-Meier survival plot. However, the induced tumors of our GG model had a highly

malignant progression that was apparent by rapid weight loss. To avoid unnecessary su�ering, every

mouse that lost more than 20% body weight in less than 24h was sacri�ced, since it would most certainly

die within the next 48h. The day of sacri�ce was included in the Kaplan-Meier curve.

5.5.10 Band analysis a�er western blot

In order to analyze relative protein levels after western blot, band �uorescence intensity was quanti�ed

using ImageJ. The �uorescence intensity of the protein of interest was normalized to the respective

loading control, the house keeping gene β -actin. For better comparison the resulting ratios were nor-

malized to the respective overexpression condition (in the case of the shRNA assays, this condition was

SLK-, LDB1-, LDB2-overexpression respectively).

5.6 Intraventricular in utero electroporation in mice

All procedures including animals were performed in accordance with the guidelines of the Bonn Uni-

versity Medical School Care Committee. Mice were kept in an animal facility, with a maximum of 4

animals per cage. All animals had continuous access to fresh water and food, and were kept under the

control of an alternating 12-hour light or dark cycle.
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In utero electroporation was performed as published in [120, 269]. Male and female mice were al-

lowed to mate for 10 - 12h, and the day of mating was de�ned as embryonic day zero (E0). For all in

utero electroporations CD1/C57Bl/6 hybrid female mice were used, as these have a considerably higher

pup survival rate. C57Bl/6 mice have poor mother instincts and as a consequence most of their pups

die within 24h after birth. C57Bl/6 TSC1�/�
and p53�/�

mice were crossed with CD1 mice for three

generations. For accelerated backcrossing, C57Bl/6 speci�c SNPs were sequenced from the F2 and F3

o�springs genome. Mice with the lowest C57Bl/6 -speci�c SNP score were used for further breeding to

either generate homozygous WT mice or homozygous TSC1�/�
and p53�/�

mice. Thus, our mice have

a mixed genetic background, however, we refer to them as CD1 mice in the following, since the CD1

background is predominant. SNP sequencing estimated a 90% CD1 and 10% C57Bl/6 genetic content

after the third generation. Only for PTZ experiments C57Bl/6 mice were used, because CD1 mice are

more sensitive to PTZ and are therefore not ideally suited for these experiments.

Time pregnant CD1 or C57Bl/6 mice (E14, E16, E17, E18) were injected with buprenovet (0.05mg/kg)

and gabrilen (5mg/kg) 30min prior to the procedure. Mice were anesthetized with iso�urane (induc-

tion 3.5%; surgery 2.5%) and placed on a heating pad (41°C). The uterine horns were exposed from

the abdominal cavity by laparotomy. Each embryo was injected once with 2 – 4µl DNA (3 - 5µg/µl,

supplemented with 0.1mg/ml of the dye Fast Green that was used as a visual control) into one lateral

ventricle trough the uterine wall using a previously pulled and beveled glass capillary and a microin-

jector. This was followed by electroporation by discharging a 4000 µF capacitor charged to 45V with a

CUY21SC square-wave electroporator (5 electrical pulses with a duration of 50ms in 950ms intervals)

and a 2-panel electrode (7mm electrodes) that was placed between the eyes of the embryo to target

cortical ventricular progenitors in the motor- and somatosensory cortex. Embryos and intestines were

constantly rinsed with warm ringer solution supplemented with 1% penicillin/streptomycin. After the

procedure, animals were allowed to give birth. Their o�spring was either �rst subjected to PTZ assays

or immediately anesthetized with ketamine/xylazine (100mg/kg and 10mg/kg respectively) and then

sacri�ced by cardiac 4% PFA perfusion. The brain was removed carefully, kept in 4% PFA at 4°C for two

days and then stored in PBS at 4°C.

5.7 PTZ experiments

Mature (P45-50) C57Bl/6 mice in utero electroporated at E14 were injected intraperitoneally with pentyl-

enetetrazole (PTZ, 10mg/kg) and hyperexcitability of the brain was assessed as described in [120]. PTZ

was solved in PBS and all mice were repetitively injected in 10-minute intervals until the occurrence of

the �rst generalized seizure. Two parameters of semiological seizures were determined: The nature of

seizures of each individual mouse was rated according to a modi�ed Racine score [270], and the time

point of the occurrence of the �rst Racine score IV and V seizure. After the experiment all mice were

sacri�ced by 4% PFA heart perfusion.
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5.8 Statistical analyses

The following statistical tests were applied: two sided paired Student’s t-test (quanti�cation of onset of

PTZ-induced seizures, SLK/LDB1 expression in human ganglioglioma or FCDIIb tissue, real-time PCR,

S100-, acTubulin- and phalloidin �uorescence intensity, number of ectopic cells in shSLK in utero elec-

troporated brains, number of di�erent order dendrites in vivo, and electrophysiological measurements),

One-way ANOVA with Bonferroni post-correction (quanti�cation of di�erent order dendrites in vitro,

axon length, synapse density, knockdown e�ciency of shRNAs, cell size and pS6 �uorescence inten-

sity), �sher’s exact test (quanti�cation of di�erences between the severity of PTZ-induced seizures),

Chi-squared test (quanti�cation of the �nal positioning of neurons in cortical layers), Two-way ANOVA

with Bonferroni post-correction (quanti�cation of the �nal positioning of neurons in cortical layers),

and Mann-Whitney U-test (quanti�cation of Sholl analysis, distribution of �uorescence intensities of

acTubulin and phalloidin, distribution of neurons in TSC1�/�
mouse brains). All standard errors are

indicated as the ‘standard error of the mean’ (SEM).



6 Results

6.1 Establishing a ganglioglioma mouse model

GGs are among the most common neoplasms causing chronic, focal epilepsy especially in children and

young adults, but to date no adequate animal model has been established to study this tumor entity in

more detail. In order to analyze their pathogenic origin as well as mechanisms leading to the emergence

of dysplastic neurons in these highly epileptogenic neoplasms, we aimed to generate a GG mouse model.

Therefore, we intraventricularly in utero electroporated (IUE) p53
�/�

mice at 14 days post fertilization

(E14; Fig. 6.1a) with a speci�c DNA mix containing CAG-Cre-GFP, CAG-myrAkt-2A-mCherry, CAG-

mCherry-2A-BRAF-V600E-KD and CAG-pBase plasmids.

IUE of CAG-Cre-GFP at E14 into the lateral ventricle of p53
�/�

mice suppresses expression of the major

tumor suppressor gene Tp53 (encoding the protein p53) in cortical progenitor cells within the prolif-

erative zones destined for cortical layer II/III and IV. Mutations in the TP53 gene, encoding the tumor

suppressor protein p53, are abundantly identi�ed in several brain tumors including medulloblastomas,

oligodendrogliomas, high-grade astrocytomas, and glioblastomas [271]. Most genetically engineered

mouse models for these brain tumors use a combination of TP53 knockout together with expression of

an activated, pro-survival protein [271]. To drive GG speci�c tumor formation, we co-electroporated

a constitutively active, membrane targeted Akt, mimicking phosphorylated Akt. Abnormal Akt phos-

phorylation is often reported in GG tissue [16, 272]. Furthermore, we co-electroporated the kinase

domain (KD) of BRAF carrying a point mutation at position V600 that leads to a transition from va-

line to glutamate. Mutated BRAF-V600E was demonstrated in more than 50% of GGs and is - similar

to phosphorylation by Akt - associated with high pS6 immunoreactivity (IR) in respective tumor cells

and thus, mTOR pathway activation [24, 51, 52, 54]. To avoid that the plasmids are lost in dividing

cells the piggyBac transposase pBase was also co-electroporated. This enables permanent integration

of the genes into the genome at inverted terminal repeats (ITRs) that �ank Cre, BRAF-V600E-KD and

myrAkt. By IUE at E14 we aimed to mimic the focal, cortical character in a restricted number of cells

and the presumed developmental origin of the dysplastic lesion. By expression of the plasmid mix in

p53-silenced neuronal precursor cells, we expect to generate a developmental brain tumor with cellular

features resembling those of GG patients. These features include enlarged, multi-nucleated dysplastic

neurons together with prominent chromogranin A, neuro�lament, MAP-2 and vimentin IR.

51
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Figure 6.1: Intraventricular in utero electroporation of p53�/� mice. (a) At E14, embryos of time pregnant mice were in
utero electroporated with a mix of plasmids: CAG-Cre-GFP, CAG-myrAkt-2A-mCherry, CAG-mCherry-2A-BRAF-V600E-KD

and CAG-pBase plasmids.

6.1.1 Cerebral tumor characterization

For our study we obtained the C57Bl/6 Trp53tm1Brn/J (provided by The Jackson Laboratory, USA)

mouse strain that enables Cre-recombinase (Cre) mediated p53 knockout. However, we observed that

C57Bl/6 mice often have small litters (≤ 7 pups) with low pup-survival rates, especially after the stress-

ful surgery. To enhance pup survival and thus, litter size, we transferred the �oxed p53 locus from

C57Bl/6 mice into the CD1 background, since these mice have larger litter sizes and excellent mother

instincts. We crossbred C57Bl/6 Trp53tm1Brn/J mice with CD1 mice for three generations, which was

su�cient to increase pup survival dramatically (91.0±6.1% to previously 10.9±7.6%). By using female

CD1 p53
�/�

mice and C57Bl/6 male p53
�/�

mice for our GG mouse model we combined most of the

positive traits of the CD1 mouse line (large litter size, very high survival) and the C57Bl/6 mouse line

(high electroporation e�ciency). At E14, embryos were in utero electroporated with the plasmid mix

(pBase, mCherry-tagged BRAF-V600E-KD, myrAkt and CAG-Cre-GFP to knockout p53, Fig. 6.1).

Mice electroporated with all four plasmids developed after 33 - 75 days unilateral, rapidly growing

tumors, most often localized in rather medial than lateral parts of the brain. The enlargement of the

dorsal part of the brain due to the large tumor volume was visible in living mice as an occipital defor-

mation (Fig. 6.2a). At this stage, mice were less active and started to loose weight rapidly. They were

sacri�ced as soon as they lost more than 20% body weight within 24h. The resulting tumors showed

high variability in volume and vascularization (Fig. 6.2b - d). In most cases, strong vascularization with

intraventricular haemorrhage was observed (Fig. 6.2b). While some tumors occupied nearly the whole

hemisphere (Fig. 6.2c), others were smaller, less vascularized and clearly circumscribed (Fig. 6.2d, Fig.

6.3a).
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Figure 6.2: Expression of BRAF-V600E-KD and myrAkt in p53 knockout cells induces brain tumors. (a) Electropo-

rated mice older than 30 days started to develop head deformations with a pronounced swelling of the back of the head, most

often accompanied with reduced behavioral activity, feeding and rapid weight loss. Exemplary pictures of brain tumors from

di�erent mice: (b) Brains of a�ected mice showed most often strong vascularization and blood-�lled lateral ventricles. (c)

The size of the resulting tumor varied greatly between individuals. While in some cases the tumor occupied most of one

hemisphere, (d) it was smaller and less vascularized in others.

HE staining of para�n embedded brain sections clearly de�ning tumor versus non-tumor cells revealed

cellular abnormalities, such as enlarged, dysplastic neurons with irregular orientation and sometimes

even bi-nucleated cells (Fig. 6.3b, c). These tumors were also visible in 80µm thick vibratome brain

sections of 4% PFA-perfused mice as red-�uorescing tumor-cell aggregates (Fig. 6.3c). Immunohisto-

chemical stainings of respective brain slices of one exemplary mouse with a circumscribed tumor is

shown in (Fig. 6.3d, e). It harbored dysplastic and bi-nucleated neurons that resembled cellular compo-
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nents of GGs and revealed only a few p53-positive cells within the tumor. This was in strong contrast to

the proximal non-tumor, peri-lesional brain tissue or the contralateral cortex (Fig. 6.3d, e; dashed line

separates tumor from non-tumor tissue, upper part is tumor, lower part is non-tumor tissue). MAP-2

staining was strong and abundant on the contralateral hemisphere and at the vicinity of the tumor,

whereas MAP-2 �uorescence was weak within the tumor (Fig. 6.3d). However, the weak MAP-2 signal

outlined highly enlarged and aberrantly oriented neurons within the tumor as already seen in the HE

staining. Similarly, only a few GFAP positive glial cells were observed within this particular tumor,

whereas the peri-lesional tissue as well as the contralateral hemisphere showed strong GFAP signal

with a large number of astrocytes (Fig. 6.3e). However, tumor characteristics varied signi�cantly be-

tween litter mates, including immunoreactivity for glial and neuronal cell types.

Mortality rates of mice developing tumors were highly variable and no clear correlation between tumor

size and time of death could be determined. Tumor-bearing animals began to die at P33, however, at

day 75, all remaining mice were sacri�ced for analysis (Fig. 6.3f; mice from two di�erent litters, n = 13

mice). Out of thirteen p53
�/�

mice in utero electroporated with the cocktail of tumor-inducing plasmids,

only two did not develop tumors until the time point of analysis at P75. As a control, mice heterozygous

for the p53 �ox-locus (p53
�/wt

mice) were electroporated with the same combination of plasmids, CAG-

Cre-GFP, myrAkt-mCherry and BRAF-V600E-KD-2A-mCherry and pBase. At P75, none of these mice

showed clear signs of tumor growth, including head deformations or weight loss and were therefore

sacri�ced (Fig. 6.3f; mice from two di�erent litters, n = 11 mice). Only in three out of eleven mice,

small tumor-resembling, red-�uorescent masses (as shown in Fig. 6.3c) were observed by �uorescence

microscopy. This observation indicates that these mice have a reduced risk for tumor formation or

slower tumor growth kinetics and that the rapid malignant course of the tumors in the p53
�/�

mice

may be due to p53 knockout. Together, these results suggest that loss of p53 together with a mutated

form of the BRAF kinase domain and a constitutively active Akt induces fast growing tumors harboring

enlarged and dysplastic neurons.



CHAPTER 6. RESULTS 55

Figure 6.3: Cellular characteristics of tumor cells and high mortality of mice with tumors. (a) Exemplary brain

with a rather small tumor and moderate vascularization induced by IUE at E14 with CAG-Cre-GFP, pBase, myrAkt-mCherry

and Cherry-BRAF-V600E-KD. (b) HE staining revealed cellular abnormalities such as enlarged cell bodies (black arrow) or

sometimes bi-nucleated cells (grey arrow). (c) Exemplary confocal image of a brain section with a small tumor with strong

mCherry �uorescence. (d) Antibody staining against MAP-2 and p53 in an exemplary mouse harboring a tumor with GG-

resembling features revealed low p53 and MAP-2 IR but large and aberrantly oriented cells within the tumor. This was

in strong contrast to the peri-lesional and contralateral tissue. Here, MAP-2 positive neurons colocalized with the tumor

suppressor protein p53. (e) A low abundance of GFAP positive astrocytes was detected within the tumor compared to peri-

lesional and contralateral tissue with substantially more astrocytes. Dashed lines indicate tumor borders, upper part is tumor

and lower part of the micrograph is peri-lesional brain. All scale bars as indicated. (f) Kaplan-Meier curve shows the survival

pattern of heterozygous mice versus mice homozygous for p53
�/�

(n = 13 p53
�/�

and n = 11 p53
�/wt

mice from two di�erent

litters).
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Even though the induced tumors appeared to be heterogeneous, immunohistochemical stainings re-

vealed certain cellular similarities, partly resembling those of GGs. Typically, cells within GGs show

strong IR for chromogranin A, neuro�lament (NF) and MAP2 [42], while GFAP and vimentin staining is

found in varying proportion and distribution but is most often also highly increased [13]. In a �rst and

preliminary, non-quantitative analysis, most tumors demonstrated highly enlarged cells with strong

vimentin and chromogranin A IR (Fig. 6.4a, b, f). MAP-2, neuro�lament (NF) and GFAP staining on the

other hand was varying throughout the group. Around 1/3 of the tumors presented with weak GFAP or

MAP-2 signals while 2/3 showed strong GFAP, NF, or MAP-2 IR (Fig. 6.4c, d, e). Furthermore, HE and

MAP-2 staining clearly identi�ed enlarged, dysplastic cell components within the tumor with random

orientations (Fig. 6.4a, d). Two of the thirteen p53
�/�

mice, that did not develop tumors, only showed

strong in�ltration of GFAP-positive astrocytes in most parts of the brain.

Overall, the induced tumors appeared heterogeneous in terms of immunoreactivity, size, and growth

kinetics. While one population of tumors showed typical characteristics of GGs the other rather resem-

bled gliomas, suggesting that the exact composition, location or number of progenitor cells electropo-

rated with the plasmid-mix de�nes the resulting tumor type. Nevertheless, these results indicate that

GGs develop from a mutual mutated progenitor cell population.

Figure 6.4: Representative IHC micrographs of the predominant tumor type. (a) Representative micrographs of the

prevalent tumor entity localized in the area around the lateral and medial septal nucleus. It shows enlarged and irregularly

oriented cellular components, (b) strong vimentin, (c) GFAP, (d) MAP-2, (e) neuro�lament, (f) and chromogranin A IR, which

is in contrast to contralateral non-tumor brain tissue; Scale bar 100µm.
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6.2 Analysis of dysplastic neurons within tuber-like lesions in an
improved TSC mouse model

Tuberous sclerosis (TSC) is an autosomal-dominant inherited, multi-organic disorder characterized by

dysplastic lesions in the brain, the so-called cortical tubers [273]. They are composed of giant cells

and large dysplastic neurons that closely resemble balloon cells and cytomegalic dysplastic neurons in

FCDIIb cases. Thus, a common pathogenic pathway was proposed [24]. In TSC and FCDIIb patients

di�erent TSC1 mutations or allelic variants have been described. However, it is unclear whether these

are leading to the emergence of dysplastic neurons or not [94, 101, 103, 104]. Moreover, there is still

no consensus on the pathogenetic situation within cortical tubers of TSC patients. While extracerebral

neoplasms frequently have loss of heterozygosity (LOH), such events are rarely detected in cortical

tubers [107, 108]. Somatic second-hit events in TSC1 heterozygous patients may therefore account for

cortical tubers and their dysplastic neurons, especially since no tubers have been reported in mice het-

erozygous for TSC1 [109–111, 113, 114]. However, another study showed that second hits are rare in

cortical tubers [116]. Despite of a multitude of di�erent studies on TSC and various existing TSC ani-

mal models, fundamental and crucial information about genetic causes of the emergence of dysplastic

neurons and thus cortical tubers are still unclear or missing. Here, we use an improved mouse model

based on a recently developed TSC model [112] to analyze the pathological situation of TSC associated

brain lesions and their functional hallmark, dysplastic neurons.

6.2.1 Establishing an improved TSC mouse model

Focal TSC1 knockout by in utero electroporation generates a focal lesion that mimics more closely the

pathologic situation in human patients than any other TSC mouse model, however, this model is still

only rarely used [112]. Most researchers utilizing TSC mouse models use the common C57Bl/6 mouse

strain because it is a highly homogenous, inbred laboratory mouse strain. The C57Bl/6 TSC1tm1Djk/J

strain provided by The Jackson Laboratory is an established mouse model for Cre-mediated TSC1

knockout and thus, for research on tuberous sclerosis. For our study, we aimed to knockout TSC1

in a focal cortical area, in a subset of precursor cells, during mid-corticogenesis. This is achieved by

in utero electroporation of Cre. The resulting lesion is investigated postnatally at P24 - 30. As men-

tioned in chapter 6.1.1, to enhance pup survival and thus, litter size, we aimed to use CD1 TSC1�/�
mice.

Since there are no CD1 TSC1�/�
mice available, we generated TSC1�/�

mice with the CD1 background

(CD1 TSC1�/�
mice) by crossbreeding CD1 mice with C57Bl/6 TSC1tm1Djk/J mice for three generations.

Thereby, we established an improved TSC mouse model for IUE by mating CD1 TSC1
�/�

female mice

with C57Bl/6 TSC1�/�
male mice.

First, CD1 TSC1�/�
x CD1 TSC1�/�

mice were IUE at E14 with CAG-Cre-GFP and mCherry or mCherry

alone as a control to validate that also in this genetic background, Cre mediates e�cient TSC1 deletion

that results in the activation of the mTOR pathway, as it has been reported in the C57Bl/6 background

[112]. At P24 - 30, mice were sacri�ced and coronal sections were analyzed for typical markers of

aberrant mTOR activity such as strong pS6 IR and increased cell volume/soma size [112]. Most elec-

troporated neurons positive for NeuN were observed within the motor- and somatosensory cortex

ranging from layer II/III to IV. In accordance, strong pS6 IR was observed only in the ipsilateral cor-
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tex of mice in utero electroporated with CAG-Cre-GFP together with the volume dye mCherry (Fig.

6.5a, c), but not on the contralateral hemisphere (Fig. 6.5b) or after IUE of the volume dye alone (Fig.

6.5d, mCherry/TSC1�/�
483.2±10.6a.u. vs. mCherry/Cre

+
/TSC1-/-

1339.5±39.1a.u.; One-way ANOVA

with Bonferroni post correction ***p≤0.001, N = 7 – 8 mice with n = 23 – 30 cells each). Further-

more, soma size of individual Cre-positive TSC1 knockout neurons was increased (Fig. 6.5c) com-

pared to neurons electroporated with mCherry alone (Fig. 6.5d; mCherry/TSC1�/�
163.7±3.0µm

2
vs.

mCherry/Cre
+
/TSC1-/-

391.9±5.3µm
2
; One-way ANOVA with Bonferroni post-correction ***p≤0.001,

N = 7 – 8 mice with n = 41 – 60 neurons each).



CHAPTER 6. RESULTS 59

Figure 6.5: Enhanced mTOR pathway activation following Cre expression in CD1 TSC1fl/fl mice. (a) Brain slices of

CD1 TSC1�/�
mice (E14) in utero electroporated with either CAG-Cre-GFP and mCherry or only mCherry as a control were

stained against pS6 at P24 - 30. Neurons from the ipsilateral cortex with strong Cre-GFP and mCherry expression had a

high pS6 immunoreactivity, (b) unlike the contralateral, non-electroporated hemisphere that had only low pS6 IR; Scale bar

100µm. (c) Cre- and mCherry-electroporated neurons were NeuN-positive, appeared larger and had strong pS6 IR. (d) In

contrast, neurons from the ipsilateral cortex, electroporated with only mCherry had only weak pS6 �uorescence intensity

and appeared normal sized; Scale bar 100µm. Image inspired by Robens et al., 2016 [269].
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Recent studies on C57Bl/6 TSC1�/�
mice demonstrated that Cre mediated, aberrant activation of the

mTOR pathway in neurons results in excessive branching and a thickening of dendrites [110, 274]. To

examine if we observe similar changes of neuronal morphology upon TSC1 knockout in CD1 TSC1�/�

mice, we performed morphometric analyses of single CAG-Cre-GFP or control in utero electroporated

neurons. Sholl analysis is a method to quantify the complexity of neuronal arbors. The number of

neurite intersections with concentric circles originating from the soma and increasing in diameter

is counted for each individual neuron. Analysis of respective neurons revealed a signi�cantly in-

creased number of intersections of neurites with Sholl circles, suggesting dendritic overgrowth upon

Cre-mediated TSC1 knockout (Fig. 6.6a, b). This was in contrast the physiological neuronal arbors of

mCherry electroporated neurons (Fig. 6.6a, c; Mann-Whitney U-test ***p≤0.001, n = 5 control, n = 8

TSC1 knockout neurons). Furthermore, Cre-induced TSC1 knockout resulted in an increased neurite

diameter (Fig. 6.6d, e).

Figure 6.6: Altered neuronal morphology upon Cre expression in CD1 TSC1�/� mice. (a) Sholl analysis revealed

an increased number of intersections in (b) dysplastic TSC1 knockout neurons compared to (c) control neurons; Scale bar

100µm (Mann-Whitney U-test: ***p≤0.001, n = 5 control, n = 8 TSC1 knockout neurons). (d, e) A larger neurite diameter

was observed in Cre-electroporated TSC1 knockout neurons compared to mCherry control neurons; Scale bar 25µm. Image

inspired by Robens et al., 2016 [269].

CAG-Cre-GFP in utero electroporation and subsequent expression did not result in considerable as-

trocyte in�ltration or any other signs of gliosis (not shown). Together, these results demonstrate that

Cre-mediated knockdown of TSC1 in the CD1 background causes phenotypically identical changes as

observed in C57Bl/6 TSC1�/�
mice. These experiments demonstrate the functionality of this mouse line

for further studies.

6.2.2 Embryonic TSC1 knockout leads to altered final positioning of cortical
neurons

Abnormal neuronal polarity or morphology have been indicated to alter migration characteristics in

developing cortical neurons during corticogenesis [165, 275]. Since neuronal morphology is altered

upon Cre-mediated TSC1 knockout (i.e. enlarged neuronal cell bodies) in our experimental setup, we

asked whether these changes interfere with their migration properties or �nal positioning within the

cortical plate. We in utero electroporated mice with CAG-Cre-GFP and mCherry at di�erent embryonic
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stages (E14 - 18) and analyzed their cortical localization at P24 - 30. Electroporation with only mCherry

at E14 revealed that neurons were mostly located in layer II/III (66.7±8.3%) but also in part in upper

layer IV (33.3±8.3%). In contrast, TSC1 ablated neurons were localized in more or less similar numbers

in layer II/III (39.7±8.0%) and IV (54.4±6.9%) and also in part in even lower layers (5.9±2.3%; Fig. 6.7a,

b, g). Nearly all control neurons electroporated at E16 clustered at the uppermost part of layer II/III

(93.4±2.6%), whereas TSC1 knockout neurons were aberrantly dispersed throughout layers II/III, with

only 35.2±7.2% neurons in the upper half of layer II/III, 50.4±3.9% in the lower layer II/III and 14.4%±6.9

in layer IV (Fig. 6.7c, d, g). Electroporation of CAG-Cre-GFP at E17 resulted in a wider dispersion of

enlarged TSC1 knockout neurons mainly from the middle to the external border of layer II/III: 37.6±8.0%

neurons were found in the upper part of layer II/III, 56.7±6.8% in lower layer II/III and 5.7±3.5% in layer

IV. In strong contrast, neurons electroporated at E17 with the control plasmid mCherry formed a very

delicate, homogenous band at the external border of layer II (91.6±3.4%), as expected at such relatively

late time points of embryonic development (Fig. 6.7e, f, g). No electroporated cells were observed in

the cortex when IUE was carried out at E18 (data not shown).
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Figure 6.7: Cre-induced TSC1 knockout a�ects �nal cortical positioning of developing neurons. (a) At E14, E16,

and E17 TSC1�/�
mice were in utero electroporated with either CAG-Cre-GFP and mCherry or mCherry alone as control and

analyzed at P24 - 30. After control IUE at E14, approximately 1/3 of all control electroporated neurons were located in upper

layer IV and 2/3 in layer II/III with an even distribution throughout this layer. (b) In contrast, more Cre-expressing TSC1
knockout neurons were located in layer IV (54.4%) than in layer II/III (39.7%). (c) At E16, most control neurons were located

at the upper third of layer II/III (93.4%), (d) while TSC1 knockout cells were widely dispersed throughout most parts of layer

II/III with only a few in layer IV. (e) IUE at E17 with the control plasmid mCherry led to clustering of neurons around the

border of layer II/III and layer I (91.6%) with only a small number of electroporated cells (a, b, e, 25.8±12 cells per 80µm slice

in contrast to >100-300 cells per slice at E14). (f) TSC1 ablated neurons appeared evenly dispersed all over layer II/III, in lower

parts of layer II/III (56.7%) and at upper cortical layer II/III (37.6%). (g) Quanti�cation of the percentage of neurons in each

layer (N = 4 – 16 mice analyzed, all electroporated neurons in a brain slice were analyzed; E14: n = 32 – 249 neurons per

brain slice, E16: n = 24 – 301 neurons per slice and for E17: n = 9 – 103 neurons per slice; Two-way ANOVA with Bonferroni

post-correction and Chi-square test: ***p≤0.001; Scale bar 400µm). Image inspired by Robens et al., 2016 [269].
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These results were corroborated by measuring the distance from each electroporated neuron to layer I in

order to quantify their distribution in the cortex. Again, the distribution of TSC1 knockout neurons was

signi�cantly di�erent compared to age-matched control electroporated animals (Fig.6.8 a). Upon Cre-

expression at di�erent embryonic stages, the position of individual neurons is more dispersed towards

deeper cortical layers (E14: mCherry/TSC1�/�
286.2±5.8µm vs. mCherry/Cre

+
/TSC1-/-

413.0±4.9µm;

E16: mCherry/TSC1�/�
79.5 ±4.0µm vs. mCherry/Cre

+
/TSC1-/-

245.3 ±5.8µm; E17: mCherry/TSC1�/�

53.5±5.8µm vs. mCherry/Cre
+
/TSC1-/-

116.9±6.3µm; Mann-Whitney U-test ***p≤0.001, N = 4 – 11 mice,

all neurons on a brain slice were analyzed). Together, these results suggest that TSC1 knockout results

in defective �nal positioning independent of the developmental stage.

Figure 6.8: TSC1 knockout neurons have an increasedmean distance to cortex layer I. (a) Cre-mediated in utero knock-

out of TSC1 at E14, E16, and E17 resulted on average in a signi�cantly larger distance of most neurons to the upper layer

of the cortex at P24 - 30 (N = 4 – 16 mice analyzed, all electroporated neurons in a brain slice were analyzed; E14: n = 537

mCherry/TSC1
�/�

neurons and n = 1258 mCherry/Cre
+
/TSC1-/-

neurons, E16: n = 352 mCherry/TSC1�/�
neurons and n =

886 mCherry/Cre
+
/TSC1-/-

neurons, E17: n = 106 mCherry/TSC1�/�
neurons and n = 509 mCherry/Cre

+
/TSC1-/-

neurons;

Mann-Whitney U-test: ***p≤0.001).

6.2.3 Induction of dysplastic neurons within tuber-like lesions is not restricted to a
certain time point in embryonic development

TSC1 knockout at E14 resulted in tuber-like lesions with prominent dysplastic neurons, as demonstrated

by the aberrant dendritic morphology, increased pS6 IR, increased cell size and ectopically located neu-

rons within the cortex. We therefore asked next, whether the emergence of dysplastic neurons depends

on a certain developmental stage and if the exact time point of TSC1 loss in�uences their phenotype.

We in utero electroporated mice at E16, E17, and E18 and quanti�ed soma size of individual neurons as

an indicator for increased mTOR pathway that is characteristic for dysplastic neurons within tuber-like

lesions. We observed TSC1 knockout neurons of P24 - 30 mice to be strongly increased in size when

CAG-Cre-GFP was electroporated at E16 (Fig. 6.9a) or E17 (Fig. 6.9b). Co-electroporation of CAG-Cre-

GFP and the mCherry expressing TSC1 plasmid successfully rescued the morphological e�ects of TSC1

knockout at E16 and E17. No mCherry expressing neurons were observed when IUE was carried out at

E18. A detailed quanti�cation showed that TSC1 knockout at E16 and E17 equally increased soma size
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two-fold, compared to control electroporated neurons of age matched mice. Co-electroporation of TSC1

rescued the Cre-mediated e�ect on soma size back to control levels (Fig. 6.9c; N = 3 - 6 mice, for E16: n =

22 – 33 neurons per brain slice and for E17: n = 9 – 23 neurons per brain slice; for E16: mCherry/TSC1�/�

153.2±4.2µm
2

vs. mCherry/Cre
+
/TSC1-/-

409.6±9.4µm
2

vs. mCherry/Cre
+
/TSC1+

179.7±7.2µm
2
; E17:

mCherry/TSC1�/�
157.3±3.0µm

2
vs. mCherry/Cre

+
/TSC1-/-

424.6±10.2µm
2
vs. mCherry/Cre

+
/TSC1+

162.2±5.7µm
2
; One-way ANOVA with Bonferroni post-correction ***p≤0.001). No morphological dif-

ferences of neurons electroporated at di�erent time points were observed. These results indicate that

the formation of dysplastic neurons is independent of the exact embryonic time point of TSC1 loss. On

the other hand, their emergence can be rescued by TSC1 expression at all time points investigated.
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Figure 6.9:TSC1knockout at di�erent embryonic stages does not a�ect the emergence of dysplastic neurons caused
by TSC1 loss. (a) TSC1�/�

mice were electroporated with mCherry, mCherry&Cre or mCherry&TSC1-mCherry at E16 or (b)

E17 and analyzed at P24 - 30; Scale bar 400µm. (c) Quanti�cation of their soma size revealed a signi�cant increase in neuron

size in Cre-electroporated mice, in contrast to neurons of mice electroporated with mCherry or the rescue construct. The

increase of soma size following Cre expression was similar when electroporating at E16 or E17 (N = 3 - 6 mice; for E16: n = 22

– 33 neurons per brain slice and for E17: n = 9 – 23 neurons per brain slice; One-way ANOVA with Bonferroni post-correction:

***p≤0.001). Image inspired by Robens et al., 2016 [269].

6.2.4 Focal cortical expression of distinct TSC1 variants results in tuber-like lesions

The in vitro expression of two stop mutants of the TSC1 gene frequently found in TSC patients, encoding

hamartin
R692X

and hamartin
R786X

, was recently shown to result in an aberrant subcellular distribution
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and substantial binding de�cits with the TSC2 gene product tuberin. Similarly, the expression of a

polymorphism that is frequently found in FCDIIb individuals, hamartin
H732Y

, also results in abnormal

cellular distribution and impaired hamartin-tuberin heteromer formation in vitro [93]. It is so far unre-

solved whether these alterations of the TSC1 gene leading to the described functional changes result in

the emergence of dysplastic neurons as found in cortical tubers or FCDIIb lesions. To address this pos-

sibility, we in utero electroporated these di�erent mCherry labeled TSC1 variants or an mCherry-TSC1

wildtype (WT) plasmid as a control, together with CAG-Cre-GFP at E14. At P24 - 30, soma size and

pS6 �uorescence intensity were quanti�ed and used as an indicator for mTOR-pathway upregulation

and thus dysplastic neuron formation. Since we already showed in chapter 6.2.1 that TSC1 loss at E14

results in a substantial increase of these two parameters in dysplastic neurons, they are a valid read-out

for assessing the extend of lesion formation.

Electroporation of TSC1-WT or TSC1-H732Y had no e�ects on cell size or S6 phosphorylation (Fig.

6.10a, b). Occasionally, enlarged cells with strong pS6 IR were observed within the cortex of re-

spective mice. These cells, however, were negative for mCherry (and thus negative for TSC1-WT or

TSC1-H732Y), indicating that expression of either TSC1-WT or the TSC1-H732Y variant in a TSC1-

null background rescues the Cre-mediated e�ect on neuronal cell size and increased S6 phospho-

rylation in a comparable fashion. In contrast, expression of the truncated variants TSC1-R692X or

TSC1-R786X did not rescue the Cre-mediated e�ect. Individual mCherry expressing neurons showed

strong pS6 IR with dramatically increased cell size (Fig. 6.10c, d). Also neighboring cells with only

low mCherry or Cre-GFP expression had strong pS6 signals. Detailed quanti�cation demonstrated

that, in comparison to only mCherry electroporated cortical neurons, expression of TSC1-WT&Cre

or TSC1-H732Y&Cre had no e�ect on pS6 �uorescence intensity or soma size. In direct contrast,

expression of CAG-Cre-GFP&mCherry resulted, as mentioned in chapter 6.2.1, in a strong increase

in pS6 �uorescence intensity and soma size that was comparable to expression of TSC1-R692X&Cre

or TSC1-R786X&Cre. Compared to control-, or TSC1-WT&Cre-, or TSC1-H732Y&Cre-electroporated

neurons, Cre&mCherry-, or TSC1-R692X&Cre-, or TSC1-R786X&Cre-expressing neurons had a two-

fold increase in pS6 �uorescence intensity and soma size (Fig. 6.10e, f; Fluorescence intensity: N =

6 mice with n = 33 – 41 neurons each; mCherry/TSC1�/�
483.2 ±10.6a.u vs. mCherry/Cre

+
/TSC1-/-

1339.5 ±39.1a.u, mCherry/Cre
+
/TSC1-WT 420.7 ±6.4a.u, mCherry/Cre

+
/TSC1-H732Y 427.8 ±8.7a.u,

mCherry/Cre
+
/TSC1-R692X 1237.1 ±22.0a.u, mCherry/Cre

+
/TSC1-R786X 1210.9 ±35.7a.u; One-way

ANOVA with Bonferroni post-correction ***p≤0.001; Soma size: N = 6 mice with n = 50 – 65 cells

each; mCherry/TSC1�/�
163.7 ±3.0µm

2
vs. mCherry/Cre

+
/TSC1-/-

391.9 ±5.3µm
2
; mCherry/Cre

+
/TSC1-

WT 154.8 ±3.0µm
2
, mCherry/Cre

+
/TSC1-H732Y 173.0 ±2.7µm

2
, mCherry/Cre

+
/TSC1-R692X 431.6 ±

4.7µm
2
, mCherry/Cre

+
/TSC1-R786X 339.5 ±5.9µm

2
; One-way ANOVA with Bonferroni post-correction

***p ≤0.001). Thus, IUE of di�erent disease-associated TSC1 variants has distinct phenotypes, suggest-

ing that TSC1-R692X and TSC1-R786X variants may be involved in the emergence of dysplastic neuron

and thus, tuber-like lesions. On the other hand the TSC1-H732Y variant, whose expression resulted in

a normal neuronal morphology and weak pS6 �uorescence intensity similar to TSC1-WT, may not be

relevant for the formation of dysplastic neurons in FCDIIb lesions.
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Figure 6.10: Distinct phenotypes upon expression of TSC1 allelic variants. (a - d) TSC1�/�
mice were in utero elec-

troporated at E14 with CAG-Cre-GFP and either TSC1-WT-mCherry, TSC1-H732Y-mCherry, TSC1-R692X-mCherry or TSC1-

R786X-mCherry. Brain slices from P24 - 30 mice were stained with pS6 antibodies. (a) Single cells expressing Cre (green) and

TSC1-WT (red) or (b) TSC1-H732Y appeared normal-sized and had a low pS6 IR. Occasionally, neighboring cells had strong

pS6 IR but without any considerable mCherry expression. (c) Co-electroporation with CAG-Cre-GFP and TSC1-R692X or

(d) TSC1-R786X resulted in enlargement of the soma and high pS6 signals, even in Cre-negative, neighboring cells. (e) pS6

�uorescence intensity was signi�cantly increased in Cre&mCherry-, TSC1-R692X&Cre- or TSC1-R786X&Cre-electroporated

neurons compared to mCherry-, TSC1-WT&Cre- or TSC1-H732Y&Cre-electroporated neurons. (f) Soma size was signi�cantly

increased in Cre&mCherry-, TSC1-R692X&Cre- or TSC1-R786X&Cre-expressing neurons compared to control neurons (N =

6 mice with n = 50 – 65 cells each; One-way ANOVA with Bonferroni post-correction: ***p≤0.001; Scale bar 100µm). Image

inspired by Robens et al., 2016 [269].
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6.2.5 Minimal amounts of wildtype TSC1 are su�icient to prevent dysplastic neuron
and tuber-like lesion formation

Even though it is established that TSC is caused by inactivating mutations of TSC1 or TSC2 genes,

there is still debate about the pathogenetic situation of cortical tubers. Classical second hit events

have been proposed to explain the formation of cortical tubers, while another study claims that sec-

ond hits are rare events in tubers. To clarify this controversy, we analyzed which relative concen-

tration of wildtype TSC1 is necessary to rescue the emergence of dysplastic neurons mediated by

TSC1 knockout together with expression of one of the truncated, lesion-inducing TSC1 variants, TSC1-

R692X. TSC1�/�
mice were in utero electroporated at E14 with a mixture of CAG-Cre-GFP, TSC1-R692X-

mCherry and TSC1-WT-mCherry successively decreasing the concentration of TSC1-WT DNA from

10:1 to 1:1, 1:10 or 1:20 (Fig.6.11 a). Again, soma size was analyzed as an indicator for abnormal mTOR

activity. No signi�cant change in soma size was measured for the concentrations 10:1, 1:1 or 1:10 com-

pared to each other or to mCherry or TSC1-WT&Cre electroporated neurons. Very low concentrations

of TSC1-WT (1:20) resulted in a slight but signi�cant increase in soma size (Fig.6.11 b; N = 6 - 7 mice

with n = 52 – 65 neurons each; mCherry/TSC1�/�
163.7±3.0µm

2
; mCherry/Cre

+
/TSC1-/-

391.9±5.3µm
2
;

mCherry/Cre
+
/TSC1-WT:TSC1-R692X: 1:1, 171.8±3.8µm

2
; 10:1 167.8±4.5µm

2
; 1:10 162.3±3.2µm

2
; 1:20

280.9±6.3µm
2
; One-way ANOVA with Bonferroni post-correction ***p≤0.001). However, this a�ected

only individual neurons that may have only received the Cre&TSC1-R692X plasmids but not the TSC1-

WT plasmid due to its low concentration. Only single neurons appeared enlarged, while most neigh-

boring and mCherry expressing cells appeared normal sized. Nevertheless, these results indicate that

already low amounts of functional TSC1-WT are su�cient to rescue the TSC1 knockout or TSC1-R692X

mediated phenotype of enlarged, dysplastic neurons. Thus, our results clearly favor Knudson’s second

hit hypothesis of biallelic gene inactivation responsible for tuber formation.
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Figure 6.11: Low concentrations of TSC1-WT prevent the emergence of dysplastic neurons and the tuber-like TSC1
knockout phenotype. (a) TSC1�/�

mice were electroporated with a combination of CAG-Cre-GFP, TSC1-R692X-mCherry

and varying amounts of TSC1-WT-mCherry plasmid. (b) At P24 - 30, soma size was comparable to mCherry or TSC1-WT&Cre

electroporated neurons for the ratios 1:1, 10:1 and 1:10 of TSC1-WT and TSC1-R692X. A higher dilution of TSC1-WT down to

1:20 resulted in a slight but signi�cant increase in the mean soma size compared to the other ratios or the control (N = 6 - 7

mice with n = 52 – 65 neurons each, One-way ANOVA with Bonferroni post-correction: ***p≤0.001; Scale bar 100µm). Image

inspired by Robens et al., 2016 [269].
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6.2.6 TSC1 knockout in di�erent precursor cell populations

Dysplastic neurons or giant/balloon cells within cortical tubers or FCDIIb lesions often show a mixed

neuro-glial composition and have immature neuronal and glial features [10]. This �nding supports

their origin from intermediate progenitor cells. Thus, neurons and glial cells may both be involved

in lesion formation. However, their cell lineage has not been fully de�ned yet. To address this issue,

we aimed to in utero electroporate mice at E14 - 15 with mCherry as a volume dye and di�erent Cre

constructs under the control of distinct, cell type speci�c promoters. This will enable us to knockout

TSC1 only in a certain subset of precursor cells and analyze possible occurring cytoarchitectural di�er-

ences and characterize the contribution of distinct progenitor cell types involved in dysplastic neuron

formation, and thus tuber development. We used the brain lipid-binding protein (BLBP) or Glast pro-

moter to target radial glia precursor cells, GFAP for astrocytes and Nestin for immature neurons. All

used promoter-Cre sequences were �anked by piggyBac transposase recognition sequences to allow

for genomic integration by co-electroporation of the pBase transposase. We noticed that the resulting

phenotype was similar for all used Cre constructs: electroporated cells appeared enlarged compared

to mCherry electroporated control cells, showed a typical neuronal morphology and were positive for

NeuN (Fig. 6.12a - f; N = 2 - 7 mice with n = 13 – 43 neurons each). No cells with glial morphology were

observed within the cortex when electroporating at E14 - E15, even though CAG-Cre was expressed

under the control of the astroglial GFAP promoter (Fig. 6.12e). This indicates that the used GFAP pro-

moter was leaky, allowing also neurons to express Cre, and/or that electroporated and dividing glial

cells lost their �uorescent markers and subsequently also Cre. Since we cannot control for leakiness

of the other used promoters (IUE of these also showed no electroporated glial cells), these results can

not be used for interpretation of the involved cell lineage. Nevertheless, these experiments corroborate

our previous results that TSC1 knockout in neurons causes a tuber-like lesion with enlarged, dysplastic

neurons.
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Figure 6.12: Cell type speci�c expression of Cre results in increased soma size. (a) TSC1�/�
mice were in utero electro-

porated between E14 - 15 with pBase together with control mCherry plasmids, (b) Nestin-Cre, (c) BLBP-Cre, (d) Glast-Cre,

and (e) GFAP-Cre. (f) Quanti�cation was performed at P24 - 30 and showed that soma size was signi�cantly increased when

di�erent promoter-Cre constructs were electroporated compared to control electroporation. No gross di�erences in cellular

composition or soma size were seen when comparing the di�erent promoter-Cre constructs (N = 2 - 7 mice with n = 13 – 43

neurons each, One-way ANOVA Bonferroni post-correction: ***p≤0.001; Scale bar 400µm).
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Since some of the used promoter-Cre constructs appear to be leaky or unspeci�c and did not result in

electroporated, cortical glial cells, we in utero electroporated time pregnant TSC1�/�
mice with CAG-

Cre&mCherry at E16 - 17, the time point when glial cells are generated more abundantly. Brain slices of

P24 - 30 mice were stained with antibodies against neuronal NeuN (Fig. 6.13a) or vimentin, GFAP, and

S100 to label immature and mature glial cells (Fig. 6.14a - c). We observed mCherry
+
, electroporated

glial cells only in a speci�c brain area located near the lateral ventricular wall within the lateral septal

nucleus. Cre-expressing glia cells were never positive for the neuronal marker NeuN (Fig. 6.13a) but

for vimentin (Fig. 6.14a) or S100 (Fig. 6.14b) and occasionally for GFAP.

Figure 6.13: Cre-expressing glial cells are negative for NeuN. (a) Brain slices of P24 - 30 mice, electroporated at E16 -

17, were stained with NeuN antibodies. Electroporated, Cre- and mCherry-positive glia cells were negative for the neuronal

marker NeuN; insets show areas of higher magni�cation within the same picture; Scale bar 100µm.

Compared to controls (Fig. 6.14c), brain slices from Cre-electroporated mice had a 77.9% increased

overall S100 �uorescence intensity (N = 2 - 4 mice, with 3 brain slices each, all glia cells on a brain slice

were analyzed; Student’s t-test, ***p≤0.001); a characteristic that was also observed within cortical

tubers of TSC patients. These results indicate that the rarely found TSC1 knockout glia cells outside the

cortex may not be giant cells, since they are only positive for glial but not neuronal markers, however,

studies also found GC expressing only glial markers [276].
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Figure 6.14: TSC1 knockout glia cells outside the cortex are exclusively positive for glial markers. (a) At E16 - 17,

TSC1�/�
mice were in utero electroporated with mCherry or Cre&mCherry and brain slices of P24 - 30 mice were stained

with vimentin and GFAP or (b) S100 and GFAP antibodies. Electroporated glial cells were only found within the lateral septal

nucleus. In Cre-electroporated mice, glia cells were positive for vimentin and S100 but only occasionally for GFAP; yellow

arrows. (c) Control electroporated cells were mainly S100 positive; insets show areas of higher magni�cation; Scale bar 100µm.

6.3 The role of SLK for normal cortex development

6.3.1 Loss of SLK expression in dysplastic neurons of FCDIIb and GGs

The unifying functional characteristic of glioneuronal developmental brain lesions are dysplastic neu-

rons with their distinctive aberrantly shaped dendritic tree. This phenotype suggests impaired cy-

toskeletal dynamics arising during brain development. In order to analyze whether the occurrence

of such abnormal neurons can have a common cause in all of the di�erent lesions and possibly even

account for the severe epileptic phenotype, we analyzed whether the Ste20 like kinase SLK, strongly

expressed in the embryonic cortex and known to be critically involved in cytoskeleton remodeling and

migration of �broblasts, has a role in their emergence. So far, nothing speci�c is known about SLKs

function in neurons. However, recent data generated in various non-neuronal cell lines indicate a role

for SLK in cytoskeletal rearrangements and migration. Both are essential developmental processes

potentially altered in dysplastic neurons of developmental brain lesions.

In order to answer this question, we �rst analyzed SLK expression in two of the most common glioneu-
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ronal lesions, i.e. GGs and FCDIIb that represent a neoplastic and non-neoplastic entity, respectively.

We performed co-immunohistochemical stainings on human FCDIIb tissue with antibodies against SLK

and the neuronal marker MAP-2. We found nearly no SLK immunoreactivity (IR) in enlarged, dysplas-

tic neuronal elements in comparison to normal-sized neurons located in columnar organized cortical

areas (Fig. 6.15a). Quanti�cation revealed a 78% lower SLK IR in dysplastic neurons compared to non-

lesioned control neurons (Fig. 6.15b, control 249.4±10.1a.u. vs. FCDIIb 55.8±5.7a.u.; N = 10 di�erent

patients with a total of n = 159 control and n = 94 dysplastic neurons, Student’s t-test ***p≤0.001).

Correspondingly, analyzing dysplastic neurons in human GG tissue also revealed a reduced SLK IR in

neurons within the GG (identi�ed by strong vimentin staining) in comparison to adjacent control tissue

(Fig. 6.15c). Here, we found a 20% lower SLK IR within the GG in comparison to control neurons (Fig.

6.15d, control 567.3±5.6a.u. vs. GG 458.9±3.6a.u.; N = 8 di�erent patients with a total of n = 453 con-

trol cells and n = 551 cells within the GG; Student’s t-test ***p≤0.001). These results indicate reduced

SLK protein levels in dysplastic neurons of tow substantially di�erent entities of developmental brain

lesions, FCDIIb and GGs. Furthermore, SLK is rather localized in neuronal than glial vimentin-positive

cells. This �nding suggests that decreased levels of SLK would more likely impact neuronal than glial

cells, suggesting a role for SLKs in the emergence of dysplastic neurons.
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Figure 6.15: Reduced SLK protein levels in dysplastic components of FCDIIb and GGs. (a) Para�n embedded brain

slices of human FCDIIb specimens were co-stained with SLK and MAP-2 antibodies. (b) SLK IR in enlarged, dysplastic neurons

was signi�cantly lower compared to normal-sized neurons located in an columnar organized cortical area. (c) Human GG

brain tissue co-immunohistochemically stained with SLK, MAP-2 and vimentin antibodies (N = 10 di�erent patients with

a total of n = 159 control and n = 94 dysplastic neurons, Student’s t-test, ***p≤0.001). (d) Quanti�cation revealed a 20%

reduction of SLK IR within the area of the GG with a high number of vimentin positive glial cells in comparison to neurons

in the adjacent control tissue, negative for vimentin (N = 8 di�erent patients with a total of n = 453 control cells and n = 551

cells within the GG, Student’s t-test, ***p≤0.001). Scale bar 100µm.

6.3.2 RNAi mediated SLK knockdown

The reduction of SLK protein in human dysplastic neurons implies SLK deregulation as a potential

pathological factor contributing or leading to the emergence of dysplastic neurons and thus, to lesion

formation. The aberrant dendritic morphology of such dysplastic neurons is their major morphological

characteristic. We therefore asked whether SLK - with its reported ability to regulate both actin �lament

dynamics [249, 256] and microtubule orientation in �broblasts [252, 253, 256] - may be necessary for

the establishment of a normal dendritic arbor. No such studies have been performed in neurons yet.

However, the robust expression of SLK in the developing cortex suggests a critical function for young

neurons, especially since gene-trap mediated truncation of SLK results in embryonic lethality at the

time of onset of cortex development.

One of the best ways to analyze the speci�c functional role of a protein is to knockdown or increase
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its expression. We used RNA interference (RNAi), which is an RNA-mediated gene silencing process,

achieved by delivery and subsequent cellular expression of short hairpin RNA (shRNA) containing

plasmids. In our studies all used shRNA vectors also encode a �uorescent protein (hrGFP or mRFP)

that is expressed under the control of an independent, ubiquitous promoter. This allows for reliable

detection of shRNA expressing cells.

We designed speci�c shRNAs to target mouse and rat SLK mRNA sequences, which mediates targeted

protein down-regulation in both species. To asses e�ects of SLK overexpression and to exclude o�-

target e�ects of the shRNA, a human SLK (hSLK) variant with silent point mutations within the shRNA

target sequence was generated (hSLK-mut, further referred to as hSLK). E�cient SLK knockdown by

the shRNA and rescue by hSLK expression was con�rmed by immunoblotting protein homogenates

of HEK293T cells co-transfected with the respective plasmids: SLK shRNA (shSLK) was transfected

together with a murine, non-resistant SLK or in combination with the resistant hSLK (Fig. 6.16a).

The quanti�cation con�rmed e�cient mouse SLK knockdown by shSLK, since the detected SLK pro-

tein level was signi�cantly reduced down to 2.1% in comparison to cells only transfected with mouse

SLK. In addition, introducing the silent point mutations into the human SLK sequence rendered this

hSLK plasmid resistant to the shRNA. Its expression was unchanged despite shSLK co-transfection

(Fig. 6.16b). To verify shRNA e�ciency also in neurons, para�n embedded brain slices from mice

with in vivo expression of various plasmids were stained with SLK antibodies. As a control, the empty

hrGFP expressing U6 RNAi vector (further referred to as control), without SLK shRNA was transfected.

Control- and non-electroporated neurons showed moderate SLK IR, whereas SLK staining was virtu-

ally absent in shSLK expressing cortical neurons (Fig. 6.16c). Rescue by coexpression of shSLK together

with the shRNA resistant hSLK on the other hand resulted in strong SLK IR in respective cells. In a

third approach, successful SLK down-regulation by shRNAs was assessed in vitro in primary cortical

neuronal cultures. Neurons were previously transduced with crude AAV particles enabling e�cient

transgene expression of up to 90 - 95% of all neurons. Their mRNA was harvested 14 days later and

SLK expression was analyzed in a semi-quantitative approach by real-time PCR. In comparison to U6

hrGFP control neurons, shSLK expressing cells showed a 81.3% reduction of SLK mRNA transcripts

(Fig. 6.16d). These results demonstrate potent knockdown of mouse SLK by shSLK expression that can

be rescued by coexpression of hSLK in di�erent experimental set-ups in vitro and in vivo.
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Figure 6.16: Assaying the RNAimediated SLK knockdown e�ciency in vitro and in vivo. (a) Western blot of HEK293T

cells transfected with indicated plasmid combinations. SLK protein was detected when SLK was overexpressed and when hSLK

alone or in combination with shSLK was expressed. E�ective protein transfer and equal protein amounts are indicated by

positive β -actin signal for all samples. (b) Quanti�cation of mean protein band intensity from N = 3 independent experiments

normalized to β -actin and afterwards normalized to SLK band intensity (N = 3, One-way ANOVA with Bonferroni post-

correction, ***p≤0.001). Co-transfection of SLK shRNA and mouse SLK (SLK) reduced SLK signal by 97.8% compared to cells

that only expressed SLK. (c) After intraventricular in utero electroporation of the empty U6 hrGFP-expressing control vector

(red), transfected- and non-transfected neurons had moderate SLK IR (green). Conversely, SLK IR in hrGFP-tagged shSLK

expressing neurons was lost. Neurons expressing both, shSLK and the shRNA resistant hSLK, had strong SLK IR; Scale bar

50µm. (d) Semi-quantitative real-time PCR with mRNA extracted from shSLK transduced mouse cortical neurons con�rmed

potent SLK knockdown in comparison to U6 control transduced neurons (n = 6 hrGFP controls, n = 8 shSLK, *p≤0.05, Student’s

t-test).

6.3.3 SLK knockdown in neurons results in impaired neurite morphology in vitro

Considering the abnormal dendritic arbor of dysplastic neuronal components of FCDIIb or GGs, we

tested the e�ect of SLK knockdown in primary cortical neurons with the established SLK shRNAs by

transfection at DIV 2 - 4. At DIV14, neuronal morphology was imaged, reconstructed and analyzed (Fig.

6.17a). At the time point of analysis, most neurons exhibited strongly branched dendritic arbors with

no gross di�erence between groups. A detailed quanti�cation of di�erent order dendrites revealed no

change in �rst (red) or second order (green) dendrites. However, the number of third order dendrites

(blue) was signi�cantly reduced upon SLK loss (Fig. 6.17b) down to 58.8% in comparison to control

transfected neurons (control 30.8±2.0 vs. shSLK 18.1±1.4 third order dendrites per neuron; n = 11

control, n = 12 shSLK; One-way ANOVA with Bonferroni post-correction, ***p≤0.001). To investigate

whether SLKs kinase activity is required for normal dendritic growth, neurons were transfected with

an SLK plasmid carrying a K63R mutation, rendering SLK kinase null. K63R-SLK expression resulted in

a reduction of the distal dendrites similar to shSLK expression (18.7±2.1 third order dendrites per neu-

ron; n = 12 K63R-SLK; One-way ANOVA with Bonferroni post-correction, ***p≤0.001). Coexpression of

shRNA resistant hSLK not only rescued the shRNA-mediated dendritic impairment but also increased

the number of third order dendrites signi�cantly (Fig. 6.17b, shSLK+hSLK 43.5±1.4 third order den-

drites per neuron; n = 9 shSLK+hSLK; One-way ANOVA with Bonferroni post-correction, ***p≤0.001).

Overall, the individual dendrite length was unchanged in proximal or distal dendrites (Fig. 6.17c), indi-
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cating a reduced total volume of the dendritic tree in comparison to controls due to loss of SLK kinase

activity.

Figure 6.17: SLK silencing in cortical neurons leads to a reduced number of higher-order dendrites. (a) At DIV4, rat

cortical neurons were transfected with di�erent plasmids and the morphology of their dendritic arbor was reconstructed at

DIV14; di�erent colors indicate di�erent order dendrites. (b) The total number of proximal, primary and secondary dendrites

was similar in all conditions, whereas the abundance of third order dendrites was signi�cantly reduced after SLK knock-

down or expression of the kinase dead K63R-SLK. Expression of hSLK together with shSLK counteracted the loss of tertiary

dendrites. (c) Mean dendrite length was unchanged compared to control neurons in all tested groups (N = 3 independent

experiments, n = 9 – 12 neurons per condition, One-way ANOVA with Bonferroni post-correction, ***p≤0.001, stars indicate

statistically signi�cant di�erence compared to hrGFP control).

Growth of dendrites and axons is regulated by common regulatory pathways, but is also in�uenced by

mechanisms speci�c to axons or dendrites that allow for the speci�cation into distinct compartments.

To assess whether proper dendritic scaling or the growth promoting e�ects mediated by SLK are spe-

ci�c for dendrites or whether SLK is generally required for normal neurite growth, we analyzed the

consequence of SLK loss or overexpression on axon growth. Therefore, neurons were transfected at

DIV2 and axon length was determined at DIV6. 24h after plating, cultured primary neurons form short

neurites from which only one - the future axon - starts to grow rapidly, while the other neurites start to

grow and develop into dendrites not before DIV 4 - 5. Thus, at DIV6 the axon can be easily discriminated

from dendrites as a single long branch (Fig. 6.18a). Quanti�cation of confocal micrographs showed that

loss of SLK led to a reduction of axon length by 50.4% in comparison to control neurons (Fig. 6.18b;

control: 4766±499µm vs. shSLK 2027±255µm; n = 11 control, n = 19 shSLK; One-way ANOVA with

Bonferroni post-correction, ***p≤0.001). Expression of the kinase dead K63R-SLK showed a similar re-

duction of axon length (control: 4766±499µm vs. K63R-SLK 2362±220µm; n = 12 K63R-SLK; One-way

ANOVA with Bonferroni post-correction, ***p≤0.001). These e�ects were not seen when the shRNA

resistant hSLK was coexpressed with shSLK (control: 4766±499µm vs. hSLK+shSLK 5296±355µm; n =

10 shSLK+hSLK; One-way ANOVA with Bonferroni post-correction, not signi�cant). Our results indi-
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cate that SLK regulates general growth regulatory processes needed for normal dendritic arborization

and axon growth. These results furthermore imply, that SLK loss may be a contributing factor in the

emergence of dysplastic neurons.

Figure 6.18: In vitro knockdown of SLK results in reduced axon length. (a) Embryonic rat cortical neurons were trans-

fected at DIV2, PFA-�xed and reconstructed at DIV6; Scale bar 100µm. (b) Axon length was reduced by approximately 50%

when SLK was knocked down or when the kinase dead K63R-SLK was overexpressed. Coexpression of hSLK together with

shSLK slightly increased axon length (N = 3 independent experiments with 10 - 19 neurons each, One-way ANOVA with

Bonferroni post-correction, ***p≤0.001, stars indicate statistically signi�cant di�erence compared to hrGFP control).

6.3.4 Focal cortical loss of SLK results in impaired cortex development

In order to analyze if loss of SLK expression in developing neurons of mouse embryos surrounded by

a functional neuronal network causes similar changes in neurite morphogenesis in vivo, we knocked

down SLK in cortical neuronal progenitors by shRNA expression during embryonic development. To

mimic the focal, cortical character in a restricted number of cells and the developmental origin of dys-

plastic lesions, we delivered shSLK or control plasmids by intraventricular in utero electroporation

(IUE) at E14 (Fig. 6.19a). By IUE of shSLK at E14 into one lateral ventricle, SLK protein expression

will be prevented in cortical progenitor cells within the proliferative zones destined for layer II/III and

IV. At the time point of analysis (P30 - 35), hrGFP expressing plasmids were spread throughout the

somatosensory and in part the motor- and cingulate cortex layer II/III and IV, ranging approximately

from Bregma 2.0 to -1.0 (Fig. 6.19b).
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Figure 6.19: Intraventricular in utero electroporation. (a) At E14, embryos of time pregnant mice were in utero electro-

porated with hrGFP-labeled shRNAs or control plasmids. (b) Exemplary brain slice of a 4-week old mouse, depicting the

distribution of hrGFP-expressing electroporated neurons in cortical layers, from rostral to caudal; Scale bar 1000µm.

Brain slices from control or shSLK electroporated mice were immunohistochemically stained with neu-

ronal (NeuN) and astroglial (GFAP) markers. Both markers showed a similar, inconspicuous pattern in

both groups, without any signs of astrogliosis or in�ltration of reactive astrocytes (Fig. 6.20a). Cortical

lamination in shSLK IUE mice appeared partially altered. Approximately 10±2% of all electroporated

neurons were ectopically positioned in deeper cortical layers in about 66% of all analyzed animals (Fig.

6.20b; N = 4 mice each with n = 1081 control and n = 1286 shSLK cells; **p≤0.01, Student’s t-test, N =

22 mice were analyzed for ectopically localized neurons). Remarkably, none of these cells were positive

for NeuN (labeling mature neurons) despite their obvious neuronal shape. All neurons showed robust

DAPI signal, a �uorescent dye that binds to the DNA and thus stains the nucleus of vital cells. Nearly

all ectopic cells were negative for birthdate-speci�c marker expression, such as Cux1 or FoxP2 that

speci�cally label layer II/III&IV or layer V&VI neurons respectively (Fig. 6.20c, d, e).
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Figure 6.20: Partially disrupted cortical architecture after SLK knockdown in vivo. (a) Brain slices of in utero elec-

troporated mice were immunohistochemically stained with NeuN and GFAP antibodies; Scale bar 400µm. (b) In most mice

electroporated with shSLK, on average 10% of all neurons, were observed to be ectopically localized in deeper cortical layers

(N = 4 mice each with n = 1081 control and n = 1286 shSLK cells; **p≤0.01, Student’s t-test). (c) Ectopic cells were positive

for DAPI, negative for NeuN and nearly all were negative for the layer speci�c markers (d) Cux1 and (e) FoxP2 (N = 4 mice

each; Scale bar 20µm).

Subsequently, we selected single in utero electroporated cortical neurons at the edge of the electropo-

rated area, mainly located in the upper parts of layer IV, to examine their morphology (Fig. 6.21a).

Similar to the in vitro results (Fig. 6.17), reduction of SLK protein levels by shSLK expression in vivo

caused a signi�cant and selective reduction in the number of distal dendrites (Fig. 6.21b, reduction of

�rst order dendrites by 12.4%, second order dendrites 24.7% and third order dendrites by 76.5%; N = 2 –

3 mice from di�erent litters with n = 7 control and n = 9 shSLK neurons, Student’s t-test; ***p≤0.001 for

third order dendrites). This analysis was complemented by morphometric Sholl analysis. Quanti�ca-

tion corroborated our previous results and revealed a substantial reduction of dendritic tree complexity

in shSLK electroporated neurons compared to hrGFP-expressing control neurons (Fig. 6.21c, N = 2

– 3 mice from di�erent litters with n = 7 control and n = 9 shSLK neurons, Mann-Whitney U-test;

***p≤0.001). For unknown reasons in utero electroporation of the kinase dead K63R-SLK variant in

di�erent expression vectors did not result in expression at P3 or P30. Mice were co-electroporated with

K63R-SLK-2A-mCherry and hrGFP and at both time points (P3 and P30) only hrGFP expression was
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detectable.

Our results demonstrate that in vivo loss of SLK in cortical precursors results in ectopic cortical lo-

calization in a subset of neurons and substantial morphological alterations that re�ect the nature of

dysplastic neurons. These observations suggest that SLK plays a considerable role in the regulation

of neurite growth or branching and �nal neuronal positioning or migration that may be disrupted in

dysplastic neurons of developmental brain lesions.

Figure 6.21: In vivo knockdown of SLK leads to impaired dendritic morphology of cortical neurons. (a) High mag-

ni�cation confocal micrographs of reconstructed, multipolar, cortical neurons electroporated with either hrGFP-expressing

control- or shSLK plasmids. (b) Quanti�cation of the number of di�erent order dendrites in control- or shRNA-electroporated

brains revealed a strong reduction of third order dendrites in the absence of SLK. (c) Sholl analysis of single neurons demon-

strated a reduced number of intersections in SLK silenced cortical neurons, in comparison to control neurons (N = 2 – 3 mice

from di�erent litters with n = 7 control and n = 9 shSLK neurons; Student’s t-test for dendrite numbers and Mann-Whitney

U-test for Sholl analysis; ***p≤0.001).

6.3.5 SLKs specific subcellular localization

The speci�c subcellular localization of a protein allows for speculations about its functions. As there are

no information about the localization of SLK in neurons we stained cultured cortical neurons at DIV14

with antibodies against SLK and the dendritically enriched MAP-2. In �broblasts, SLK has been shown

to colocalize with microtubules during adhesion and migration. It is unclear whether this is also the

case in neurons. We observed endogenous SLK to be present in all major compartments of the neuron,

including axon, MAP-2 labeled dendrites and particularly in the cell body (Fig. 6.22a). Co-labeling with

the F-actin binding GFP-labeled toxin phalloidin revealed a high degree of overlap with SLK not only

in neurites but also in neurite tips/growth cones (Fig. 6.22b, c).
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Figure 6.22: SLK colocalizes with dendritic markers and phalloidin. (a) Embryonic rat cortical neurons were PFA-�xed

at DIV14 and stained against MAP-2 or SLK; Scale bar 50µm. (b) mRFP-transfected cortical neurons were stained with SLK

and MAP-2 antibodies and labeled with GFP-phalloidin at DIV14; Scale bar 50µm. (c) Close-up of the growth cone; Scale bar

6µm.

Several other members of the Ste20 kinase family (TAO, MINK and TNIK) have been reported to be

localized at and functionally relevant for synapses. Thus, we analyzed whether SLK is also present

at the synapse by transfecting neurons at DIV4 with a volume dye (mRFP) and GFP-labeled PSD95-

(Fig. 6.23a) or gephyrin-GFP-FingRs (Fig. 6.23c). FingR stands for �bronectin intrabodies generated

with mRNA display. They are expression regulated GFP-fused mRNAs that bind to endogenous PSD95

or gephyrin with high a�nity. At DIV21 only little spatial overlap of SLK with PSD95 (a marker for

excitatory synapses, concentrated at the tips of dendritic spines) or spines was found (Fig. 6.23b). SLK

IR was measured in only 28.4±15.1% of all PSD95
+

synapses. In contrast, SLK labeling had a high

degree of overlap with gephyrin
+

punctae (97.7±1.8%) located on dendritic shafts (Fig. 6.23d). These

results indicate that SLK is present in and probably important for inhibitory synapses but rather not

for excitatory synapses.
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Figure 6.23:Overlapping expression of SLKwith gephyrin at inhibitory postsynapses. (a) At DIV4, rat cortical neurons

were transfected with mRFP and PSD95-GFP-FingRs and stained with SLK antibodies at DIV21; Scale bar 25µm. (b) Only little

spatial overlap between SLK and PSD95-GFP or spines was observed; Scale bar 25µm. (c) Rat cortical neurons were transfected

at DIV4 with mRFP and gephyrin-GFP-FingRs and stained against SLK at DIV21; Scale bar 25µm. (d) The gephyrin-GFP signal

overlapped spatially with dendritic SLK staining; Scale bar 25µm.

6.3.6 SLK silencing results in progressive juvenile inhibitory postsynapse loss

To further explore the possibility of a speci�c function of SLK for inhibitory synapses, mouse embryos

were in utero electroporated at E14 with control- or shSLK plasmids together with either gephyrin-

(Fig. 6.24a) or PSD95-GFP-FingRs (Fig. 6.24d). In this case, the control plasmid was the empty mRFP-

expressing plasmid and the shRNA was an mRFP-expressing shSLK. Synapse density was assessed at

di�erent time points after birth by counting the GFP-labeled inhibitory or excitatory postsynapses

along the dendrites. Detailed quanti�cation revealed no change in synapse density at early ages, P5

and P15. However, starting at P30 gephyrin
+

synapse density was signi�cantly decreased after shSLK

mediated SLK knockdown. Moreover, without SLK the synapse density seemed to progressively de-

crease, since neurons at P15 harbored signi�cantly more synapses than neurons at P60, unlike in the

controls (Fig. 6.24b; P5: n = 19 control, n = 21 shSLK, P15: n = 15 control, n = 24 shSLK, P30: n =

12 control, n = 11 shSLK, P60: n = 10 control, n = 10 shSLK; gephyrin-positive synapses/100µm at

P5: mRFP control 6.5±0.6 vs. shSLK 4.7±0.5; P15: mRFP control 17.0±1.7 vs. shSLK 17.5±1.0; P30:

mRFP control 22.8±2.4 vs. shSLK 13.1±1.3; P60: mRFP control 25.6±3.0 vs. shSLK 11.9±1.4; One-way



CHAPTER 6. RESULTS 85

ANOVA with Bonferroni post-correction, ***p≤0.001). This postnatal reduction of inhibitory synapses

was preceded by a developmental impairment that led to the formation of less third order dendrites,

starting at P15 (Fig. 6.24c; P15: n = 8 control, n = 12 shSLK, P30: n = 15 control, n = 14 shSLK, P60:

n = 9 control, n = 10 shSLK; no third order dendrites at P5, third order dendrites/neuron: P15: mRFP

control 6.6±0.9 vs. shSLK 1.1±0.4; P30: mRFP control 14.9±1.1 vs. shSLK 3.5±0.7; P60: mRFP control

7.5±1.3 vs. shSLK 2.3±0.4, One-way ANOVA with Bonferroni post-correction, ***p≤0.001). In direct

contrast, knockdown of SLK did not a�ect the number of PSD95
+
postsynapses, which was unchanged

at all investigated time points compared to control (Fig. 6.24e; P5: n = 9 control, n = 9 shSLK, P15: n = 7

control, n = 7 shSLK, P30: n = 19 control, n = 14 shSLK, P60: n = 9 control, n = 7 shSLK). Together, these

results corroborate the hypothesis that SLK is important for the development of higher order dendrites.

They furthermore suggest that SLK plays a role in the stability of inhibitory postsynapses but not for

their initial formation.
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Figure 6.24: SLK knockdown leads to reduced inhibitory postsynapse density in vivo. (a) Exemplary neurons of P30

mice in utero co-electroporated at E14 with control or shSLK and GFP bound gephyrin-FingRs; white squares indicate areas of

higher magni�cation seen in the right panel. (b) Synapse density was unchanged at P5 or P15 but signi�cantly reduced at P30

and P60 when electroporating shSLK. (c) The number of distal dendrites was reduced in shSLK expressing cortical neurons

from P15 to P60 (N = 2 – 4 mice from di�erent litters with n = 2 – 4 di�erent neurons per animal, One-way ANOVA with

Bonferroni post-correction; ***p≤0.001). (d) Exemplary images of cortical neurons electroporated with PSD95-GFP-FingRs

and mRFP-control or shSLK from P30 mice; right panel shows area within the white square at higher magni�cation. (e)

PSD95-positive postsynapse density was similar at P5, P15, P30 or P60 in both groups (N = 3 – 4 mice from di�erent litters

with n = 2 – 4 di�erent neurons per animal, p≥0.05, One-way ANOVA with Bonferroni post-correction; unless indicated

otherwise, stars indicate statistically signi�cant di�erence compared to mRFP control; Scale bar 100 µm).
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6.3.7 Reduced inhibition upon SLK knockdown

A reduction of inhibitory postsynapses may translate into reduced inhibition and may thus lead to an

imbalance of excitation/inhibition of the neuronal network. To test for that possibility time pregnant

mice were in utero electroporated at E14 with U6 hrGFP control or shSLK plasmids. At the age of P30

- 40 mice were sacri�ced and patch-clamp recordings were performed on acute brain slices by Robert

Maresch in the department of epileptology in Bonn (Lab of professor Heinz Beck). In hrGFP-expressing

neurons from cortical layer II/III (Fig. 6.25a, b), spontaneous miniature excitatory postsynaptic cur-

rents (mEPSC) and spontaneous miniature inhibitory postsynaptic currents were recorded (mIPSCs,

Fig. 6.25c, d). Analysis, performed by Robert Maresch and Tony Kelly (Lab of professor Heinz Beck),

revealed a reduced mIPSC frequency in shSLK neurons (Fig. 6.25e; frequency reduced by 43.5%; n =

11 control, n = 12 shSLK neurons; hrGFP control 10.0±1.1Hz vs. shSLK 5.7±1.1Hz; *p≤0.05, Student’s

t-test) which is in good agreement with the selective loss of inhibitory synapses (Fig. 6.24). The am-

plitude of the spontaneous mIPSCs was unchanged (Fig. 6.25f). Frequency and amplitude of mEPSCs

were unchanged as well (Fig. 6.25g, h), further corroborating our �ndings of stable excitatory synapse

density in shSLK neurons (Fig. 6.24). Furthermore, the input resistance was una�ected in shSLK neu-

rons compared to controls, while the cell capacitance was signi�cantly reduced (Fig, 6.25i, j; n = 11

control, n = 12 shSLK neurons; control 153.2±9.7pF vs. shSLK 115.9±12.5pF, *p≤0.05, Student’s t-test.

The reduced cell capacitance is consistent with a smaller neuronal surface as re�ected by a reduction

of axon length (Fig. 6.18) and dendritic complexity (Fig. 6.21). Together, these results show that the

observed morphological changes induced by SLK loss are also re�ected by a functional impairment.
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Figure 6.25: ReducedmIPSC frequency and cell capacitance following SLK loss. (a) In cortical neurons from layer II/III,

electroporated with control or (b) shSLK, (c) mEPSCs and (d) mIPSCs were recorded. (e) Upon SLK loss mIPSC frequency was

signi�cantly reduced, whereas (f) mIPSC amplitude, (g) mEPSC frequency (holding potential -60mV) and (h) amplitude re-

mained on control levels. (i) Input resistance was unchanged as well, however, (j) cell capacitance was signi�cantly reduced

in shSLK expressing neurons (N = 4 – 6 mice with n = 11 – 12 neurons, *p≤0.05, Student’s t-test, stars indicate statistically sig-

ni�cant di�erence compared to hrGFP control). Image courtesy of Robert Maresch, Tony Kelly and Heinz Beck. Experiments

performed by Robert Maresch, analysis performed by Robert Maresch and Tony Kelly.

6.3.8 Focal SLK knockdown leads to increased PTZ-induced seizure severity

Reduced inhibitory synapse density and reduced inhibition, together with an aberrant cortical lamina-

tion and impaired dendritic morphology after SLK loss suggest a severe impairment in local cortical

circuitry. To test whether these pathological changes - mirroring key features of dysplastic neurons

and associated lesions - are su�cient to induce a hyperexcitable brain lesion, we subjected control- or

shSLK electroporated mice to repetitive pentylenetetrazol (PTZ) injections. PTZ binds to and inhibits

GABAARs. Thus, with increasing dosage, PTZ induces epileptiform seizures in healthy mice that can

be rated by their severity (I - V) according to Racine [270]. We continuously injected low doses of PTZ

every 10 minutes until animals encountered generalized, Racine Score V seizures (Fig. 6.26a). We ob-

served that chemically evoked seizures were more severe in shSLK electroporated mice in comparison

to controls expressing the U6 hrGFP vector. Most control mice usually �rst encountered rather mild

Racine IV seizures while shSLK IUE mice showed in most cases more severe Racine V seizures as their

�rst seizure event (Fig. 6.26b; IV: 64.8% of control mice vs. 18.18% of shSLK mice, V: 35.3% of control
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mice vs. 81.8% of shSLK mice; n = 17 control, n = 11 shSLK mice; Fisher‘s exact test, *p≤0.05). In

contrast, seizure onset time was not a�ected by SLK knockdown (Fig. 6.26c). Together, these results

indicate that a focal cortical loss of SLK, characterized by malpositioned and aberrantly arborized neu-

rons with impaired inhibition, may indeed lead to the emergence of dysplastic neurons and translate

into a hyperexcitable phenotype.

Figure 6.26: Increased PTZ-induced seizure propensity after SLK knockdown. (a) In utero electroporated mice were

injected repetitively with PTZ at P40 – 45. (b) Mice in utero electroporated with control plasmids had predominantly Racine

Score IV seizures as their �rst epileptic event, while shSLK mice showed more severe seizures rated as Racine Score V. (c) No

change in the onset time of the �rst PTZ induced seizure-like event was observed in shSLK mice compared to control mice

(N = 3 – 5 di�erent litters with n = 17 control and n = 11 shSLK mice; Fisher‘s exact test; *p≤0.05).

6.3.9 In vitro analysis of SLK interaction with the cytoskeleton

The hyperexcitable phenotype of developmental, locally restricted SLK loss in mice is most possibly a

consequence of the combination of the progressive loss of inhibitory synapses and the altered neuronal

morphology. Adequate cytoskeleton dynamics and actin-microtubule cross talk are required for both,

neurite growth and synapse stability [176, 177, 229, 230]. In order to investigate whether SLK regulates

these processes by direct interaction with the cytoskeleton, a function of SLK that has been reported

in �broblasts [254], we analyzed di�erent cytoskeleton-related parameters.

First, we determined the consequences of SLK knockdown on growth cone size. SLK was shown to

be recruited to the leading edge of spreading �broblasts where it facilitates actin depolymerization, a

process needed for e�cient cell migration [254]. Actin depolymerization within the growth cone is also

critical for growth and extension of neurites. We therefore �rst analyzed whether SLK knockdown or

SLK overexpression a�ects the size of the growth cone. This parameter is regarded as a measure for

“normal” cytoskeleton remodeling in growing structures. To that end, neurons were transfected with

control, shSLK, SLK, or the kinase dead K63R-SLK plasmid at DIV1 and growth cone size was measured

three days later at DIV4. For visualization of the growth cone, 4%-PFA �xed neurons were stained

with antibodies against acetylated tubulin (acTubulin) and red-labeled (Actin-stain 555) phalloidin (Fig.

6.27a - d). Acetylated tubulin is more stable and provides a stronger pushing force needed for growth.

Growth cones of control neurons had a similar F-actin staining pattern (assessed by phalloidin red-

�uorescence), shape, and size as shSLK transfected neurons (Fig. 6.27a - d). SLK overexpression or

the presence of the kinase dead K63R-SLK had no e�ect on growth cone size as well (Fig 6.27e, two

independent experiments with n = 10 - 24 growth cones each, One-way ANOVA with Bonferroni post-

correction). This result indicates that SLK may not be regulating the gross morphology of the growth

cone in expanding axons and thus, impairment in neurite growth upon SLK silencing seems to be
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independent from growth cone functionality.

Figure 6.27: Growth cone size unchanged upon SLK knockdown or overexpression. (a) Neuronal cultures were trans-

fected with control-, (b) shSLK-, (c) SLK-, (d) or K63R-SLK plasmids at DIV1; Scale bar 6µm. (e) At DIV4, the size of the growth

cone was measured and revealed no signi�cant di�erences between the groups (N = 2 independent experiments, with n = 10

- 24 growth cones per condition, One-way ANOVA with Bonferroni post-correction).

The size and stability of the inhibitory postsynapse depends on a proper regulation of the cytoskeleton

sca�old and correct actin and microtubule cross-talk, both properties that have been associated with

SLK in �broblast cultures [254]. If SLK is needed for the stability of the postsynapse by regulating local

cytoskeleton dynamics, the reduced synapse density may be explained by SLK loss. To test whether

SLK regulates synapse stability in neurons, we assessed the �uorescence intensity of phalloidin and

acTubulin within gephyrin-GFP positive inhibitory postsynapses of control or SLK knockdown neu-

rons. Neurons were transfected at DIV3 with the mRFP-expressing control vector or the mRFP-labeled

shRNA against SLK together with gephyrin-GFP-FingRs. At DIV21, neurons were stained with an-

tibodies against acTubulin and F-actin was visualized by iFluor647-phalloidin application (Fig. 6.28a,

b). The �uorescence intensity of acTubulin or phalloidin was normalized to the mRFP signal within

each gephyrin
+

synapse. We found that synaptically localized �uorescence intensity of both, acTubulin

and phalloidin was dramatically reduced in shSLK transfected neurons compared to control neurons

(Fig. 6.28c, e; n = 10 neurons per condition with 2196 synapses in controls and 2190 synapses in shSLK

transfected neurons). In both groups, gephyrin-GFP positive punctae clearly colocalized with the mi-

crotubule marker acTubulin or the F-actin marker phalloidin but within inhibitory synapses of SLK

silenced neurons signi�cantly more synapses had low acTubulin or phalloidin �uorescence intensities

(Fig. 6.28d, f, Mann-Whitney U-test, ***p≤0.001).
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Figure 6.28: Knockdown of SLK reduces �uorescence intensity of synaptically localized components of the cy-
toskeleton. (a) Cortical neurons were transfected at DIV3 with gephyrin-GFP-FingRs and an mRFP-expressing control plas-

mid or (b) shSLK and stained with iFluor647-phalloidin and antibodies against acTubulin at DIV21; Scale bar 25µm. (c) The

�uorescence intensity of synaptically localized acTubulin was signi�cantly lower in shSLK transfected neurons compared to

control neurons. (d) The histogram illustrates the signi�cant di�erence in the abundance of di�erent acTubulin �uorescence

intensities for both groups normalized to mRFP or mRFP-shSLK respectively. (e) SLK knockdown resulted in a reduced synap-

tic phalloidin �uorescence intensity compared to control neurons. (f) The histogram illustrates the statistically signi�cant

di�erence in the abundance of di�erent phalloidin �uorescence intensities in control or shSLK transfected neurons normal-

ized to mRFP or mRFP-shSLK respectively (n = 10 neurons per condition with 2196 synapses in controls and 2190 synapses

in shSLK transfected neurons, Mann-Whitney U-test, ***p≤0.001).
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The size of gephyrin clusters is regulated by their phosphorylation status [228], therefore loss of phos-

phorylation that may be mediated by SLK at inhibitory synapses can a�ect gephyrin cluster size. To

examine this hypothesis, we analyzed the size of gephyrin-GFP punctae in neurons transfected with

a control vector or shSLK together with gephyrin-GFP-FingRs at DIV3 (Fig. 6.28a, b). At DIV21, the

size of gephyrin-GFP punctae was measured in control and SLK knockdown neurons. We observed no

changes in synapse size upon SLK knockdown (Fig. 6.29a; n = 10 neurons for each condition with 2185

synapses in control and 2056 synapses in shSLK transfected neurons, Student’s t-test, p≥ 0.05). The

histogram illustrates the abundance of gephyrin
+

synapses with di�erent sizes, which is similar in both

groups (Fig. 6.29b). Taken together, these results suggest that in cultured neurons SLK may indeed

interfere with or regulate the stability of cytoskeletal components within the inhibitory postsynapse

even though gephyrin cluster size was not a�ected.

Figure 6.29: Knockdown of SLK does not alter gephyrin-cluster size. (a) The mean gephyrin cluster size was similar

in control or SLK depleted neurons. (b) No signi�cant changes in the abundance of di�erent-sized gephyrin clusters were

observed (n = 10 neurons for each condition with 2185 synapses in control and 2056 synapses in shSLK transfected neurons).

6.4 The role of LDB1 and LDB2 for normal cortex development

6.4.1 Reduced LDB1 protein levels in dysplastic neurons human GG cases

The transcriptional co-activator LDB2 was shown to be one of the most reduced transcripts in hu-

man GGs compared to adjacent control tissue (assessed by microarray analysis) [47]. Therefore, we

aimed to analyze whether LDB loss may be involved in the formation dysplastic neurons and thus, an

epileptogenic, developmental brain lesion.

In mammals, two LDB family members exist which have partially overlapping and redundant func-

tions. They have been implicated in cell-fate determination, development and cytoskeletal organiza-

tion [277, 278], important cellular processes that may be altered in dysplastic neurons. Furthermore,

both were demonstrated to functionally interact with SLK. Thus, also LDB1 expression in GG tissue

was assessed by immunohistochemical staining of GG tissue with LDB1 antibodies to explore the pos-
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sibility, that also LDB proteins play a role in the emergence of dysplastic neurons (Fig. 6.30a). Co-

immunohistochemical reactions with antibodies against LDB1 and NeuN (neuronal marker) revealed a

signi�cantly reduced nuclear LDB1 �uorescence intensity in ganglioglioma compared to adjacent con-

trol brain tissue (Fig. 6.30b; N = 3 di�erent GG patients with a total of n = 274 control cells and n = 496

cells within the GG; Student’s t-test p≤0.001). Vimentin antibody-labeling of astrocytes was used to

discriminate lesioned cortex versus non-lesioned cortex. LDB1 �uorescence colocalizes with the neu-

ronal protein NeuN but barely with the astroglial protein GFAP (Fig. 6.30c). Detailed quanti�cation

showed that only 7% GFAP
+

astrocytes overlapped with LDB1
+

cells while 99% NeuN
+

cells overlapped

with LDB1
+

cells indicating that LDB1 was preferentially expressed in the dysplastic neuronal com-

partment of these lesions. Consequently, only 5% of LDB1
+

cells overlapped with GFAP
+

and 66% of

LDB1
+

cells with NeuN, implying that LDB1 is also expressed in another cell type. This cell type may

be an immature, tumor speci�c cell population, neither positive for NeuN nor GFAP (Fig. 6.30d).

Figure 6.30: Low LDB1 protein expression in human GGs. (a) Human brain tissue was stained with LDB1, NeuN and

vimentin in order to compare LDB1 protein levels in GG and adjacent control tissue. Scale bar 100µm. (b) The mean nuclear

LDB1 �uorescence intensity was signi�cantly lower in GG tissue in comparison to adjacent control tissue (N = 3 di�erent

GG patients with a total of n = 274 control cells and n = 496 cells within the GG; Student’s t-test ***p≤0.001). (c) To analyze

if LDB1 is expressed in astroglia, GG brain tissue was colabeled with LDB1 and GFAP. Scale bar 100µm. (d) To identify the

major cell types expressing LDB1, the overlap of LDB1 with NeuN or GFAP positive cells was assessed: 7% of all GFAP positive

astrocytes and 99% of all NeuN positive neurons overlapped with LDB1. Only 5% LDB1 positive cells overlapped with GFAP

and 66% with NeuN (N = 3 di�erent patients with GGs with a total of n = 368 cells positive for LDB1 in NeuN co-stainings, n

= 104 cells positive for NeuN, n = 72 cells positive for LDB1 in GFAP co-stainings and n = 229 cells positive for GFAP).
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6.4.2 RNAi mediated LDB1/2 knockdown

The expression of both, LDB1 protein and LDB2 transcripts, was reduced in human GGs tissue in

comparison to adjacent control tissue. In order to analyze whether these reduced levels of the tran-

scriptional co-activators may have a functional relevance in the emergence of dysplastic neurons, we

generated speci�c shRNAs to knockdown LDBs. They were designed to target mouse and rat LDB1

and LDB2 mRNA sequences. shRNA-resistant cDNA variants of LDB1 and LDB2 were generated for

rescue and cross-rescue experiments, by introducing silent point mutations within the shRNA binding

site. Knockdown e�ciency of the LDB1 or LDB2 shRNA was con�rmed by immunoblotting of protein

homogenates from HEK293T cells, which had been co-transfected with the respective mCherry-tagged

expression plasmids and the hrGFP-tagged shRNAs (Fig. 6.31a, b). Transfection of LDB1 (shLDB1) or

LDB2 (shLDB2) shRNAs with corresponding expression plasmids prevented expression of either LDB1

or LDB2. In contrast, expression of the shRNA-resistant mutated LDB1 (LDB1-mut) and mutated LDB2

(LDB2-mut) variants was not a�ected by the respective shRNAs (Fig. 6.31c, d; N = 3 Western Blots).

Figure 6.31: shRNAmediated LDB1 or LDB2 knockdown is e�ective in vitro. E�ciency of LDB knockdown was assessed

by Western blot. Therefore HEK293T cells were transfected with (a) LDB1 or (b) LDB2 plasmids alone or in combination

with speci�c shRNAs. In addition, cells were transfected with resistant mouse LDB1-mut or mouse LDB2-mut plasmids

(carrying silent point mutations) alone or in combination with the murine shRNAs. β -actin was used as a housekeeping

gene. (c) shRNAs targeting mouse LDB1 or (d) LDB2 knocked down speci�cally the native mouse LDB1 or LDB2, respectively.

Overexpression of the resistant LDB1-mut or LDB2-mut did not result in a signi�cant protein reduction (N = 3 Western Blots,

One-way ANOVA with Bonferroni post-correction,***p≤0.001).

6.4.3 LDB1/2 knockdown in neurons results in impaired neurite morphology in
vitro and in vivo

In Caenorhabditis elegans or Drosophila melanogaster, LDB1 proteins or their orthologs (Chip) were

shown to be involved in axon guidance and neurite growth [263, 279], suggesting a similar important
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function for normal neuronal growth of LDB proteins in mammalian development. To address the possi-

bility of redundant roles of LDB1 and LDB2 during neuronal growth, we analyzed both proteins. Given

that LDB1/2 seem to be reduced in dysplastic neurons with aberrant dendritic morphology, we ana-

lyzed the e�ect of LDB1 and/or LDB2 knockdown or overexpression on neurite growth in mammalian

cortical neurons. Therefore, the previously validated shRNAs and/or expression plasmids were trans-

fected in cortical neurons at DIV3 and their dendritic morphology was analyzed at DIV14. We found

that dendritic arbor formation was a�ected in the absence of one or both LDBs. Within the neuronal

dendritic arbor, di�erent order dendrites can be di�erentiated: The primary dendrites grow out of the

neurons soma, second order dendrites branch from �rst order dendrites and tertiary dendrites branch

from secondary dendrites (Fig. 6.32a, di�erent colors indicate di�erent order dendrites). Quanti�cation

of the number of �rst and second order dendrites did only detect a slight but not signi�cant change in

the absence of LDB1/2 (not shown). However, the total number of tertiary dendrites was signi�cantly

reduced by more than 50% (Fig. 6.32b). Coexpression of shRNA-resistant LDB1 resulted in a rescue

of this phenotype in LDB single and double knockdown neurons, indicating that the shRNA mediated

e�ects on dendritic morphology are not o�-target e�ects. Overexpression of LDB1 had no signi�cant

e�ect on the number of third order dendrites (Fig. 6.32b; n = 7 - 17 neurons, One-way ANOVA with

Bonferroni post-correction; *p≤0.05, ***p≤0.001).
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Figure 6.32: LDB1 and/or LDB2 loss leads to reduced number of third order dendrites. (a) Rat cortical neurons were

transfected at DIV3 with shRNAs together with or without shRNA-resistant LDB1 expression plasmids and analyzed at DIV14.

Color-code indicates di�erent order dendrites. (b) Knockdown of either LDB1 or LDB2 led to a signi�cant reduction in the

number of third order dendrites. Coexpression of LDB1 rescued dendritic branching to control levels (N = 3 independent

experiments with 7 - 17 neurons per condition, One-way ANOVA with Bonferroni post-correction; *p≤0.05, ***p≤0.001,

stars indicate statistically signi�cant di�erence compared to hrGFP control, paragraphs demonstrate signi�cant di�erence as

indicated, n.s. symbolizes non-signi�cant di�erences).

We demonstrated earlier that SLK is also implicated in branching and/or development of higher order

dendrites, therefore, we analyzed whether SLK expression had the potential to restore the e�ect on den-

dritic morphology in LDB1/2 silenced neurons. To this end, we transfected neurons with LDB shRNAs

and SLK expression plasmids. Interestingly, SLK expression rescued the shLDB mediated e�ect on den-

drite morphology when only one but not both LDBs were knocked down (Fig. 6.33a). Importantly, SLK
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knockdown was not rescued by LDB1 expression, indicating that SLK may be a downstream e�ector of

LDB in regulating dendrite morphology in developing cortical neurons (n = 7 - 17 neurons; One-way

ANOVA with Bonferroni post-correction; *p≤0.05, **p≤0.01, ***p≤0.001).

Figure 6.33: Knockdown of LDB1 or LDB2 is rescued by SLK overexpression. Rat cortical neurons were transfected at

DIV3, analyzed and reconstructed at DIV14. (a) The shRNA mediated e�ect of LDB1, LDB2 or SLK knockdown on the number

of third order dendrites was rescued by SLK expression. However, SLK expression was not su�cient to rescue the knockdown

of both LDBs. Expression of LDB1 was not su�cient to rescue SLK shRNA mediated e�ect on dendritic morphology (N =

3 independent experiments with 7 - 17 neurons per condition, One-way ANOVA with Bonferroni post-correction; *p≤0.05,

**p≤0.01, ***p≤0.001, stars indicate statistically signi�cant di�erence compared to hrGFP control, paragraphs demonstrate

signi�cant di�erence as indicated, n.s. symbolizes non-signi�cant di�erences).

Similar to the experiments with SLK shRNAs, we assessed whether LDB proteins are needed exclusively

for proper dendritic scaling or also for axon growth. Therefore, the length of axons was measured at

DIV6 in neurons that had been transfected at DIV2 with shRNAs or a combination of shRNAs and LDB

expression plasmids. Also in this experimental design we noticed a reduction in axon length after loss of

individual or both LDB proteins (Fig. 6.34a). Whereas primary cortical neurons in the control condition

showed normal axon growth and branching, axons of LDB1 and LDB2 knockdown neurons exhibited

a robust reduction in length (Fig. 6.34b; n = 13 - 26 neurons; One-way ANOVA with Bonferroni post-

correction; **p≤0.01, ***p≤0.001). Coexpression of shRNAs with shRNA-resistant LDB1 rescued axon

length in LDB1 and LDB2 single- and double-silenced neurons. In contrast, LDB2 expression was only

su�cient to rescue LDB1 or LDB2 single- but not double knockdown (Fig. 6.34c; n = 9 - 54 neurons;

One-way ANOVA with Bonferroni post-correction; **p≤0.01, ***p≤0.001), indicating that LDB1 and

LDB2 have only partially overlapping functions in axon growth.
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Figure 6.34: LDB1 and LDB2 knockdown results in reduced axon length. (a) Embryonic rat cortical neurons were trans-

fected at DIV2 with shRNAs targeting LDB1 or LDB2 alone or in combination with resistant LDB1 or LDB2 expression plas-

mids, reconstructed and analyzed at DIV6; Scale bar 100µm. (b, c) Quanti�cation of axon length demonstrated a reduction

by approximately 50% after LDB1 and/or LDB2 knockdown. Coexpression of shRNAs together with LDB1 or LDB2 had no

signi�cant e�ect on axon length in comparison to control. However, co-transfection of LDB2 and both shRNAs resulted in a

reduced axon length in comparison to control (N = 3 independent experiments with 9 - 54 neurons per condition, One-way

ANOVA with Bonferroni post-correction, **p≤0.01, ***p≤0.001, stars indicate statistically signi�cant di�erence compared to

hrGFP control, paragraphs demonstrate signi�cant di�erence as indicated, n.s. symbolizes non-signi�cant di�erences).

Similar to the analysis of dendrite morphology, we co-transfected LDB1/2 shRNAs with shRNA-resistant

human hSLK expression plasmids. Axon length in LDB1 and LDB2 single knockdown neurons express-

ing SLK was indistinguishable from control conditions. Double LDB1&2 knockdown, however, was

again not rescued by SLK expression. Axon length was signi�cantly reduced in comparison to control
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transfected neurons, indicating that at least one LDB family member needs to be present to ensure

normal axonal growth. Similar to our results obtained in DIV14 neurons, expression of LDB1 or LDB2

did not rescue axon length after SLK knockdown (Fig. 6.35a; n = 13 - 54 neurons; One-way ANOVA

with Bonferroni post-correction; **p≤0.01, ***p≤0.001).

These experiments indicate that LDB proteins are important for proper neurite scaling in developing

cortical neurons and that LDB and SLK may act in concert during these processes. Consequently, loss

of both proteins seems to have to potential to induce dysplastic neurons.

Figure 6.35: SLK rescues LDB1 or LDB2 single, but not double knockdown. (a) Embryonic rat cortical neurons were

transfected at DIV2 and analyzed at DIV6. Co-transfection of LDB1, LDB2 or SLK shRNAs in combination with a resistant SLK
overexpression plasmid had no e�ect on axon length. However, knockdown of both LDB1 and LDB2 with SLK overexpression

led to a signi�cant reduction in axon length. Expression of LDB1 or LDB2 did not rescue shSLK mediated e�ect on axon

length (N = 3 independent experiments with 13 - 54 neurons per condition, One-way ANOVA with Bonferroni post-correction,

**p≤0.01, ***p≤0.001, stars indicate statistically signi�cant di�erence compared to hrGFP control, paragraphs demonstrate

signi�cant di�erence as indicated, n.s. symbolizes non-signi�cant di�erences).

LDB proteins are highly abundant during corticogenesis but also in the adult cortex and seem to be

important for proper neurite scaling in isolated and cultured cortical neurons. In order to examine the

relevance of these proteins for normal cortical development within a neuronal network, we knocked

down their expression during mouse brain development. To mimic the focal character, presumed de-

velopmental origin and associated cortical LDB1/2 reduction of GGs, we used the in utero electropora-

tion approach to reduce LDB1 and LDB2 expression only in a restricted number of cells during mid-

corticogenesis. Embryos of time pregnant mice (E14) were electroporated with the established shRNAs

or control plasmids in one lateral ventricle and cortical development was examined at P30 - 35 (see

IUE protocol in Fig. 6.19a). Brain slices of shLDB1&2 electroporated mice showed a similar cortical ar-

chitecture as control mice. In both groups, NeuN and GFAP labeling was inconspicuous without signs

of gliosis or migration de�cits (Fig. 6.36a). High magni�cation images of single IUE multipolar layer

IV neurons at the borders of the IUE area revealed a signi�cant reduction in arbor size after LDB1&2

knockdown in comparison to control neurons (Fig. 6.36b). Similar to our in vitro results (Fig. 6.32),

reduction of LDB1&2 levels led to a loss of third order dendrites in comparison to control electropo-

rated neurons, also in vivo (Fig. 6.36c; control neurons n = 7; shLDB1&2 neurons n = 6 from N = 2
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di�erent litters, Student’s t-test; ***p≤0.001). These neuropathological observations were corroborated

by morphometric Sholl analysis. Quanti�cation showed in contrast to control electroporated neurons,

a reduced number of crossings over the majority of the measured distance in LDB1&2 silenced neu-

rons. These observations indicate a reduced dendritic complexity (Fig. 6.36d; Mann-Whitney U-test;

*p≤0.05). Furthermore, they provide in vivo evidence for an important role of LDB proteins in the reg-

ulation of neuronal growth processes during corticogenesis, that may be altered in dysplastic neurons

of developmental brain lesions.

Figure 6.36: Reduced dendritic complexity upon LDB1&2 knockdown. (a) Embryos of time pregnant mice were in utero
electroporated at E14 with LDB1 and LDB2 shRNAs (shLDB1&2) or control plasmids. Knockdown of both, LDB1 and LDB2
had no apparent e�ect on cortical structure or on the abundance of GFAP-positive astrocytes; Scale bar 400µm. (b) High

magni�cation images of reconstructed, individual, electroporated cortical neurons located in the periphery of the electropo-

rated area. (c) Quanti�cation of the number of di�erent order dendrites in control- or shLDB1&2 electroporated brain slices

revealed a robust reduction of distal dendrites after LDB1&2 knockdown. (d) Sholl analysis of single neurons demonstrated a

reduced number of intersections in LDB1&2 silenced cortical neurons, in comparison to control neurons (control neurons n

= 7; shLDB1&2 neurons n = 6 from 2 di�erent litters, Student’s t-test, ***p≤0.001; for Sholl analysis: Mann-Whitney U-test,

*p≤0.05).

6.4.4 Focal LDB1&2 knockdown does not induce a hyperexcitable cortical lesion

We next turned to the question, whether the observed impairment in dendritic and axonal structures of

shLDB1&2 IUE mice, as seen in dysplastic neurons of GGs, are also re�ected in functional alterations

that may contribute to the emergence of an epileptic brain lesion. Since mice from respective IUE
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cohorts did not show spontaneous, semiological seizures, we challenged them by subjecting adult (P30

- 50) in utero electroporated mice to repetitive low-dose PTZ injections (Fig. 6.37a). Unlike control

mice, that most often had rather mild Racine score IV seizures as their �rst seizure event, animals

with focal LDB1&2 knockdown had more severe epileptic seizures rated as Racine Score V (Fig. 6.37b).

However, this di�erence in seizure severity and the PTZ-induced seizure onset time were statistically

not signi�cant (Fig. 6.37c; control n = 13, shLDB1&2 n = 10 mice, Fisher‘s exact test p = 0.21). This

�nding indicates that the observed neuropathological alterations in neurite development alone were

not su�cient to cause a robust hyperexcitable phenotype.

Figure 6.37: Evoked seizure severity is unchanged upon LDB1&2 loss. (a) In utero electroporated C57Bl/6 mice were

subjected to repetitive PTZ injections at P30 - 50. (b) LDB1&2 knockdown resulted in slightly, but not statistically signi�cantly

increased seizure severity. While control mice su�ered most often from Racine score IV seizures, shLDB1&2 IUE mice showed

more often Racine score V seizures as their �rst seizure event. (c) PTZ-induced seizure onset time was similar in both groups

(control n = 13, shLDB1&2 n = 10 mice, Fisher‘s exact test, p = 0.21).



7 Discussion

In this study, we analyzed key molecular mechanisms underlying the formation of dysplastic neurons

in three of the most common developmental brain lesions, i.e. FCDIIb, TSC and GGs. Dysplastic neu-

rons are a major unifying hallmark of these disorders. Until today underlying mechanisms of their

emergence or epileptogenesis were largely unresolved, possibly because they were mainly investigated

by immunohistochemical analysis of human biopsy specimens. These, however, do not allow for a dy-

namic intervention, drug testing or analyses at earlier time points, since human brain tissue is only

removed when the patient su�ers from severe pharmacoresistant epileptic seizures. To overcome these

known limitations, we utilize mouse models that enable the study of this particular dysmorphic neu-

ron and epileptogenic, developmental lesions. We demonstrated that the pathogenetic deregulation of

various genes (BRAF, Akt or TSC1) results in the emergence of dysplastic neurons speci�c for the re-

spective lesion. But we also showed, that these dysplastic neurons, found across substantially distinct

neoplastic and non-neoplastic glioneuronal lesions also share a pathological deregulation of SLK as a

common contributing factor leading to their formation. The results obtained in this study increase our

understanding of the underlying pathologic mechanisms involved in the manifestation of dysplastic

neurons, epileptogenesis and thus, developmental brain lesions. These insights can open new avenues

for the development of novel therapeutic approaches.

7.1 Focal loss of p53 together with BRAF-V600E and Akt expression
induces glioneuronal tumors with dysplastic neurons

Although our knowledge of the biology of cerebral tumors and malformations of cortical development

expanded over the past years, only little progress was made in �nding new treatment options for these

devastating disorders. Development of animal models that reliably replicate human diseases are es-

sential for uncovering the underlying molecular mechanisms of epileptogenesis and the validation of

new therapeutical approaches. In utero electroporation (IUE) represents an excellent tool to address the

e�ects of di�erent genes or gene variants on restricted brain areas at controlled time points during de-

velopment and is already in use to create new animal models for epileptogenic brain lesions [280, 281].

However, still no animal models exist that mirrors human gangliogliomas and thus, our knowledge

about etiology or pathological mechanisms underlying the formation of dysplastic neurons in this en-

tity is very limited. To gain more insight into gene function in tumorigenesis, molecular mechanisms,

cellular origins, disease progression or epileptogenesis we developed a GG animal model. We used in

utero electroporation of a combination of genes, known to promote tumor growth or reported to be

altered in human GG specimens (Fig. 7.1a).

At the current, very early development-stage, our mouse model reliably generates lethal brain tumors
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in 84.6% of all mice. However, the induced lesions present high heterogeneity in terms of tumor growth

rate, malignancy, immunohistochemically identi�ed cellular features and lethality. Some of the induced

tumors showed typical GG features, including enlarged, dysplastic neurons and bi-nucleated cells em-

bedded in an astroglial cellular matrix with sometimes piloid features such as eosinophilic granular

bodies and strong chromogranin A immunoreactivity (IR). Thus, this tumor model is the �rst animal

model to reproduce tumors with features resembling gangliogliomas, including dysplastic neurons.

These observations demonstrate, that the expression of mutated BRAF-V600E and aberrant activation

of Akt leads to the emergence of dysplastic neurons, underlining their pathogenetic potential in human

GG cases. However, further improvement and �ne tuning of our mouse model is necessary to gener-

ate a stable phenotype mainly mirroring benign gangliogliomas. Human GGs also reveal particularly

strong immunoreactivity for the stem cell marker CD34. About 74% of GGs are positive for CD34 and

the expression of this marker correlates with S-100 protein IR [42]. Another proposed marker to dis-

criminate GGs from other glioneuronal tumors is AMOG (adhesion molecule on glia) [16]. In future

experimental approaches to �ne tune the model and generate tumors that resemble GGs more closely,

these markers could be used for further characterization or discrimination.

Currently, most of the tumors generated with our mouse model resemble gliomas. Gliomas are fast

growing, highly malignant brain tumors, properties often mirrored by our mouse model. TP53 muta-

tions are frequently identi�ed in gliomas [271], suggesting that malignancy is conveyed by p53 loss in

our mouse model. This theory is supported by the observation that p53
�/wt

mice, electroporated with

all four tumor-inducing plasmids, did not develop large and malignant tumors, at least not until day 75.

To address this hypothesis in future experiments, electroporation of BRAF-V600E and activated Akt in

a wild type mouse with intact TP53 may generate a less malignant lesion that mirrors GGs more closely.

Furthermore, the expression of the respective tumor-inducing plasmids driven by cell type speci�c pro-

moters may in�uence the resulting tumor type (as already demonstrated in [280]). This may increase

tumor speci�city and allow for novel insights into tumor etiology. Complementary experiments should

be carried out with BRAF-V600E or activated Akt in combination with shRNAs against SLK, to validate

SLK loss as a contributing, common factor in the emergence of dysplastic lesions. Since a major hall-

mark of GGs are epileptic seizures, cortical excitability needs to be assessed in the respective generated

tumors.

Importantly, our mouse model helped to identify the etiology of GGs that remained controversial over

the past decades. We demonstrated that GGs arise form a genetically compromised precursor cell pop-

ulation, which di�erentiates into abnormal neuronal and glial tumor elements (Fig. 7.1b). Thus, mono-

clonal tumor cells arise from a shared precursor cell. This result is in direct contrast to another theory,

which proposes that GGs arise from a dysplastic precursor lesion with a subsequent somatic so-called

“second-hit” mutation in the proliferative glial component. Thus our experiments clearly favor the

theory of somatic mutations in precursor cells as the origin of GGs.

Even though our mouse model at its current stage can not be considered as a reliable GG mouse model,

it helped to gain more insight into the origin of dysplastic neurons, the etiology of GGs and sets the

stage for future studies on this particular tumor entity. Our model allows for analysis of mechanisms of

epileptogenesis, the developmentally-regulated temporal and spatial determinants and the contribution

of distinct precursor cell types or gene variants involved in the emergence of dysplastic neurons and
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other developmental cerebral tumors. It also provides a promising basis for the development of a more

optimized GG mouse model that consistently recapitulates histological hallmarks of GGs that can be

used for detailed analysis and testing of putative therapeutical compounds.

Figure 7.1: Focal loss of p53 together with BRAF-V600E and Akt expression induces brain tumors with dysplastic
neurons and indicates a monoclonal origin of GGs. (a) p53

�/�
embryos are in utero electroporated with mCherry-

labeled myrAkt, BRAF-V600E kinase domain and GFP labeled CAG-Cre to knockout p53. After ≥ 33 days 85% of all in
utero electroporated mice start to develop lethal brain tumors from which some show features reminiscent of GGs. (b) A

genetically compromised precursor cell in the proliferative zones of the developing brain gives rise to neoplastic glial and

neuronal cells that will form the ganglioglioma.

7.2 Analysis of the pathogenetic mechanisms underlying tuberous
sclerosis

In order to gain more insight into the pathogenetic background of dysplastic neuron development in

TSC patients we optimized the IUE-based TSC mouse model to dramatically enhance litter survival.

These newly generated CD1 TSC1�/�
mice showed similar pathological features as C57Bl/6 TSC1�/�

mice, including focal lesions containing cytomegalic, dysplastic neurons with strong mTOR pathway

activation, aberrant dendritic morphology, and loss of normal cortical lamination. Features closely re-

sembling cortical tubers of human TSC patients (Fig. 7.2b). Even though our improved TSC animal

model does not recapitulate all features of human tubers (i.e. astrogliosis or spontaneous seizure ac-

tivity), it appears suited and facilitates the opportunity to study the underlying mechanisms of TSC1

deregulation.
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First, we analyzed the time frame susceptible for the manifestation of dysplastic neurons comprising

cortical tubers. Our experiments showed that loss of both TSC1 alleles, independent of the time point

of TSC1 loss, resulted in the emergence of dysplastic neurons and abnormal �nal positioning of re-

spective neurons (Fig. 7.2b). Dysplastic neurons were characterized by a dramatic increase of cell size

and strong phosphorylation of S6 that indicate excessive mTOR pathway activation. Neuron size and

cortical localization were similarly altered in lesions of di�erent mice, caused at distinct developmental

time points (E14, E16, E17). These results suggest that there is no speci�c vulnerable phase or time

window during embryonic development for cortical tubers to emerge. Thus, the exact time point of the

pathogenetic event leading to tuber formation will most likely not in�uence the resulting phenotype

in humans. This hypothesis is in good agreement with a study that knocked down TSC1 in newborn

mice by intracerebral ventricular AAV injections that still resulted in reduced survival and pathologic

�ndings of enlarged neurons and cortical heterotopias [282]. Furthermore, expression of TSC1 had the

potential to rescue the phenotype of dysplastic neurons even very late during cortical development.

This result suggests that TSC1 reconstituting therapies may be e�ective, even in later developmental

stages.

The abnormal cortical layering seen in surgical brain specimens of human TSC patients was partially

reproduced by our animal model. Focal loss of TSC1 at E14 resulted in an abnormally increased num-

ber of neurons in cortical layer IV. This phenotype is probably caused by delayed migration of cortical

neurons, since aberrant neuronal morphology or polarity are thought to impair migration characteris-

tics of developing neurons [165, 275]. TSC1 loss may impair the transition from the multipolar to the

bipolar morphology in neurons entering the cortical plate. A similar defect of delayed cortical neuron

radial migration, induced by impaired neuronal polarity and thus impaired multipolar-bipolar transi-

tion, was previously described in an animal model of in utero TBC1D24 (TBC1 domain family member

24) knockdown in rats [275].

An increased number of cortically integrated neurons in layer IV can foster increased network ex-

citability. Layer IV is regarded as a cortical hub for intracolumnar information processing, since it

converges the majority of the sensory information [172, 173]. It is a highly interconnected layer that

ampli�es and redistributes thalamo-cortical inputs. Thus, an increased number of neurons in this layer

may increase integration and recurrent inputs, thereby contributing to the epileptogenic potential of

TSC [174]. However, we did not detect spontaneous epileptic discharges in our mouse model, similar to

another mouse model of focal cortical TSC1 knockout [112]. This observation indicates that either the

ectopically located dysplastic neurons are not aberrantly integrated into the existing network in this

experimental setup or that also other parameters profoundly in�uence the excitability of the lesion.

The size and the exact location of the lesion and its composition of compromised precursor cell popu-

lations are examples of such parameters [112, 134, 140]. Finally also the age of the mice was recently

shown to be critical for seizure occurrence, as tuberless mice heterozygous for TSC1 had spontaneous

seizures only until 9 - 18 days of age [174]. Alternatively, the time window of observation was too

small or hyperexcitability did not result in semiological seizures. But keeping in mind that although

almost all TSC patients have epileptic seizures, by far not all of their cortical tubers are epileptogenic

[283], stresses that various factors and their interaction substantially in�uence cortical excitability in

a complex manner. The contribution of the altered neuronal positioning to cortical hyperexcitability,
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in concert with the mentioned parameters needs to be addressed in future studies. This may be of par-

ticular interest, especially since EEG recordings, providing a more detailed analysis and quanti�cation,

were not performed in this study. They could reveal di�erent forms of alterations of cortical excitability

that did not translate into semiological seizures in our experimental set up.

Since the exact time point of TSC1 loss did not a�ect characteristics of the resulting dysplastic neu-

rons or the tuber-like cortical phenotype, we next analyzed whether the expression of distinct disease-

associated TSC1 variants induces pathological dysplastic neurons. We analyzed the morphological ef-

fects on neurons and possible implications for tubers of the allelic TSC1 variant coding for hamartin
H732Y

,

frequently found in FCDIIb patients [94]. Furthermore, we expressed variants of TSC1 with truncating

point mutations coding for hamartin
R692X

and hamartin
R786X

, abundant in TSC patients [101, 103, 104].

Previous in vitro studies in HEK293T (human embryonic kidney) cells demonstrated reduced binding

of these hamartin variants with tuberin [93]. These results not only indicate functional impairment

of hamartin
H732Y

, hamartin
R692X

and hamartin
R786X

, but also reduced tumor suppressor function. In

utero expression of the respective truncated hamartin variants TSC1-R692X and TSC1-R786X in a Cre-

mediated TSC1-null background resulted in cortical lesions with a morphological phenotype of dysplas-

tic neurons (Fig. 7.2a). This phenotype was indistinguishable from the morphological defects caused by

TSC1 knockout, stressing the pathogenetic potential of these truncated hamartin mutants. Surprisingly,

in utero expression of Cre and TSC1-H732Y rescued the TSC1 loss-induced cytological consequences

and did not recapitulate the �ndings of the recently published HEK293T cell culture experiments [93].

Respective cortical neurons did not show characteristics typical for dysplastic neurons, indicating at

least residual functionality of hamartin
H732Y

. HEK293T cells are human immortalized, mitotically active

tumor cells and consequently have a highly active translational machinery with a distinct proteome,

including post-translational modi�cations and composition. Therefore, distinct relative expression lev-

els of the hamartin variants may have been produced in neurons in vivo and the previous in vitro study.

This may have a�ected the resulting binding e�ciency, possibly by binding site competition [93]. Fur-

thermore, it is possible that earlier time points than E14 are required for hamartin
H732Y

to generate

a similar phenotype as in vitro. However, our previous experiments demonstrate that the phenotype

induced by TSC1 loss is rather time independent. Thus, our results clearly argue for a strong rescuing

capacity of hamartin
H732Y in vivo in an E14 induced TSC1-null cellular background. This �nding indi-

cates that the TSC1-H732Y variant may not be responsible for lesion development in FCDIIb patients.

Binding of hamartin
H732Y

to tuberin and their co-localization was not completely lost in the in vitro

experiments with HEK cells, but was only reduced down to 40% and 20%, respectively [93]. The full

rescue potential of TSC1-H732Y in vivo, despite the reported reduced binding to tuberin suggests, that

there is still a remaining interaction of hamartin
H732Y

and tuberin in cortical neurons. This remaining

interaction seems to be su�cient for the mutant hamartin to remain functionally active and exert its

function together with tuberin as a tumor suppressor. Our �nding supports the notion that only a very

small amount of functional hamartin is necessary to maintain the wildtype cellular phenotype. Future

studies need to address this hypothesis and exploit the intriguing possibility that only minimal TSC1

concentrations are su�cient to retain the physiological neuronal phenotype, which may not be the case

for TSC2, possibly providing an explanation for the more severe clinical phenotype observed in TSC

patients carrying TSC2 mutations [106].
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To improve our understanding of the etiological basis and the contribution of distinct cellular ele-

ments in the emergence of cortical tubers, we aimed to knockout TSC1 in di�erent progenitor cell

types by using various promoter-Cre plasmids in TSC1�/�
mice. Identi�cation of the lineage that is

originally compromised provides invaluable insights into understanding tumor mechanisms and the

design of therapy options. All Cre-plasmids used for this study were �anked by piggyBac recognition

sequences to ensure stable integration into the genome by the pBase transposase. We observed that

all Cre-constructs, even GFAP-Cre-GFP, yielded similar results, such as strongly increased soma size

of NeuN-positive cells and the absence of electroporated cortical glial cells. These observations imply

abnormally enhanced mTOR activity only in neurons, thus, indicating that the promoter constructs

used in this experiment are either unspeci�c or “leaky”. Therefore, we can not deduce the contribution

of di�erent precursor cell elements to cortical tubers. However, electroporation of CAG-Cre-GFP at

E16 - 17 resulted in sparse electroporation of few, single glia cells positive for vimentin or S100 and

negative for NeuN in deep, medial brain areas, but not the cortex. Thus, electroporation at E14 with

CAG-Cre-GFP driving Cre expression in all cell types did not result in TSC1 knockout glia cells in the

cortex and may therefore not contribute to tuber-like lesion formation. Together these results allow for

two di�erent conclusions: First, the piggyBac transposase or the recognition sequences did not work as

expected and failed to integrate Cre into the genome of the animals. This results in strong dilution of

the Cre plasmid in rapidly dividing glial cells. This assumption is strengthened by the observation that

only neurons express Cre-GFP. Unlike glia, they are post-mitotic cells and, therefore, the Cre-plasmids

will not be diluted in respective neurons. Second, the tuber-like lesions generated with the cell-type in-

dependently expressed CAG-Cre-GFP are composed mainly of TSC1-null neurons and may not contain

TSC1-null glia cells. This observation provides an explanation for the absence of astrogliosis and pos-

sibly even the absence of spontaneous seizures in our and previous experiments of focal cortical TSC1

knockout [112]. Even though animal models of TSC, with exclusively neuronal TSC1 loss, exhibited

epileptic seizures, these models do not recapitulate the pathologic situation in TSC patients that have

focal/localized lesions. These animal models are based on general, neuronal TSC1 loss across most parts

of the brain, instead of a focal neuronal TSC1 loss as seen in cortical tubers [140–142]. Thus, locally

restricted neuronal TSC1 loss without local contribution of TSC1-null glia cells may not be su�cient

to generate an epileptic cortical tuber. Although these series of experiments can not be interpreted in

terms of distinct contributing cell types, they still allow for speculations about the necessity of com-

promised glial cells in cortical tubers to generate epileptic seizures. This intriguing hypothesis needs

to be veri�ed in future studies, for example with a functional piggyBac system or cell-type speci�c

promoter-Cre constructs.

Even though cortical tubers are thought to be the origin of recurrent seizures and are therefore ex-

tensively studied, the underlying pathogenetic mechanisms leading to their emergence are still con-

troversial [274]. While some studies rarely found biallelic TSC1 loss using state-of-the-art deep se-

quencing or loss of heterozygosity (LOH) [108, 116, 284], other studies provided proof for classical

somatic second hit events and consequently, biallelic TSC1 inactivation to explain tuber formation in

humans [109–111]. To provide more insight to this debate, we rescued Cre-induced TSC1 loss in mouse

brains by expression of a truncated TSC1 allele together with varying concentrations of wild type TSC1.

The cytological consequences of the expression of these three plasmids was analyzed at P24 - 30. We
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found that even minimal concentrations of TSC1-WT DNA were su�cient to retain a physiological

cellular phenotype (Fig. 7.2c). Respective TSC1 knockout neurons that had received 10-times more

non-functional, truncated TSC1 (TSC1-R692X) than functional TSC1 wildtype showed normal cell size,

indicating physiological mTOR pathway activity. Even lower dilutions of TSC1-WT down to 1:20 mostly

rescued TSC1-KO induced cytological consequences. At this TSC1-WT concentration, enlarged neurons

were observed. However, due to the extremely low TSC1-WT concentration these neurons may have

only received the truncated TSC1-R692X allele and Cre but not the wildtype TSC1. Nevertheless, these

results generally argue in favor of a bialellic TSC1 loss or a substantial silencing of the second allele,

critical for the manifestation of cortical tubers. Technical limitations or hard-to-detect intronic mu-

tations and/or genetic mosaicism may account for TSC cases with no identi�ed mutations [98, 106].

Alternatively, molecular alterations and post-translational modi�cations a�ecting the functionality of

the TSC1/TSC2 tumor suppressor complex may occur at a dynamic, epigenetic level. Studies in human

TSC associated tumor cells demonstrated complete tuberin reduction induced by promoter methylation

[285] or post-translational inactivation of tuberin by non-physiological phosphorylation in cortical tu-

bers [286]. Parallel mechanisms may be operative in respective lesions or contribute to tuber emergence

and can not be controlled for or mimicked in our experimental setup.

Pharmacological therapy with mTOR inhibitors rapamycin or everolimus reduce clinical symptoms in

TSC patients, however, due to various side e�ects long-term treatment may not be an option [287].

The strong capacity of wildtype hamartin to rescue the tuber-like phenotype may serve as a basis for

future treatment of TSC patients. Gene therapy, locally reconstituting hamartin expression within the

restricted area of the cortical tuber, should have signi�cantly less side e�ects than a systemic treatment.

Analogous gene therapeutic approaches have already been demonstrated to be successful in treating

manifest, developmental brain lesions in adult rats or young mice as they reduced the size of the cortical

malformation, neuron size, excessive mTOR pathway activation and seizure risk [288, 289].
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Figure 7.2: Summary of the main �nings. (a) Expression of Cre and TSC1-R786X and TSC1-R962X in TSC1�/�
mice at

E14 results in the emergence of dysplastic neurons, characterized by increased pS6 immunoreactivity and soma size, while

expression of Cre and TSC1-H732Y rescued the Cre-induced TSC1 knockout phenotype. (b) Upon TSC1 loss, induced by in
utero electroporation of Cre at E14, E16, and E17, �nal positioning of dysplastic cortical neurons is altered. (c) The emergence

of dysplastic neurons is already prevented by the presence of minimal amounts of TSC1-WT.

7.3 SLK is needed for normal cortex development

To �nd a molecular alteration that is possibly shared by dysplastic neurons from various distinct de-

velopmental brain lesions, we analyzed the so far only poorly characterized Ste20 like kinase (SLK) in

the context of cellular abnormalities re�ected by dysplastic neurons. We found strongly decreased SLK

expression in FCDIIb and GG associated dysplastic neurons. Interestingly, knockdown of SLK resulted

in aberrant neurite growth, resembling the pathologic dendritic morphology of dysplastic neurons. The

growth defects caused by SLK knockdown, were re�ected by a reduction in the average axon length and

the amount of third order dendrites in vitro and in vivo as well as a reduction of neurite intersections

in Sholl analysis (Fig. 7.3a). Together these �ndings can be interpreted as a loss of arbor complex-

ity upon SLK loss. Our corresponding electrophysiological experiments con�rmed these �ndings, as

shSLK-silenced neurons had a decreased membrane capacitance. This suggests a reduction of neuronal

surfaces due to the reduced axon length and the absolute number of higher order dendrites without

considerable changes in dendrite length. The fact that overexpression of the kinase dead SLK mutant

K63R resulted in a reduction of third order dendrites and axon length, similar to shSLK expressing
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neurons, suggests that the kinase activity of SLK is required for proper neurite growth and branching.

SLK was previously shown to modulate cytoskeleton dynamics in non-neuronal cells, a process that is

a prerequisite for normal neurite growth and branching that may be disturbed in dysplastic neurons

[254]. Accordingly, cytoskeleton remodeling, especially microtubule assembly and actin (in-)stability,

represents the most likeliest underlying mechanism of SLK action during neurite development. Phos-

phorylation of microtubule associated proteins regulates microtubule stability [176] and SLK was pre-

viously shown to co-localize with and regulate the orientation of microtubules [254]. Furthermore,

experiments with migrating �broblasts demonstrated that SLK regulates actin destabilization by phos-

phorylation of Rac1, a process required for cytoskeleton remodeling and cell growth [256]. Rac1 belongs

to the Rho family of GTPases and controls a wide range of cellular processes upon activation, including

cytoskeletal rearrangements as well as growth and branching of dendrites [290, 291]. Additionally, it

was already demonstrated that dominant negative Rac1 impairs neurite outgrowth and axon speci�ca-

tion, underlining the importance of Rac1 regulation for normal neurite development [256]; a process

that is possibly mediated by SLK phosphorylation.

It is possible that Rac1 activation of SLK is regulated by the integrin-FAK pathway, upstream of SLK,

Rac1 and RohA. Previous experiments with non-neuronal cells demonstrated that SLK controls actin-

microtubule interactions [254]. At the leading edge of migrating �broblasts, cross-talk between actin

and microtubules is regulated by integrin signaling pathways [292]. Integrin α and β heterodimers

are attached to the extracellular matrix (ECM) and the intracellular actin cytoskeleton. Intracellularly,

integrins are linked to the cytoskeleton by various adapter proteins, including focal adhesion kinase

(FAK), vinculin, talin, and paxillin [293, 294]. Together this protein complex regulates dynamic rear-

rangements of actin and its cross-talk with microtubules. In migrating cells, the downstream protein

Rac1 directs actin disassembly to induce lamellipodia generation and their elongation [294, 295]. Loss

of integrin or Rac1 in neurons leads to reduced size and complexity of the dendritic tree [182, 296].

Together these facts point towards a role of SLK downstream of the integrin/FAK pathway to phospho-

rylate Rac1 (Fig. 7.3b) [192, 209, 296]. An activation of SLK by the integrin/FAK complex in migrating

�broblasts was previously proposed by Wagner et al. [253].

Moreover, dendrite growth and branching also requires organelles, such as Golgi outposts in dendrites.

Less Golgi outposts in dendrites lead to reduced branching mainly in distal dendrites [195]. SLK was

previously shown to in�uence the proper localization of the Golgi complex [252], suggesting that sim-

ilar defects in Golgi positioning may result in defective branching of cortical neurons following SLK

knockdown in our model.

Intriguingly, the cortical laminar structure was also impaired in mice electroporated with SLK shRNAs.

We found varying portions of cells with obvious neuronal morphology, but negative for layer-speci�c

and the neuronal marker NeuN, dispersed throughout all cortical layers. This suggests an immature

neuronal cell type that failed to properly di�erentiate due to SLK loss. Undi�erentiated cells, positive

for stem cell- or precursor markers are typical features observed in abnormal cellular components of

GGs. However, this hypothesis needs to be veri�ed by future experiments that may include immuno-

histochemical stainings with speci�c antibodies against immature neurons.

Furthermore, impaired neuronal migration or altered �nal positioning is in accordance with the previ-

ously hypothesized role of SLK in regulating cytoskeleton dynamics via the downstream protein Rac1.
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shRNA mediated in utero depletion of Rac1 delays the onset or reduces the speed of cortical neuron

migration rather than inhibiting it entirely [297]. Accordingly, loss of SLK was shown to a�ect mi-

gration of �broblasts due to impairments in cytoskeleton dynamics, further emphasizing that similar

mechanisms may be operative in neurons as well. Evidence for the importance of Ste20-related kinases

for normal neuronal migration by regulation of cytoskeleton dynamics was recently provided [298]:

shRNA mediated focal knockdown of Mst3b by in utero electroporation results in impaired neuronal

migration together with reduced neurite length due to loss of RhoA phosphorylation. RhoA is a pro-

tein, which is critically involved in cytoskeletal reorganization and is also a known substrate of SLK

[257, 298].

Our experiments con�rmed F-actin colocalization with SLK in neurites and the growth cone, which

strengthens our hypothesis that SLKs interaction with components of the cytoskeleton is involved in

regulating neuronal development. However, loss of SLK did not result in growth cone collapse or

reduction of its size, features often associated with impaired cytoskeleton dynamics [299]. The results

of this experiment suggest an actin- or tubulin-independent regulatory mechanism of SLK to in�uence

neurite growth. However, due to limitations in the optical resolution of our confocal microscope, we

can not rule out that more subtle changes in growth cone morphology may have been missed in the

current study. These alterations in growth cone morphology may include actin-�ber orientation as well

as number and orientation of �lopodia, comprising the growing elements of the growth cone. Since

we are only able to analyze snapshots of PFA-�xed, static cellular compartments, dynamic changes or

abnormalities occurring during active growth periods were not detectable. Therefore, this experiment

does not exclude the possibility that SLK regulates neurite growth by cytoskeleton remodeling also in

neurons.

In summary, our data con�rm that SLK loss may indeed by a unifying feature of dysplastic neurons

comprising distinct glioneuronal lesions. They demonstrate that SLK is needed for normal cortex de-

velopment, since loss of SLK, as present in dysplastic neurons in GG and FCDIIb, impairs neurite mor-

phology and �nal positioning of cortical neurons within the six-layered cortex. This aberrant neuronal

morphology and cortical positioning may a�ect local circuitry and thereby result in altered neuronal

excitability. As these are features often observed in GGs or FCDIIb lesions, our results suggest that

SLK loss leads to the emergence of dysplastic, hyperexcitable neurons, thereby, contributing to the

pathogenesis of these lesions.
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Figure 7.3: SLK is needed for normal neuron and cortex development. (a) Summary of the main �ndings. Upon SLK

loss neurons exhibit a dysplastic phenotype. Their axon length is reduced, dendritic tree complexity is reduced and a subset

of neurons are ectopically located within deeper layers of the cortex. (b) Possible mechanism of SLK action during neurite

growth (Figure modi�ed from [254]). SLK acts downstream of the integrin/FAK pathway to regulate the activity of Rac1 and

RhoA. SLK-dependent Rac1 activation during phases of neuronal growth leads to actin disassembly and promotes neurite

growth.

7.4 Focal loss of SLK leads to a hyperexcitable neuronal phenotype

Distal dendrites of excitatory neurons harbor large numbers of excitatory synapses, whereas inhibitory

synapses are concentrated more proximally [300]. This suggests a preferential loss of excitatory synapses

in our SLK knockdown model. Surprisingly, we observed the exact opposite. We found a progressive

inhibitory synaptopathy in SLK knockdown neurons. Inhibitory postsynapses of young mice initially

developed normally, but when these mice were older than 15 days, their inhibitory synapse density was

signi�cantly reduced. This observation indicates that SLK is required for the stabilization of already

formed synapses. Defective dendritic branching in corresponding neurons preceded this phenotype and

therefore, can not be a consequence of the latter. Conversely, aberrant arborization a�ected a dendritic

compartment, which does not directly involve inhibitory synapses, whereas the gross morphology of

neuronal somata and proximal dendritic processes appeared unaltered. This lack of normal projections

and GABAergic synapses translated into reduced miniature IPSC frequency, implying impaired neu-

ronal inhibition. Considering that excitatory synapse density and mEPSCs were una�ected by SLK loss,

a hyperexcitable neuronal phenotype should be the net result (Fig. 7.4a). These data indicate that SLK is

required speci�cally in inhibitory synapses, a hypothesis corroborated by the preferential localization

of SLK at inhibitory postsynaptic sites.

A molecular hub consisting of GABAARs, the cell adhesion molecule neuroligin-2 (NL2), the sca�olding

proteins collybistin (Cb) and gephyrin is essential for the formation, plasticity and stability of the in-

hibitory postsynaptic site [228, 301]. Phosphorylation mediates proper functionality and the correct in-

teraction of these four proteins. This is mandatory for the stability of the postsynaptic sca�old and thus,

for functionality of the entire synapse that would be otherwise retracted [221, 228, 242, 246]. Thereby,

phosphorylation of gephyrin, collybistin, NL2 or associated proteins constitutes a possible mechanism
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by which SLK may act to stabilize the postsynapse (Fig. 7.4b). Given that NL2 and especially gephyrin

are highly phosphorylated proteins, we can only speculate about the relevant interactions with the

kinase SLK that elicit the impaired stability of inhibitory synaptic structures.

The cytoplasmatic protein Cb is required for the postsynaptic clustering of gephyrin and GABAARs

in the mammalian forebrain [233]. Accordingly, Cb knockout in adult or embryonic mice leads to

a region-speci�c loss of gephyrin and gephyrin-dependent GABAAR clusters at inhibitory synapses.

These mice display an increase in anxiety scores, impaired spatial learning, and generalized seizures

[232, 233]. These results indicate that Cb is not only needed for the establishment of the synapse but

also for its long-term stability [240]. It is possible, that absence of SLK or phosphorylation by SLK

alters the interaction properties of Cb with its postsynaptic partners, which in turn could lead to loss

of GABAA receptors and subsequent inactivation and retraction of the synapse. Since SLK harbors an

SH3 binding domain, it is also possible that SLK interacts directly with collybistins SH3-domain and

exerts its functions by direct interaction with the sca�old [302]. A kinase independent function has

been described for SLK in C2C12 cells before [249].

Alternatively, SLK may be required for the phosphorylation of the adhesion molecule NL2. NL2 triggers

the interaction of Cb with the submembranous protein sca�old and thus, synaptic GABAAR accumu-

lation [235]. Local, conditional NL2 knockout in the adult cortex selectively causes a gradual loss of

inhibitory synapses with a chronic and delayed time course [303]. The destabilization of already formed

inhibitory synapses results in pathological neuronal network function, as these mice exhibit abnormal-

ities in fear memory, anxiety and social interaction behavior [303]. These experiments demonstrate

that NL2 is needed for postsynaptic stability, a process that may require NL2 phosphorylation by SLK.

Gephyrin clusters and anchors GABAARs by forming a hexagonal lattice that interacts with various

proteins and the cytoskeleton [221, 227, 228]. Loss or altered stability of the gephyrin lattice reduces

neurotransmitter receptor clusters, thereby impairing synaptic transmission [231, 233, 304]. Modi�ca-

tion of gephyrin by phosphorylation induces conformational changes, altered clustering, cluster size,

tra�cking and interaction with binding proteins [221, 242, 245, 246]. They represent properties that

may be regulated by direct phosphorylation of gephyrin by SLK.

In contrast to excitatory postsynapses that mainly contain actin micro�laments [223], gephyrin scaf-

folding of inhibitory postsynapses depends on the presence of both, the actin and the microtubule

cytoskeleton [229, 230]. Their interaction is thought to be critical for postsynaptic localization of

gephyrin. Therefore, SLK - as a kinase involved in actin- and microtubule �lament cross-talk - may play

a selective role in stabilizing exclusively the inhibitory, gephyrin
+

postsynapse (Fig. 7.4b). However,

in our experiments loss of SLK did not result in a reduction of gephyrin-cluster size, which one could

expect when the postsynaptic sca�old is less stable and the involved proteins are lost. Technical limi-

tations and inadequate optical resolution, however, prevent the detection of very subtle alterations in

gephyrin size, discrete spatial dislocalization or its very local interaction with other molecules. Further-

more, it was recently shown that homeostatic programs in neurons are triggered when they lose their

neurotransmitter receptors that cause an all-or-none reduction of functional synapses. This means that

in order to maintain the synaptic strength, these consolidation programs favor less functional synapses

with “normal” receptor abundance rather than maintaining all synapses with less receptors [305]. This

observation is in good agreement with our �nding of reduced synapse numbers with normal size after
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SLK loss. Thus, the size of the inhibitory postsynapse may not be the adequate read-out to assess synap-

tic impairments mediated by SLK silencing. Therefore, we analyzed the relative �uorescence intensity

of antibody labeled cytoskeletal elements (F-actin and acetylated tubulin) within the inhibitory synapse.

We found that the �uorescence signal of both, F-actin and acTubulin was signi�cantly reduced upon

SLK knockdown. These results suggest local rearrangement or dissolution of actin �laments and mi-

crotubules within the inhibitory synapse or its sca�olding proteins, caused by SLK knockdown. This

alteration of the cytoskeleton may impair sca�old stability and consequently lead to a retraction of

dysfunctional synapses.

Our results further underline that SLK may indeed regulate the stability of the inhibitory synapse by

local regulation of the cytoskeleton stability. This could occur via the Rac1/PAK pathway that was

very recently demonstrated to be essential for GABAergic postsynaptic stability [306]. In this path-

way, Rac1 activation facilitates PAK activation that in turn stabilizes F-actin. This process promotes

inhibitory synapse stability. Disruption of their interaction was shown to impair GABAAR clustering

and leads to a decreased strength of synaptic inhibition. Since SLK is known to activate Rac1 (see also

chapter 7.3), this particular pathway represents a further possible mechanism of SLK action in regulat-

ing synapse integrity (Fig. 7.4b). But we can only speculate that the observed abnormal cytoskeleton

rearrangements caused by SLK loss a�ect the stability of the synaptic gephyrin sca�old. Future ex-

periments need to further explore the possibility of SLKs direct interaction with or phosphorylation of

gephyrin or other components of the inhibitory synapse. Especially, the e�ect of SLK on cytoskeleton

dynamics and regulating molecules needs to be addressed, since SLK was proposed to be a downstream

mediator of the integrin β pathway and an upstream activator of Rac1 [254], two major regulators

of synapse stability [209, 306]. These experiments would provide more insight on how exactly SLK

facilitates synaptic stability.

Even though the distal parts of the dendritic arbor were a�ected by SLK knockdown and we observed a

reduced number of inhibitory synapses, the density of excitatory synapses and the frequency of mEPSCs

remained on control levels over all examined time points. This can be explained by the preferential

localization of SLK at gephyrin
+

synapses rather then PSD95
+

synapses. Consequently, loss of SLK

can not alter excitatory synapse formation or stability. A synapse speci�c function, that is exclusively

operative in excitatory synapses, has already been described for the Mst3b Ste20 kinase [298]. In cortical

neurons Mst3b was shown to impair speci�cally excitatory synaptic transmission [298], stressing the

emerging functional relevance of Ste20 kinases for synapses and thus, for normal network function.

A combination of reduced inhibition - caused by a loss of inhibitory synapses - together with an aberrant

dendritic morphology upon SLK loss will most likely profoundly in�uence signal integration, hence,

network function is impaired. This hypothesis is supported by the increased propensity for PTZ induced

seizures in our focal SLK knockdown model.

In conclusion, our results demonstrate that loss of SLK, as present in FCDIIb and GG specimens, is

a possible shared pathomechanism in focal developmental brain lesions that explains emergence of

dysplastic neurons and their striking hyperexcitability. Even though many genes are di�erentially ex-

pressed in those disorders, focal knockdown of only SLK resulted in a phenotype with key features

of epileptogenic lesions [24, 307]: aberrant dendritic arborization, impaired neuronal migration, in-

hibitory synaptopathy and hyperexcitability. Even if SLK loss may not be the only factor mediating
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hyperexcitability in dysplastic lesions, this kinase represents a novel, promising substrate for therapies

aiming at seizure prevention or suppression.

Figure 7.4: SLK is needed for the stability of inhibitory postsynapses. (a) Summary of the main �ndings. Upon SLK

loss inhibitory postsynapse density is reduced, while the density of excitatory synapses is unchanged in juvenile mice. This

defect is re�ected in a reduced mIPSC frequency. (b) Possible mechanism of SLK action within established synapses (Figure

modi�ed from [221]). SLK either regulates the function of the core components of the inhibitory synapse NL2, Cb or gephyrin,

or in�uences actin-microtubule cross-talk or microtubule-gephyrin interaction. As in growing neurites, SLK may regulate

Rac1 activity that is needed for F-actin stability in synapses.

7.5 Loss of LDB1 and LDB2 leads to aberrant neuronal morphology

Given that SLK loss may be a common pathological event in dysplastic neurons, we next turned to the

question whether also loss of the SLK interacting multi-adapter LDB - as present in GGs - plays a role

in the emergence of dysplastic neurons. LDB proteins represent a family of nuclear transcriptional co-

activators. Their interaction with LIM domain transcription factors during early embryogenesis is crit-

ical for cell-fate determination, development and cytoskeletal organization [277, 278, 308]. In cultured

�broblasts, C.elegans or D.melanogaster LDB1 proteins, or their ortholog (Chip), are required for axon

guidance and neurite growth [203, 263, 279, 309, 310], suggesting a critical role for this protein also in

the development of mammalian neurons. A signi�cant reduction of LDB2 transcripts was previously re-

ported [47] and in this study, we also con�rmed reduced LDB1 protein expression in dysplastic neurons

of gangliogliomas, i.e. one of the most frequent epileptogenic tumor entity with chronic focal epilep-

sies. To assess, whether this reduction in LDB1 and LDB2 expression contributes to the emergence of

aberrantly shaped dysplastic neurons and, hence, hyperexcitability, we analyzed the consequence of

LDB1/2 loss in developing neurons.

We observed that loss of the respective proteins led to reduced axon length and a less complex dendritic

tree, that can be interpreted as defects in axon and dendrite growth (Fig. 7.5a, b). With respect to neurite

development in vitro, knockdown of LDB1 or LDB2 demonstrated functional redundancy, since loss

of each resulted in similar impairments. These impairments were rescued by expression of both LDB

family members. Both LDBs were reported to have overlapping, but also clearly distinct functions [205,

310], which becomes most evident in LDB knockout mice: While LDB1 knockout mice are embryonic

lethal [277], LDB2 knockout mice appear healthy and fertile [311].
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The impaired neurite morphology upon LDB loss, a morphological key feature of dysplastic neurons

in gangliogliomas and other epileptogenic malformations, together with the substantial loss of LDB

in gangliogliomas suggest a critical role of these proteins for normal neuronal development. Thus, a

lack of LDB1 and/or LDB2 may indeed contribute to the emergence of dysplastic neurons. However,

our results indicate that this may be the only or major contributing e�ect of LDB loss to lesion forma-

tion, since in our focal LDB1&2 knockdown mouse model cortical migration and excitability appeared

mostly una�ected. This observations demonstrates that the abnormal neurite pattern, in a restricted

number of neurons caused by focal LDB loss, in itself is not su�cient to render the brain signi�cantly

more susceptible to seizures at that age. It is possible that the intrinsic excitability of LDB knockdown

neurons is reduced or that the neuronal network is locally compromised due to the abnormal dendritic

arborization. Consequently, neuronal circuitry is altered, but is not pronounced enough to a�ect the

excitability of an entire network. Hence, LDB loss may contribute to the formation of an epileptogenic

lesion, but will most certainly not be the only factor.

Intriguingly, in vitro LDB1&2 knockdown had a very similar phenotype as SLK knockdown. We there-

fore analyzed whether these proteins regulate neurite development via a common pathway. With cross-

rescue experiments, we observed that SLK indeed rescues LDB1 or LDB2 knockdown, but not vice versa.

This indicates that SLK is a downstream e�ector of LDB1/2 in the context of neurite growth. Our exper-

iments furthermore demonstrate that neurite development is only rescued as long as at least one LDB

family member is still present. This observation corroborates SLK as a potential downstream e�ector

that requires either LDB1 or LDB2 for functional axon or dendrite development. These proteins may

either directly a�ect SLK function, expression or they participate in an alternate, so far unknown regu-

latory pathway. Axon growth and dendrite branching are neuronal process in which growth dynamics

and underlying molecular mechanisms are distinct in several regards [312–314], thus our data indicates

that the LDB/SLK pathway has a fundamental upstream role in both processes that, when disturbed

may lead to the emergence of dysplastic neurons.

In the leading edge of migrating �broblasts, the direct interaction of extra-nuclear LDB1, LDB2 and

SLK homodimers has been demonstrated [263]. In these non-neuronal cells their interaction leads

to reduced SLK kinase activity. This inhibitory e�ect was highly dependent on the concentration of

the individual LDB proteins, indicating that SLK activity is dynamically modulated by the molecular

composition of the LDB/SLK complex [263]. Our experiments in neurons, however, indicate a positive

regulation of LDB proteins on SLK function. Loss of SLK or the expression of the kinase dead K63R-SLK

variant (functionally equal to SLK inhibition or blocked phosphorylation activity), results in impaired

neurite development. These results suggest a neuron speci�c functional interaction of these proteins.

However, in contrast to �broblasts, LDB1/LDB2/SLK interaction in neurons may be indirect, since we

never observed LDB1 or LDB2 expression outside the nucleus (data not shown). In addition, SLK is

preferentially expressed in the cytosolic compartment of neurons, thus, considerably restricting the

possible direct, spatial interaction of LDB1/2 to a very small fraction of total neuronal SLK. Therefore,

the more likely scenario is that the transcriptional co-activators LDB1 or LDB2 directly regulate SLK

transcription (Fig. 7.5c). As discussed in detail in chapter 7.3, cytoskeleton remodeling represents a

possible mechanism of action of LDB and the downstream protein SLK. However, as SLK knockdown

also results in additional neuronal impairments, not re�ected in LDB1&2-silenced cells, LDB proteins
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are most certainly not the only molecules regulating SLK activity during distinct cellular processes.

In summary, this data demonstrate that loss of the multi adapter proteins LDB1 and LDB2 - as present

in dysplastic cells of human GG patients - contributes to the morphological defects seen in dysplas-

tic neuronal elements of respective developmental lesions. Our results furthermore demonstrate that

LDB1/2 proteins regulate normal neurite growth, probably in concert with SLK. Even though LDB1&2

knockdown does not result in a severe epileptogenic phenotype, the consequence of loss of functional

LDB should not be underestimated in the emergence of dysplastic developmental lesions. LDBs un-

derlying downstream pathway should be considered as a basis to derive more targeted anti-epileptic

therapy.

Figure 7.5: LDB1 and LDB2 are needed for normal neurite growth. (a) Upon LDB1 and LDB2 loss dysplastic neurons

are formed, characterized by reduced axon length and (b) complexity of the dendritic arbor. (c) Possible mechanism of action

of LDB1 and LDB2 to regulate neurite growth. In control cells, LDB proteins regulate SLK transcription that is needed for

neurite development. Upon LDB1/2 loss SLK transcription is altered and thus, neurite development is impaired.
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4E-BP Eukaryotic translation initiation factor 4E binding protein 1

AAV Adeno-associated virus

acTubulin Acetylated tubulin

Akt Protein kinase B

AMPK AMP-dependent protein kinase

AMOG Adhesion molecule on glia

ANOVA Analysis of variance

Arp2/3 Actin-related protein 2/3

ASD Autism spectrum disease

ATH AT1-46 homology domain

A.u. Arbitrary units

BC Balloon cell

BLBP Brain lipid-binding protein

BME Basal Medium Eagle

bp Base pair

BRAF proto-oncogene B-Raf or v-Raf murine sarcoma viral oncogene homolog B1

BSA Bovine serum albumin

C2C12 cells Murine myoblast cells

C57Bl/6 Black six mice

CamKII Calcium-calmodulin kinase II

Cb Collybistin

C. elegans Caenorhabditis elegans

CD Class of di�erentiation

Cdc42 Cell division control protein 42 homolog

CDK5 Cyclin-dependent kinase 5

cDNA Complementary DNA

CMV Cytomegalie virus

Cre Cre recombinase

ct Cycle threshold

Cux1 Cut-like homeobox 1

DCL Doublecortin-like

DCX Doublecortin

CNS Central nervous system

DEPC Diethylpyrocarbonate

DEPDC5 DEP domain containing protein 5
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DIV Day in vitro

DMEM Dulbecco’s Modi�ed Eagle’s Medium

DNA Desoxyribonucleic acid

DNT Dysembryoplastic neuroepithelial tumors

E Embryonic day

ECM Extracellular matrix

EDTA Ethylenediaminetetraacetic acid

eIF4G Eukaryotic initiation factor 4G

Emx1 Empty Spiracles Homeobox 1

F-actin Filamentous actin

FAK Focal adhesion kinase

FCS Fetal calf serum

FCD Focal cortical dysplasia

FingR Fibronectin intrabodies generated with mRNA display

� �ox

FoxP2 Forkhead box P2

Fw Forward

GABA Gamma-aminobutyric acid

GC Giant cell

GDP Guanosindiphosphat

GEF Guanine exchange factors

GFAP Glial Fibrillary Acidic Protein

GFP Green �uorescent protein

GG Ganglioglioma

GKC Germinal center kinase

GLAST Glutamate/aspartate transporter

GNT Glioneuronal tumors

GTP Guanosintriphosphat

h Hour

HBSS Hank’s Bu�ered Salt Solution

HE Hematoxylin & Eosin

HCl Hydrochloride

HEK293T Human embryonic kidney 293T

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

HRas Transforming protein p21, Proto-oncogene

hrGFP human renilla GFP

ICC Immunocytochemistry

IHC Immunohistochemistry

IMDM Iscove’s Modi�ed Dulbecco’s Medium

IPC Intermediary progenitor cell

IR Immunoreactivity

IUE In utero electroporation
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JNK1 Jun terminal kinase 1

kb Kilobase pair

kg Kilogram

KO knockout

LB Luria Broth

Ldb Lim-domain binding

LEAT Long-term epilepsy associated tumors

LKB Liver kinase B1

LOH Loss of heterozygosity

LRP12 Low-density lipoprotein receptor-related protein 12

M Molar

MAP Microtubule associated protein

MAPK Mitogen activated protein kinase

MCD Malformations of cortical development

MEM Minimum essential medium

mEPSC Miniature excitatory postsynaptic potential

mg Milligramm

min Minutes

mIPSC Miniature inhibitory postsynaptic potential

ml Milliliter

mM Millimolar

mm Millimeter

M-NAP Microtubule and nuclear associated protein

mRNA Messenger RNA

Mst3b Mammalian Ste20-like kinase 3b

mTOR mammalian target of rapamycin, mechanistic target of rapamycin

mut Mutated

myr Myristoylated

NEC Neuroepithelial cells

NeuN Neuronal Nuclei

NF Neuro�lament

NL2 Neuroligin 2

nM Nanomolar

NMDAR N-methyl-d-aspartate receptors

nm Nanometer

n.s. Not signi�cant

OE Overexpression

Otx1 Orthodenticle Homeobox 1

P Postnatal day

PAK p21-activated kinase

Pax6 Paired box gene 6

PBS Phosphate bu�ered saline
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PCR Polymerase chain reaction

PDK1 3-phosphoinosi- tide-dependent protein kinase 1

pen/strep Penicillin/streptomycin

PFA Paraformaldehyde

Pfu Pyrococcus furiosus

PI3K Phosphatidylinositol 3-kinase

PI3P Phosphatidylinositol 3-phosphate

pS6 Phosphorylated ribosomal protein S6

PSD Postsynaptic density

PSD95 Postsynaptic density protein 95

PTEN Phosphatase and tensin homolog

PTZ Pentylenetetazole

Raf Rapidly Accelerated Fibrosarcoma

Rac1 Ras-related C3 botulinum toxin substrate 1

Rev Reverse

RFP, mRFP Red �uorescent protein, monomeric

RGC radial glia cell

Rheb Ras-homolog expressed in brain

RhoA Ras homolog gene family, member A

RNA Ribonucleic acid

RNAi RNA interference

RPM Rounds per minute

S6 Ribosomal S6 protein

SDS Sodium dodecyl sulfate

SDS PAGE SDS polyacryalmid gel electrophoresis

sec Second

SEM Standard error of mean

SEGA Subependymal giant cell astrocytomas

SH3 Src-homology 3

SLK Ste20 like kinse

shRNA Small hairpin RNA

SNP Single nucleotide polymorphism

Ste20 Sterile 20

SVZ Subventricular zone

TBC1D24 TBC1 domain family member 24

TBS Tris-bu�ered saline

TBST Tris-bu�ered saline and Ttriton X-100

TEMED Tetramethylethylenediamine

Tbr1 T-Box/Brain-1

TSC Tuberous sclerosis complex

VASP Vasodilator-stimulated phosphoprotein

VZ Ventricular zone
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WHO World health organization

WT Wild type

μl Microliter

μm Micrometer
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