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4 Abbreviations 
ASD: Autism spectrum disorder 

BAM: Border associated macrophages 
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5 Zusammenfassung 
Im Rahmen dieser Dissertation beschreibe ich Beeinträchtigungen der neuronalen Migration, 

ausgelöst durch intrinsische genetische oder extrinsische immunologische Faktoren. Als intrinsische 

genetische Faktoren habe ich den Einfluss von Varianten des Autismus-Risiko Genes TAOK2 (Tausend 

und eine Aminosäure Kinase) aus Patienten und einer heterozygoten Ausprägung der 16p11.2 Gen 

Region im Mäusegehirn untersucht. Ich habe herausgefunden, dass Mutationen aus Autismus-

Patienten in TAOK2α, aber nicht in TAOK2β zu einer verminderten neuronalen Migration im Neokortex 

der Maus führen. Weiterhin habe ich herausgefunden, dass die beeinträchtigte neuronale Migration 

im heterozygoten 16p11.2 Maus Modell durch den Wildtyp TAOK2α, aber nicht durch die in einem 

Autismus-Patienten vorkommende Variante TAOK2αA135P behoben werden kann. Als 

immunologische Faktoren habe ich den Einfluss einer direkten Immunaktivierung von Mäusegehirnen 

in situ durch die Behandlung mit Lipopolysaccharid (LPS) und Polyinosinic-Polycytidilischer Säure 

(Poly(I:C)) und der indirekten Immunaktivierung der Mutter während der Schwangerschaft durch die 

Injektion von Poly(I:C) oder die Infektion mit Grippe (H1N1) untersucht. Durch Analysen an kortikalen 

Schnittkulturen (transfiziert an E15, Schnittkulturen an E17) habe ich herausgefunden, dass eine 

Behandlung in situ mit Poly(I:C), aber nicht mit LPS, zu einer Verminderung der neuronalen radialen 

Migration führt, gemessen an der Position der Neuronen nach Abschluss des Experimentes (E19). Die 

Analyse der Migration aller Neuronen in Video-Analysen hat ergeben, dass nach einer Behandlung mit 

LPS die mediane Migration aller Neuronen reduziert ist, während nach einer Poly(I:C)-Behandlung nur 

die Migration der bipolaren Neuronen reduziert ist. Weiterhin habe ich eine Verringerung des Anteils 

bipolarer Neuronen ausschließlich nach der Behandlung mit LPS beobachtet. Die Geschwindigkeit der 

Migration einzelner bipolarer Neuronen wurde weder durch die Behandlung mit LPS noch mit Poly(I:C) 

beeinflusst. Ich habe die Aktivierung von Mikroglia, einer Klasse von Immunzellen im Gehirn, anhand 

ihrer Morphologie in fixierten Schnittkulturen und anhand ihrer Migrationsgeschwindigkeit in Video-

Analysen untersucht. Der Anteil an verzweigten (ramified) Mikroglia war nach einer Behandlung mit 

LPS signifikant reduziert. Die Geschwindigkeit der Migration von Mikroglia war nach einer Behandlung 

mit LPS signifikant erhöht. Abschließend habe ich zeigen können, dass in der Maus eine 

Immunaktivierung des Muttertieres durch eine Grippeinfektion (H1N1) oder eine Poly(I:C)-Injektion zu 

einem frühen Zeitpunkt der Schwangerschaft in den Nachkommen zum Zeitpunkt E17 zu einer 

Verschiebung der Position von Ctip2- und Satb2- positiven Neuronen in Richtung Ventrikel führt. Meine 

Ergebnisse zeigen, dass die neuronale Migration durch klinisch relevante Mutationen in Autismus-

Risikogenen und durch den Autismus-Risikofaktor Immunaktivierung in der Schwangerschaft 

beeinträchtig werden kann. Diese Ergebnisse betonen, dass die neuronale Migration als Teil der 

neuronalen Entwicklung möglicherweise auch zur Entwicklung einer Autismus-Spektrum-Störung mit 

beitragen kann. 
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6 Summary 
In this thesis I describe impairments in neuronal migration induced by intrinsic genetic and extrinsic 

immune system related factors. As an intrinsic genetic factor, I studied the impact of human variants 

of autism spectrum disorders (ASD-) risk genes Thousand-and-One-Amino-Acid-Kinase-2 (TAOK2) and 

16p11.2 in the murine brain. I found that human variants of TAOK2α but not TAOK2β lead to a 

reduction in neuronal migration and that in a model of 16p11.2 heterozygous deletion TAOK2α but 

not the human variant TAOKαA135P was able to rescue migration impairments. Regarding immune 

system related extrinsic factors, I discovered that a treatment with polyinosinic-polycytidilic acid 

(Poly(I:C)), but not lipopolysaccharide (LPS) treatment impairs the resting point of neuronal migration 

in a model of acute slice culture of E15-E17 in utero electroporated murine brains. Analyses of the 

migration in live imaging revealed a reduced median distance of migration for LPS treated neurons in 

general and for Poly(I:C) treated bipolar neurons. I was further able to show a reduction in the bipolar 

fraction of neurons after LPS treatment, which was not accompanied by a change of single bipolar 

neuron velocity in either LPS or Poly(I:C) treatment. I assessed the activation of microglia under the 

influence of different treatments by their morphology in fixed slices and the velocity of their migration 

in live imaging. Immune activation via LPS leads to a reduced fraction of ramified microglia and to an 

increase in the velocity compared to microglia in untreated control slices. Finally, I was able to show 

the impact of a maternal immune activation by maternal H1N1 infection and Poly(I:C) injection on 

neuronal migration with a positioning of cortical layer neurons positive for Ctip2 and Satb2 more distal 

to the marginal zone compared to neurons of PBS injected mother’s offspring. This highlights that 

neuronal migration is a component of neuronal development which can be affected by patient-derived 

mutations in risk genes or maternal immune activation as an autism risk factor and might thereby 

further contribute to the development of autism spectrum disorders. 
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7 Introduction 
For this thesis I studied the contribution of certain internal and external factors on neuronal migration 

involved in known pathologies regarding the development of autism spectrum disorders. In my 

introduction I want to provide a brief background about the development of neurons, the brain and 

the two main components of the immune system. This is followed by some examples of how the 

maternal immune system is being activated by an infection, how autism spectrum disorder is affecting 

the immune system and how patients and research models are affected in different levels by autism 

spectrum disorders. Lastly, I describe the effect of genetics as intrinsic factors and environmental 

aspects as extrinsic factors affecting neuronal development and autism spectrum disorders in patients 

and in research models. 

7.1 Neuronal development and Immune system 

Neuronal development 

7.1.1.1 Gross brain development 

The development of the brain, as described in the sixth edition of Neurosciences by Purves et al (Purves 

et al., 2018) and reviewed by V. S. Chen et al in their histology atlas (V. S. Chen et al., 2017), is 

summarized in the following paragraphs. During the earliest days of development, the blastula 

invaginates during gastrulation and forms the three primary cell layers. These primitive cell layers are 

called endoderm, mesoderm and ectoderm. The mesoderm is incapsulated between the ectoderm and 

the endoderm, which consists of the invaginated cells. The mesoderm then retracts from the center of 

the newly formed tissue and thereby creates first the primitive pit, further stretching to two sides as 

the primitive streak. In this contact region between ectoderm and endoderm, the notochord forms as 

a transient structure. The cells of the ectoderm directly on top of the notochord develop into the 

neuroectoderm and will later give rise to all cells of the nervous system. During the following 

neurulation, the neural tube is formed by the neuroectodermal precursor cells. The cells inside the 

neural tube are the multipotent neural stem cells. Neural stem cells will proliferate and differentiate 

into all the other progenitor cells of the nervous system. The prolongation of the neural tube is then 

guided by cues from structures within the ectoderm and from the other germ layers. This neural tube 

forms the later spinal cord and develops into the gross brain structures. The development starts at the 

most anterior part of the neural tube, where a first balloon like structure is constricted and formed. 

Later, the forebrain is derived from this structure called prosencephalon. Together with the 

mesencephalon (midbrain) and rhombencephalon (hindbrain) it forms the first three vesicles of the 

brain. After the cerebral hemispheres are initiated, the five secondary brain vesicles are formed. The 

former prosencephalon is now developing into telencephalon and diencephalon, forming the cerebral 

hemispheres and the thalamus and hypothalamus respectively. While the mesencephalon stays 

undivided, the rhombencephalon develops into metencephalon and myelencephalon. The 

metencephalon will form the cerebellum and pons, while the myelencephalon will develop into the 

medulla oblongata. Inside the cerebral hemispheres, the initial cortical layering begins and the 

ventricular zone with its stem cell layer develops. The developed mammalian brain is covered by its 

enlarged cerebral cortical hemispheres with their characteristic sulcation. These gyri and sulci allow 

for a largely increased cortical surface compared to a smooth brain. Encased underneath are the 

cerebral nuclei with basal ganglia, amygdala, and basal forebrain (Appendix 3 of (Purves et al., 2018)). 

Ventral to the basal forebrain are the thalamus and hypothalamus, located themself dorsal of the 

midbrain. The pons and medulla oblongata connect to the spinal cord. Most ventral to the cortical 

hemispheres and posterior and connected to the pons, is the cerebellum located. It resembles the sulci 

and gyri structure of the cerebral cortex. The basic cellular composition of the vertebrate brain can be 

broadly divided into neuronal cells and glial cells. While neurons are actively involved in the 

transmission of electrical signals in either an excitatory or inhibitory way, the glia cells cover a broad 
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spectrum of different supporting cell types with multiple functions. These range from architectural 

stability and stem cell characteristics (radial glia), immunological functions (microglia and astrocytes) 

up to acting upon the electric conductivity along neuronal axons (Oligodendrocytes) (Allen & Lyons, 

2018). 

7.1.1.2 Murine vs human brain 

In contrast to the characteristic shape of human cortex, the murine brain is lissencephalic and does 

not feature the strong gyrification (Molnár et al., 2019). The murine olfactory bulb is much more 

prominent with its 2 % of the total brain volume compared to the human 0.01% (McGann, 2017).  

7.1.1.3 Neuronal cell development 

The neural tube contains neuronal precursor stem cells called neuroepithelial cells. Inside the tissue 

the neuroepithelial cells start to orientate themselves towards the later ventricle to develop into radial 

glia cells. These radial glia cells give rise to all neuronal cell types and glial cells. Asymmetrical division 

of radial glia cells produces one daughter radial glia cell and either one of the different neuronal cell 

types or a neuronal intermediate progenitor cell (Paridaen & Huttner, 2014). These intermediate 

progenitor cells most often are of a multipolar shape and divide symmetrically into two postmitotic 

neurons (Cadwell et al., 2019). Neurons and progenitors do present multiple different morphologies, 

which can be categorized by their polarity. Calderon de Anda et al. covered different aspects of these 

in their editorial (Calderon de Anda & Gaertner, 2018). The basic morphology of neurons is tightly 

linked to their function of receiving and transmitting signals to further neurons. Their branched 

network of most often multiple dendrites receives signals from axons of other neurons with their 

dendritic spines. The, in most cases single, in rare cases missing, axon transmits information to either 

neighboring neurons or over long distances in the central and peripheral nervous system (Chapter 1 

(Purves et al., 2018)). The neurons of the cerebral cortex can be mainly classified into inhibitory 

neurons and excitatory, pyramidal neurons (Marín et al., 2010). In this thesis, I will focus on the 

pyramidal neurons. 

7.1.1.4 Cortical development 

The six layered neocortex is thought to be responsible for the complex tasks such as perception, 

language, thoughts and others (Reviewed in (Molnár et al., 2019)). Its development starts with the 

above-described radial glia cells which provide both structural integrity and stem cell characteristics to 

proliferate into neuronal progenitors and neurons. Via symmetric division they can proliferate into 

daughter radial glia cells and thereby increase their number. The apical and basal processes of radial 

glia cells span the developing cortex and provide an architecture for the neuronal migration (Hansen 

et al., 2017). The multipolar intermediate progenitor cells, produced by asymmetric division of radial 

glia cells, develop into bipolar neurons and radially migrate along the radial glial basal processes from 

the ventricular zone towards the building marginal zone (Molnár et al., 2019). This process if briefly 

sketched in Figure 1 (C. Chen et al., 2015), with apical radial glia cells included in the apical progenitors 

(Arai & Taverna, 2017). During this radial migration, the nucleus of the neuron is propelled by 

nucleokinesis. In this process, the leading edge of neurons stretches towards their target zone. In a 

second step, the centrosome is moved in between the nucleus and the leading edge. This allows for 

the last step in which the nucleus is pulled towards the leading edge creating the characteristic 

saltatory movement pattern (Marín et al., 2010). The protein reelin is thought to play a role in both 

the attraction of neurons towards the marginal zone, as well as the termination of migration once they 

reach their target zone (Frotscher et al., 2017). 
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Figure 1: Neuronal differentiation in the developing cortex. 

The development of the murine cortex sketched from embryonal day 10 to birth. From the ventricular 

zone containing the apical Progenitors at E10, the development of the subventricular zone with the 

Intermediate progenitor cells (IPC), the subplate , cortical plate and marginal zone containing 

differentiated neurons during and after their migration at E14 until the expanded cortical plate at birth. 

Figure published in (C. Chen et al., 2015). 

During each wave of migration, the newly generated neurons are migrating from the ventricular zone 

through each earlier formed layer outwards until they reach the marginal zone (Mukhtar & Taylor, 

2018). By doing this, the migrating neurons form the six layers  of the neocortex consecutively in an 

inside out fashion, starting with the inner three layers during early neurogenesis, followed by the outer 

three layers during late neurogenesis (Kwan et al., 2012). The formed layers do not only differ by the 

timepoint, the neurons migrated into them, but also by the expression of certain markers and the 

targets for axonal projection of neurons present in the layer. For example in mice, while neurons in 

the neocortical layers 2-6 do express Satb2, the expression of Ctip2 is fairly limited to layer 5 (Nomura 

et al., 2018). The expression of the layer-specific genes in neurons can set on as early as during the 

symmetrical and asymmetrical division from radial glia cells in the ventricular zone, persists during 

their postmitotic migration through the subplate and already existing layers of earlier born neurons 

along the glia tracts up to until their own layer formation just below the marginal zone and furthermore 

until late postnatal timepoints (Kwan et al., 2012). If these layer specific genes are impaired, specific 

phenotypes and layering deficits can arise. Defects in Reeler lead to an inversion of the six cortical 

layers in between the marginal zone and the subplate as migrating neurons are not capable of 

breaching through the layers on top (Caviness, 1982). Loss of Tbr1, expressed in post-mitotic neurons 

early during the generation of the deep layers and later in the neurons of the upper layers, results in 

neurons of the subplate being positioned in between other layers and neurons of deep layers 

appearing in clusters in upper layers (Kwan et al., 2012). The different projections of neurons can be 

briefly described in three classes: The Ctip2 expressing Pyramidal tract neurons, mostly situated in 

layer 5, project their axons mainly towards the spinal cord. Corticothalamic neurons, placed further up 

in layer 4, project towards the Thalamus. Finally, there are Intratelencephalic neurons located more 

distributed among layers 2-6. These neurons express Satb2 and project to both hemispheres within 

the forebrain (Cadwell et al., 2019). The Intratelencephalic neurons are also the main local source of 

input for the other classes (Harris & Shepherd, 2015). Due to the specificity of projections in the cortex 

and the fine-tuned timing during development, disturbed layering might negatively influence neuronal 

networks within and between cortical layers and other brain regions. 
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The cerebral cortex can mainly be classified into the four lobes each hemisphere harbors. The Occipital 

lobe most caudal, the Temporal lobe extending ventrally from the cortex, the Parietal lobe anterior 

from the Occipital lobe towards the central sulcus and the Frontal lobe, covering roughly the rostral 

half of the cortex (Purves et al., 2018, Chapter Appendix 4). The regions targeted in the experiments 

of this thesis are in the somatosensory cortex located in the Parietal lobe. 

Embryonal immune system development 

7.1.1.5 General immune system development 

The immune system is comprised of cells of the innate and adaptive immune response. Hematopoiesis 

in human fetuses starts in the yolk sac and mesenchymal tissue where pluripotent progenitors of 

macrophages are produced (P. G. Holt & Jones, 2000). In a second wave the fetal liver and bone 

marrow starts to become active (Park et al., 2020). After this first development of the innate immune 

system from the liver, the adaptive immune system starts to develop with B-cell progenies in the bone 

marrow and T-cell development in the thymus (Hossain et al., 2022). The following paragraph 

summarizes the description of the immune system by Murphy and Weaver. The innate immune system 

is regulated by antibody independent receptors. The cells of the innate immune system are, among 

others, macrophages, dendritic cells, and natural killer cells. Threads are attacked via phagocytosis, 

complement system and excretion of cytokines. The innate immune system recognizes more general 

pathogen associated patterns (PAMP, pathogen-associated molecular pattern) via pattern recognition 

receptors (PRR). The adaptive immune response is based on specific antibody dependent recognition 

of threads. These recognized patterns are called antigens. The cells of the adaptive immune response 

are different subtypes of B-cells and T-cells. The antibody dependent response requires fine tuning of 

antibodies against the multiple antigens of a thread. B-cells recognize antigens with their B-cell 

receptor. The B-cell receptor consists of an antibody and a set of transmembrane proteins. The T-cell 

receptor has a high similarity to the antigen recognizing fragment of antibodies. Upon recognition of a 

thread, B-cells become activated and undergo multiple proliferation steps before developing into 

mature antibody producing plasma cells. Depending on their receptor-subtype, T-cells recognize either 

phagocytosed antigens (presented by major-histo-compability complex MHC-2) or self-antigens 

(presented from the cytoplasm by major-histo-compability complex MHC-1). T-cells activated by MHC-

2 tend to have immune-regulatory or -stimulating function, while activation by MHC-1 leads to a 

cytotoxic reaction against the targeted cell (Murphy & Weaver, 2018). 

7.1.1.6 Placenta 

During the development in the womb, the placenta acts as a first physical barrier between the 

maternal and offspring’s circulation (Goasdoué et al., 2017). The placentas three major functions are 

described as processing the maternal-fetal exchange of nutrients, gas and waste, providing the fetus 

with maternal immunoglobins and excretion of cytokines and hormones for both the maternal and 

fetal development (Griffiths & Campbell, 2015). 

7.1.1.7 Blood Brain barrier 

The Blood-Brain-Barrier develops early during development to protect the brain from potential 

hazards in the embryonal blood. It consists of endothelial cells blocking the passage of substances via 

tight junctions. Furthermore, specific transporters allow for nutrient supply to the brain and disposal 

of other substances from the brain. This structure is supported by various cell types such as astrocytes, 

microglia, pericytes and neurons, altogether called Neurovascular unit (NVU) (Goasdoué et al., 2017). 

In his review, Banks illustrates how different hormones, cytokines, peptides and other molecules may 

or may not pass the blood brain barrier, which itself, upon stimulation, can produce molecular signals 

towards the brain or the blood (Banks, 2012, fig. 1). 
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7.1.1.8 Early border associated Macrophages and Microglia infiltration 

In the developed brain, around 80 percent of the immune cells are microglia (Morimoto & Nakajima, 

2019). These cells develop early from a macrophage like progenitor in the yolk sac and migrate into 

the brain already before the Blood-Brain-Barrier develops (Ginhoux et al., 2010). The infiltration of 

microglia into the brain coincides with or just after the onset of neurogenesis and leaves microglia, 

until the following later astroglia and oligodendrocyte development, the main glial cells present in the 

neuronal parenchyma (Thion et al., 2018). Their distribution in the cortical layers changes over the 

course of development. Initially, they migrate to the cortex via the ventricle and pial surface. In mice, 

infiltration of amoeboid microglia into the different layers takes place around E14, although the 

cortical plate is still spared until shortly before onset of astrogenesis at E18. At that time, initially 

ramified microglia distribute around neurons, radial glia and blood vessels along the whole depth of 

the cortex (Reemst et al., 2016). Also it was shown that in E19 rats microglia do contact multiple 

neuronal progenitor cells at the same time in the ventricular zone (Noctor et al., 2019). As microglia 

are a type of tissue resident macrophages, their main function in the brain is their phagocytic activity 

and excretion of cytokines. This includes important contributions to neuronal development such as 

engulfment of neuronal progenitors, pruning of axons and spines but also stimulation of spine 

formation (Cunningham et al., 2013; Miyamoto et al., 2016). These different functions are 

accompanied by a whole range of morphologies. Thin, long-stretched and ramified processes are 

thought to be surveying the surrounding tissue, while a reduction and thickening of process length 

together with an increase in soma size is mentioned to have a stronger focus on phagocytic activity 

(Antonson et al., 2019; Lier et al., 2021). Though arising from one progenitor, microglia develop a wide 

heterogeneity throughout different brain regions (as reviewed in (Tan et al., 2019)). Some molecular 

markers used to identify microglia are P2Y12R (Mildner et al., 2017), TMEM119 (Satoh et al., 2016) and 

Iba1 (Reviewed in (Jurga et al., 2020)). P2Y12R is detecting ATP and ADP and is guiding the microglia 

towards a site of injury (Haynes et al., 2006). On the other hand, P2Y12R has also been shown being 

necessary for microglia-neuron interaction at somatic junctions to support neuronal development 

(Cserép et al., 2022). The function of TMEM119 in microglia is not clear but TMEM119-positive 

follicular dendritic cells have been found outside the brain in immunologic active organs (spleen, lymph 

nodes, tonsils) (Satoh et al., 2016). Iba1 expression is restricted to monocytes, whose tissue resident 

cells in the brain are the microglia and intruding macrophage (Imai et al., 1996). Iba1 is colocalizing 

with F-actin in macrophages and microglia and is involved in phagocytosis and membrane ruffling and 

might also play a role in migration due to its fimbrin-binding activity, an actin-bundling protein 

(Ohsawa et al., 2000, 2004). In addition to the microglia inside the parenchyma, there are border 

associated macrophages (BAM). These innate immune cells are located outside the parenchyma close 

to the vessels inside the brain and lining the meninges and perivascular spaces (Bechmann et al., 2001; 

Mrdjen et al., 2018). 

7.1.1.9 Later Astroglia and Oligodendrocyte development 

During the late stages of embryonal development at the end of neurogenesis - in mice around E18 - 

astrogenesis takes place in the developing brain (Reemst et al., 2016). Radial glia cells exit the 

proliferative phase after a final asymmetric division and develop into astrocytes during migration 

towards the cortical plate (Noctor et al., 2004). After migration, astrocytes proliferate and divide 

multiple times and create around half of the astrocytes in the upper layers (Ge et al., 2012).  One of 

the multiple functions of astrocytes is the enclosure of a neuronal synapse. By doing this, the astrocyte 

prevents neurotransmitter from diffusing into the extracellular matrix (Piet et al., 2004). Equipped with 

their own receptors, they also contribute to the uptake of transmitters (Zhou et al., 2019, fig. 2). Like 

microglia, astrocytes also play a role in the immune response in the CNS. Upon stimulation with LPS, 

they react by upregulation of multiple immune related mRNAs, such as Tumor Necrosis factor alpha 

(TNFα) and interleukin 6 (IL-6) (Rodgers et al., 2020). The oligodendrocyte precursor cell (OPC) is also 
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arising from radial glia and migrating away from the ventricular zone before proliferating and 

developing into mature oligodendrocytes (Bergles & Richardson, 2016). The main function of 

oligodendrocytes is thought to be the myelination of axons and thereby the support of their electric 

conductivity (Purves et al., 2018, Chapter 1) . 

Maternal immune system and maternal immune activation 

7.1.1.10 Maternal immune status during pregnancy 

The female immune system undergoes multiple changes during pregnancy. Specifically, different parts 

of the maternal complement system as well as inhibitory molecules are increased but balanced (Abu-

Raya et al., 2020). An unbalanced increase in the complement system was shown to be involved in 

pregnancy related complications such as preeclampsia and pre-term birth (Reviewed in (Denny et al., 

2013)). The number of regulatory cells of the maternal immune system, including regulatory B- and T-

cells (Breg and Treg), but also neutrophiles is increased. On the other hand, compared to non-pregnant 

women the number of B-cells, T-cells and phagocytotic activity is decreased (Abu-Raya et al., 2020, fig. 

1). One important function of the increase in Treg cells was shown to be the prevention of the maternal 

T-cells being activated against the fetus (Tilburgs et al., 2009). 

7.1.1.11 Maternal immune response to viruses 

When a virus enters the maternal body during pregnancy, several lines of immune defense become 

activated (Murphy & Weaver, 2018, Chapter IV). The first reaction of the innate immune system is a 

rather unspecific inflammation response with cytokine excretion leading to influx of proteins of the 

complement system via blood plasm, recruiting of phagocytotic cells and further inflammatory 

cytokine secretion (e.g., TNF-α). Secretion of Interferon α and β is here rather specific for a viral 

infection of cells. Already in this innate response, certain PAMPS can be recognized by the phagocytes. 

The Toll like receptor 3 (TLR-3) is expressed on the cell surface and in endosomes and recognizes 

double stranded RNA, which is specific for Viruses (Reviewed in (Mogensen, 2009, fig. Table 1)). Other 

recognized patterns are single stranded RNA (TLR-7/8) or glycoproteins from the surface of the virus 

(TLR-2/4) (Mogensen, 2009). Detection of viral particles by phagocytes leads here to a secretion of IL-

12 which in turn induces monocytes and natural killer cells to secrete Interferon γ to further activate 

phagocytotic activity. In the next step, the dendritic cells migrate from the point of infection to the 

lymph nodes and activate the adaptive immune response by priming B-cells and T-cells with antigens 

from the site of infection (Murphy & Weaver, 2018, Chapter IV). Basic T-cell activation upon viral 

infection can be divided into two groups. CD8+ cytotoxic T-cells induce apoptosis and can destroy 

proteins inside infected cells. CD4+ lymphocytes can develop into the various T-helper cells, secrete 

cytokines, and activate B-cells. B-cells secrete antibodies for viral clearance and antibody dependent 

cell-mediated cytotoxicity. As a virus infection is primarily intracellular, the cytotoxic T-cells are 

thought to be the most active T-cells in the adaptive immune response against viruses (X. Chen et al., 

2018). 

7.1.1.12 Maternal immune response to bacteria 

The principle innate immune reaction towards intra- or extracellular bacteria is comparable to the anti-

viral reaction. Also, the recognition of intracellular viral or extracellular bacterial infection via TLRs 

differs only for some PAMPs. While bacterial DNA, RNA and glycoproteins are recognized by the same 

set of TLRs as their viral counterparts, also the presence of lipoproteins and other membrane 

compounds is detected by this set. The example of bacterial Flagellin is an exception with no viral 

counterpart and is recognized by TLR-5 (Mogensen, 2009, fig. 3). Secretion of Interferon γ induces 

further phagocytotic activity against the bacteria. Extracellular bacteria also induce the production of 

IL23 in phagocytes, which itself leads to a secretion of IL17 and IL22 (Murphy & Weaver, 2018, Chapter 

IV). As in viral infections, dendritic cells prime B-cells and T-cells in the lymphoid organs for their 

activation specific to the bacterial antigens. The T-helper cell Th-17 is responsible for secretion of IL-



10 
 

17 in both viral and bacterial infections. The two main effects of IL-17 are the stimulation of IL-6, which 

itself stimulates IL-17, and the activation of neutrophils to tackle the bacterial infection (Murphy & 

Weaver, 2018, Chapter IV). A maternal infection with bacteria such as Listeria reaching cells in the 

placenta can be very dangerous for the fetus, as this is an environment which is highly regulated 

against maternal immune activity. Extra villous trophoblasts in the placenta can be infected by Listeria 

but will not be classically targeted by the local decidual NK cells (Tilburgs et al., 2015). Though, the 

maternal decidual NK cells are capable of selectively transferring granulysin to the infected 

Trophoblasts which kills the Listeria by perforating their membrane without harming the placental cells 

(Crespo et al., 2020). 

7.1.1.13 Maternal vaccination during pregnancy 

Maternal vaccination is a rather safe and important medical procedure. It not only protects the mother 

from infections she is more likely to suffer stronger from during pregnancy, but also against maternal 

infections that can have harmful consequences for the fetus. In addition, it directly protects the fetus 

by transferring maternally produced antibodies via the placenta and passively immunizes the unborn 

child (Etti et al., 2022). 

7.1.1.14 Virus / Bacterium / Toxin reaching embryo vs Maternal immune reaction affecting embryo 

Different data sets indicate towards different modulators of the maternal immune system to be 

responsible for a neurodevelopmental impairment in the offspring. When the dam is injected with the 

viral mimic Poly(I:C) it reacts with increased levels of IL-B and IL-6 (Smith et al., 2007). Injection with 

anti-IL-6 antibody reduced the effect in the offspring (Smith et al., 2007). The increase of maternal IL-

17 after a bacterial or viral infection also elevates autism-resembling behaviors in the offspring of mice 

(Yasumatsu et al., 2020). Some viruses themselves can also pass through the placenta and infect the 

fetus. One of the most prominent might be the ZIKA virus, which was shown to negatively affect the 

development of both neuronal progenitors (Tang et al., 2016) but also reduces growth in organoid 

brain models (Garcez et al., 2016). 

7.1.1.15 Offspring’s immune reaction to maternal immune activation and infection 

The expression of immune related genes in the offspring’s microglia is reduced after maternal immune 

activation (Hayes et al., 2022). The maternal immune activation by Poly(I:C) led to an increase in the 

offspring’s macrophage activity. Stimulation with either LPS or LPS and IL-4 or Interferon γ led to an 

increase in IL-12 or CCL3 in the offspring (Onore et al., 2014). A maternal infection and the transfer of 

IL-6 to the embryo led to a higher resistance against oral infections but also an increased susceptibility 

for gut inflammation in the offspring (Lim et al., 2021). 

Autism spectrum disorders affecting the immune system 

7.1.1.16 Immune dysfunctions in patients with ASD 

Impairments in the offspring’s immune system have been linked to autism spectrum disorders (ASD). 

A decrease in the percentage of total lymphocytes and CD4+ T-helper cells in children with autism 

compared to their unaffected siblings or controls has been already found in 1990 (Yonk et al., 1990). A 

mutation in the autism risk gene TAOK2 was shown to reduce the proliferation of T-cells in a family 

struggling with an HPV associated skin disease (Molho-Pessach et al., 2017). Multiple cytokines were 

observed to be affected in patients from ASD spectrum compared to control groups. E.g. an increase 

in IL-1 or IL-6 was observed in ASD patients and associated with severity of ASD, “deficits in social 

sphere” irritability, lethargy and hyperactivity (Gładysz et al., 2018). The density of microglia-

distribution was also found to be increased in autistic patients, specifically in the fronto-insular and 

the visual cortex (Tetreault et al., 2012). Also diseases connected to asthma and allergies were shown 

to be more prominent in patients with ASD (Hughes et al., 2018, fig. 2). 
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Autism spectrum disorders in clinic and research 

7.1.1.17 Clinical description of ASD 

Leo Kanner and Hans Asperger defined in their 1943 and 1944 published works a certain typical 

behavior in children, that to their knowledge has not been described before (Asperger, 1944; Kanner, 

1943). Both describe the status of children as autistic, a term, which Asperger attributed to the German 

psychiatrist Eugen Bleuler (Asperger, 1944). In their studies, they depicted their patients with a certain 

self-sufficiency, “happiest, when left alone”, “like in a shell”. Language acquisition was described as 

parrot-like, questions were answered with the repetition of the question instead of “yes” (Kanner, 

1943).  

Today’s description of essential features of the Neurodevelopmental Disorder in the current ICD-11 

WHO catalogue is the following: 

“Persistent deficits in initiating and sustaining social communication and reciprocal social interactions 

that are outside the expected range of typical functioning given the individual’s age and level of 

intellectual development. Specific manifestations of these deficits vary according to chronological age, 

verbal and intellectual ability, and disorder severity. 

Persistent restricted, repetitive, and inflexible patterns of behavior, interests, or activities that are 

clearly atypical or excessive for the individual’s age and sociocultural context. 

The onset of the disorder occurs during the developmental period, typically in early childhood, but 

characteristic symptoms may not become fully manifest until later, when social demands exceed limited 

capacities. 

The symptoms result in significant impairment in personal, family, social, educational, occupational, or 

other important areas of functioning. Some individuals with Autism Spectrum Disorder are able to 

function adequately in many contexts through exceptional effort, such that their deficits may not be 

apparent to others. A diagnosis of Autism Spectrum Disorder is still appropriate in such cases.” (World 

Health Organization, 2022). 

A study covering countries in North America, Europe, Asia, Africa and Australia, estimates the global 

prevalence of ASD as currently around 1/100, with a rise in number of diagnoses. There are around 4 

times more male than female cases and in 33 % of the cases another intellectual disability was present 

(Zeidan et al., 2022). 

7.1.1.18 Neurological implications in ASD 

Patients with ASD are, as it is a neurodevelopmental disorder, affected from as early on as prenatal 

development. Apart from the above-mentioned behavioral implications, there are also neurobiological 

features, such as impairments in neuronal connectivity, gross brain morphology and neuronal 

migration present. Larger brain size, called macrocephaly, was shown to be up to 5 times more present 

in ASD patients than in control groups (Sacco et al., 2015). In children with autism, patches of 

disorganization have been found in the neocortex (Stoner et al., 2014). Also the connectivity in 

between brain regions can be impaired, as shown in some 16p11.2 mutation carriers (Bertero et al., 

2018). In addition, in children autistic traits have been correlated with smaller brain size and a decrease 

in gyrification and cortical thickness, even when ASD cases have been excluded from the study 

(Alemany et al., 2021). 

7.1.1.19 ASD symptoms in research models 

Different research paradigms have been applied to study ASD. In genetically altered mouse models, 

behavioral features such as missing social novelty, increased repetitive behaviors (self-grooming), 

reduced social behaviors and vocalizations, cognitive impairments, marble burying and “reduced 
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reciprocal social interactions” have been described (Crawley, 2012). To cover the neurodevelopmental 

aspects of ASD, both animal models and human in vitro models have been used. Human in vitro models 

utilized either fetal post mortem neuronal progenitor cells, induced neurons or the generation of 

embryonal or induced pluripotent stem cells (Gordon & Geschwind, 2020). In animal models of autism 

risk genes, features of neuronal developmental disorders have been observed, such as abnormal brain 

size, impairments in dendrite and synapse formation and deficits in cortical layering and neuronal 

migration (de Anda et al., 2012; Richter et al., 2018; Scharrenberg et al., 2022). Others copy the 

neurochemical imbalances of certain brain regions also found in young human patients (Michetti et 

al., 2014). 

7.2 Intrinsic factors predisposing ASD 

Patient based mutations 

7.2.1.1 Genetic causes for ASD 

ASD, with its wide variety of symptoms, is thought to have both genetic and non-genetic risk factors 

such as environmental toxins contributing to its development (Cheroni et al., 2020). Also maternal 

infections during pregnancy play a role for at least some of the affected patients (Tioleco et al., 2021). 

The SFARI Gene bank from the Simons Foundation lists a large number of genes, assigned to a certain 

likelihood of their contribution to ASD (The Simons Foundation, 2022). Some of them derive from the 

review of Satterstrom et al. where over a hundred genes implicated with a risk for autism have been 

identified, most of which are expressed in neurons and some of which are linked to development 

(Satterstrom et al., 2020). The genetic variants, potentially involved in the development of ASD are to 

a high degree de novo mutations. Twin studies also support the heritability, as the fraction of 

monozygotic twins sharing a diagnosis of ASD has been very high in multiple twin studies, even though 

it was found that also here additional factors might play a role in the severity (Castelbaum et al., 2020; 

Frazier et al., 2014). This highlights the broad spectrum of genes impacting the development which 

can, when altered, lead to a phenomenon like ASD. 

7.2.1.2 16p11.2 mutation 

The 16p11.2 genomic region is a prominent genetic region carrying a risk potential for the 

development of ASD. It is located on the small arm of chromosome 16 and carries within the so-called 

single copy region thirty protein coding genes. Duplications and deletions in this region have been 

found in about 1% of all diagnosed ASD patients (Weiss et al., 2011). The symptoms of affected patients 

may include impairments in motor and speech development, affected cognitive functions (memory) 

or seizures (Fetit et al., 2020). Also micro- and macrocephaly can appear in patients with 16p11.2 

duplication and depletion, respectively (Shinawi et al., 2010). 

7.2.1.3 TAOK2 mutation 

One of the risk-genes located in the 16p11.2 region is the Thousand-And-One-Amino-Acid Protein 

Kinase 2 (TAOK2). This Serine/Threonine protein kinase exists in two splicing variants, TAOK2α and 

TAOK2β. Both variants contain a N-terminal kinase domain, a central MEK binding domain and a C-

terminal regulatory domain which is varying in length depending on the splicing variant (Richter et al., 

2018). In human patients, TAOK2 mutations have been found amongst others in the kinase domain 

(A135P), rendering TAOK2 Kinase dead, in the linker domain (A335V) and in the regulatory domain 

(P1022*), leading to a premature stop codon, called C-terminal deletion (Richter et al., 2018). 
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Figure 2: Schematic representation of human TAOK2 isoforms with patient derived mutations. (Richter et al., 2018, fig. 4) 

 

Model based mutations 

7.2.1.4 16p11.2 mutation 

As mentioned earlier, there are organoid models available for the 16p11.2 deletion and duplication. In 

these models, processes like neuronal migration, proliferation and synapse formation are impaired 

and the size of the organoid reflects the micro- and macrocephalus-phenotype of 16p11.2 duplication 

and deletion patients, respectively (Urresti et al., 2020). In the mouse model, changes in the number 

of basal progenitor cells are observed together with a decrease in the number of upper layer neurons 

and memory impairments (Pucilowska et al., 2015). In addition, neurons of the prefrontal cortex, 

transfected with a marker protein at E15 in 16p11.2 heterozygous deletion mice, were less frequently 

found in the cortical plate but in a higher number in the intermediate zone at E18-19, compared with 

their wild type littermates (Scharrenberg et al., 2022).  

7.2.1.5 Taok2 mutation 

The impairments of 16p11.2 heterozygous deletions are partially reflected in the TAOK2 heterozygous 

or knockout mice generated by Kapfhamer et al., such as the cortical thinning of 16p11.2 patients, or 

even exaggerated, possibly due to the homozygous knockout of TAOK2 (Kapfhamer et al., 2013; Richter 

et al., 2018; Scharrenberg et al., 2022). Patient mutations found in TAOK2, expressed in different 

models reflected impairments in autophosphorylation and subsequently kinase activity, leading via 

affected RhoA signaling to impaired spine stability in neurons transfected with human variants of 

TAOK2β (Richter et al., 2018). Human variants expressed in TAOK2α on the other hand do influence 

neuronal migration, which I will focus on in the results part (7.1.1 The effect of ASD-related human 

variants of TAOK2 on neuronal migration) and which just recently have been published (Scharrenberg 

et al., 2022). Upon acute downregulation of TAOK2 with shRNAs, both the basal dendrite formation 

and the callosal axon formation is impaired in murine brains (de Anda et al., 2012).  

7.2.1.6 Other genetic mutations 

The number of genes related to ASD is huge, as described above. For some, genetic models have been 

developed. Reelin (RELN) has been shown to have a high linkage to ASD in a European cohort (R. Holt 

et al., 2010). In the heterozygous mouse model, an increased response to a stress stimulus and an 

neurochemical imbalance has been demonstrated (Michetti et al., 2014). The homozygous patients 

display lissencephaly and both patients and the homozygous mouse model present an impaired 

cerebellar development (Lossi et al., 2019). Loss of function in FMRP, the gene for the fragile-x mental 

retardation protein is causative for the Fragile-X-Syndrome, which is part of the autistic spectrum. 

Normally functioning FMRP is binding to RNA, e.g. TAOK2, and thereby stalls the translation (Darnell 

et al., 2011). 
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7.3 Extrinsic factors predisposing ASD 

Human / Patient appearances  
Even though the number of genes implicated in ASD is immense, there are not only genetic reasons 

behind this disorder. Maternal exposure to environmental toxins, heavy metals, organic substances 

but also infections, malnutrition and other stressors have been implicated in the development of ASD 

(Cheroni et al., 2020; Vasistha & Khodosevich, 2021). Also sex hormone levels, maternal obesity and in 

some cases ultrasound have been associated with an increased risk of ASD in the offspring (Bölte et 

al., 2019). 

7.3.1.1 Viral infection 

Maternal infections by a virus can be potentially harmful for the embryo mainly by two different 

mechanisms. Firstly, the maternal infection elicits an immune reaction in the mother, e.g., against an 

infection with Influenza. This immune reaction implicates amongst other factors cytokines such as IL-

6, IL-12, IL-17a, antiviral interferons α and β and signaling from the innate immune system to activate 

the adaptive system. These cytokines do not only circulate in the maternal blood but pass through the 

placenta and enter the fetal blood stream (Elgueta et al., 2022). Studies in mice support an effect of 

maternal cytokine levels on the fetal brain, as mRNA for the IL-17a receptor was found to be 

upregulated in the offspring’s brain after increased IL-17a levels in Poly(I:C) injected mothers (Choi et 

al., 2016). A study on the Boston Birth cohort showed a significant increase in the odds of developing 

ASD in the offspring when the mother in general had fever or specifically in the third trimester (Brucato 

et al., 2017).  

Secondly, a virus can also directly infect the embryo and either elicit a detrimental immune reaction 

or harm the neuronal development by infecting the neurons directly. One of the examples for this kind 

of infection is the ZIKA virus infection, leading to the congenital ZIKV syndrome (CZV) (Teixeira et al., 

2020). Common symptoms of children after a maternal ZIKV infection were Hydrocephalus, 

Microcephalus, calcifications of cortical and subcortical junctions and cerebellar impairments. Also 

disturbances in neuronal migration in the cortex and other regions have been observed (Marques et 

al., 2019). In laboratory studies, it was shown that ZIKV is capable of infecting neuronal progenitor 

cells, derived from induced pluripotent stem cells. The infection leads to a deregulation of cell cycle, 

transcription and can lead to cell death upon release of the viral particles. Both deregulation of cell 

cycle and increased cell death decrease the number of progenitors over time upon infection (Tang et 

al., 2016). 

7.3.1.2 Bacterial infection 

In some cases, bacterial infections during pregnancy can potentially harm the offspring in either a 

direct or indirect way and pave the path for the development of ASD. In general, bacterial infections 

of the mother, diagnosed during a hospitalization, has been found to be coupled to increased odds for 

ASD in the offspring (Zerbo et al., 2015). In the case of chorioamnionitis, a bacterial infection induces 

a maternal inflammation response against the two fetal tissues, chorion, and amnion. This can elicit a 

fetal inflammatory response syndrome (FIRS), which induces high level of proinflammatory cytokines, 

increases the risk for intraventricular hemorrhage and might lead to an increased activation of 

microglia in critical developmental windows of the fetal brain (Muraskas et al., 2020). In a study with 

mice, the bacterial cell wall peptidoglycans were able to cross the placenta into the embryo and induce 

proliferation in neurons via FoxG1, resulting in an increased density of neurons in the cortical plate 

and memory impairments and behavioral deficits in the offspring (Humann et al., 2016).  

7.3.1.3 Autoimmune disorders in mothers and ASD in offspring  

Apart from an infection, a maternal autoimmune disease can also increase the risk for ASD in offspring. 

Rheumatoid Arthritis in the mother was found to be significantly associated to an increased risk for 
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ASD in the offspring (Atladóttir et al., 2009). Another publication showed, that maternal autoimmune 

disease is significantly related to neurodevelopmental disorders, but not ASD alone (Lyall et al., 2014). 

The shared link is likely to be the increased immune activation in people affected by autoimmune 

diseases. A meta-analysis, published in 2022, also saw an increased risk in parental general 

autoimmune disease and in parts even in paternal involvement for the offspring to develop ASD and 

ADHD (Ellul et al., 2022). 

7.3.1.4 Toxins 

Another group of effectors, which can prime the unborn child prenatally for ASD are toxins and drugs 

with toxic effects on the embryo. Lead, a classical environmental toxin contained in fuel and some 

water pipes, was found to be correlated with intellectual impairments in children. Increase in the blood 

lead levels were negatively correlated to IQ levels (Canfield et al., 2003). The use of valproic acid, a 

potent drug in the treatment of epilepsy, was linked to a strong increase in the odds of developing ASD 

and childhood autism (Christensen et al., 2013). Exposure to environmental burdens such as traffic-

related air pollutants nitrogen dioxide and particles with less than 2.5 µm or 10 µm both during 

gestation and the first year of life were associated with an increase in the odd for children having ASD 

(Volk et al., 2013). 

Models for extrinsic factors 

7.3.1.5 Influenza infection 

Maternal infection is an often-used model for NDDs. In a mouse model, an infection with influenza 

during pregnancy leads to strong behavioral impairments in the offspring, associated with ASD and 

Schizophrenia. Exploratory behavior in the open field was strongly reduced compared to mice born to 

non-infected mothers, and also the social interaction between mice from infected mothers was almost 

three times less than from non-infected mothers (Shi et al., 2003). Due to the common view that the 

maternal immune reaction and not the virus itself is acting on the fetus, the maternal infection is more 

frequently replaced by maternal Poly(I:C)-treatments. Still, an influenza infection can also harm the 

fetus by eliciting an inflammation response at the placenta. This activation of the immune system can 

damage the placenta and thereby reduce its capability to transfer oxygen, leading to hypoxia of the 

fetus and potentially damaging the fetal brain (Liong et al., 2020). 

7.3.1.6 ZIKA infection 

In contrast to Influenza, ZIKV is capable of directly infecting the fetus inside the womb. Upon mild 

maternal infection of pregnant mice, the female offspring was found to have reduced basal dendrites 

in the hippocampus, while the males even displayed a reduction in both apical and basal dendrites in 

the hippocampus (Stanelle-Bertram et al., 2018). A study of maternal infection, where the infection 

was not found in the fetus two days post infection, still an increase in proinflammatory cytokines and 

a morphological change of Iba1+ immune cells in the brain was observed. The infection also lead to a 

change of connectivity between medial prefrontal cortex and ventral hippocampus and increased the 

repetitive self-grooming behavior (Ma et al., 2021). As mentioned earlier, in an in vitro model of human 

brain organoids and neurospheres, ZIKV was capable of infecting the neurons and lead to cell death 

and strongly reduced growth of the spheres (Garcez et al., 2016). 

7.3.1.7 Maternal immune activation (Poly(I:C) and LPS)  

As mentioned earlier, one of the main effects of maternal infection on the offspring is mediated by 

maternal immune activation. This immune activation is transferred to the offspring via cytokines and 

other mediators of the innate and adaptive immune response. As the innate immune response reacts 

to rather broad PAMPs instead of specific pathogens, this has been utilized to stimulate the maternal 

immune systems with the PAMPs, rather than with live pathogens. A viral infection can be recognized 

by double stranded RNA, a feature well mimicked by the synthetic substance Poly(I:C). The 
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corresponding bacterial patterns of the bacterial surface are the lipopolysaccharides (LPS) (Meyer, 

2014). Prenatal treatment of mice with Poly(I:C) induces an autistic like behavior with a reduction in 

social, but an increase in repetitive behavior (Andoh et al., 2019). Also, prenatal treatment with LPS 

reduces the sociability, but increases the repetitive marble burying behavior in a mouse experiment 

and thereby reflects the human symptoms (Fernández de Cossío et al., 2017). After MIA with Poly(I:C) 

in mice, a change in gene expression in the fetus was detected. Genes for anti-viral molecules, response 

to interferon and chemokines were upregulated, while some genes for neuronal function, neurulation 

and neural development were among the most down-regulated gene (Baines et al., 2020). On the 

cellular level, MIA induces microglial activity. In rats, a prenatal LPS injection activates microglia and 

increases their phagocytotic activity against neuronal precursor cells. This subsequently leads to a 

reduced number of neuronal precursor cells in the neocortex (Cunningham et al., 2013). A well written 

overview about MIA and its consequences on development can be found in (Estes & McAllister, 2016). 

7.3.1.8 Interleukins 

Instead of eliciting a maternal immune activation and its cytokine secretion in a mouse model, a direct 

injection of cytokines into the dams was considered in some studies. Injection of the proinflammatory 

cytokine IL-6 in pregnant mice leads to behavioral changes in the offspring, also observed in other ASD 

models. In addition, they presented that co-administration of an anti-IL-6 antibody prevents the effect 

of MIA via Poly(I:C) on social deficits and gene expression of adult offspring (Smith et al., 2007). 

Another result of maternal IL-6 injection in mice is an increased neuronal precursor pool and impaired 

olfactory neurogenesis (Gallagher et al., 2013). In a mouse model of MIA, Poly(I:C) injected dams were 

pretreated with anti-IL17 antibodies. This rescued neuronal migration and behavioral phenotypes such 

as cortical patches after MIA, reduced sociability and increased repetitive behavior (Choi et al., 2016). 

7.3.1.9 Other factors 

Apart from primary immunological factors, there are also other contributors to an impaired neuronal 

development, which might act via mechanisms shared with the models of MIA. 

When 2-4 week old mice were stressed by separation from their mother, their hippocampal microglia 

did not develop properly but lacked changes in cell density and gene expression patterns involved in 

inflammatory responses, normally developing hippocampal microglia present (Delpech et al., 2016). 

When pregnant rats were stressed by enforced swimming, it activated the offspring’s microglia. In 

culture, these microglia expressed increased levels of CD40, a surface receptor required for their 

activation. In addition, IL-6 and other proinflammatory cytokines or their RNA was stronger expressed 

than in the control cultures of microglia (Ślusarczyk et al., 2015). 

Prenatal valproic acid uptake was already mentioned above as a factor involved in human 

development of ASD. In mice, it elicits alternations in timing precision in behavior testing, a feature 

that is also known in some ASD patients in their estimation of interval timing (Acosta et al., 2018). 

Maternal diabetes in mice, resulting in high oxidative stress due to hyperglycemia, leads to autism-like 

reduction of ultrasonic vocalizations and impaired behavior in sociability test-settings (Wang et al., 

2019). 

7.3.1.10 In situ treatment 

Whenever animal experiments are performed one should always consider the 3R-principle. Replace 

animal experiments wherever possible with experiments not requiring animals or using animal which 

are considered to not being able to suffer, reduce the number of animals used for the experiments and 

refine the experiments in a way to cause less harm, stress and suffering for the animals involved 

(National center for the Replacement Refinement and Reduction of Animals in Research, n.d.; W.M.S. 

Russell & Burch, 1960). Slice cultures and acute slices of murine brains are a valuable model to close 
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the gap between a cell culture and the organism. Figure 3 depicts the process of preparing acute 

cortical slices as it was done for this thesis. 

 

Figure 3: Acute cortical slice cultures 

The murine brain is located in the murine skull with the olphactory bulb facing rostral (a and arrow). 

After taking it out of the skull, it is placed in the low melting agarose with the olphactory bulb facing 

downwards (b and arrow). When the agarose is solidified, an agarose block with the brain is carefully 

cut. Leftover agarose is trimmed in a slightly pyramidal shape following the brains anatomy, the 

olfphactory bulb now facing upwards (c and arrow). At the vibratom, coronal brain slices of the 

somatosensory cortex are prepared (area roughly in between the red lines of c) and incubated on an 

insert in a culture dish with medium in the incubator (d, coronal brain slices with green transfected 

neurons on grey insert over red culture medium) 

 

Experiments on the effect of LPS on synaptic stability have been performed in organotypic 

hippocampal cultures of mice. Here, IL1β was identified as required for LPS induced activation of 

microglia and their destruction of synaptophysin. Microglia depletion or anti IL1β antibody application 

prevented the LPS-induced presynaptic loss of synaptophysin (Sheppard et al., 2019). 

8 Hypotheses 
The emergence of Autism spectrum disorder is linked to known familiar or de novo genetic variations 

but also sporadic cases with presumably non-genetic contributions, such as maternal infection during 

pregnancy (Atladóttir et al., 2010; Brucato et al., 2017; Satterstrom et al., 2020). In ASD patients, the 

brain morphology has been found to be alternated in different ways, ranging from macrocephaly to 

impaired connectivity and “disorganized patches” in the neocortex (Bertero et al., 2018; Sacco et al., 

2015; Stoner et al., 2014). Some neuronal impairments, such as changes in the gross brain morphology 

or cortical layering are also present in the experimental genetic model of the ASD-risk genes TAOK2 

and 16p11.2 (Richter et al., 2018; Scharrenberg et al., 2022; Urresti et al., 2020). Also experimental 

models of maternal immune activation show impairments of neuronal and cortical development (Choi 

et al., 2016). Neuronal migration in the neocortex is one crucial part of neuronal development. 

Therefore, I want to find out how intrinsic and extrinsic insults, associated with ASD, influence neuronal 

migration. This further leads to the question of the molecular mechanisms affected by those insults, 

during neuronal migration, and if they can be addressed as a therapeutic target. 
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Within this thesis I want to test the following: 

• To test whether neuronal migration is affected in mice which carry mutations in ASD-risk 

genes. 

• Test if acute immune activation by Poly(I:C)- or LPS-treatment in situ in the developing cortex 

of mice during late embryonal development affects the migrating of neurons. 

• Finally, test if maternal immune activation (MIA) by a viral infection or Poly(I:C)-injection in 

mice during early embryonal development affects the cortical layering. 

 

Therefore, I examined the effects of intrinsic genetic and extrinsic immunological interventions on 

neuronal migration in the murine somatosensory cortex. As intrinsic factors, loss of 16p11.2 and 

human variants of TAOK2 represent the genetic contribution involved in the development of ASD in 

humans. For the extrinsic contribution, I applied two different approaches of immune activation, 

modeling an early maternal immune activation and a late embryonal cerebral immune activation, to 

cover a broader spectrum of extrinsic factors involved in the development of ASD in humans. 
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9 Methods 

9.1 Contribution 
The procedures described in the paragraphs 9.2.1.7, 9.2.1.8, 9.2.1.10 to 9.2.1.14 were mainly 

conducted by me.  

The analyses described in 9.3 were conducted by me. The analyses for results 10.1 were partially 

conducted in collaboration with the authors mentioned. 

The procedures described in 9.2.1.4, 9.2.1.5, 9.2.1.6, 9.2.1.9 were thankfully carried out entirely by 

others.  

For the experiments described in results 10.1 and 10.3 I was provided with images named with a 

random number. I analyzed the experiments blinded to the conditions.  

9.2 Preparation 

Solutions 

9.2.1.1 Slicing and fixation 

9.2.1.1.1 Buffer 

PBS: NaCl 137mM, KCl 2.7mM, Na2HPO4 10mM KH2PO4 1.8 mM. 

Antibody buffer: PBS, 0.3% Triton X 100, 1% Donkey Serum. 

Blocking buffer: PBS, 1% Donkey Serum. 

Fixation solution 

Brains and tissue were fixed in 4% PFA in PBS. 

9.2.1.1.2 Slicing solution 

Brains were sliced with the vibratome in PBS, ice cold. 

9.2.1.1.3 Slice culture medium 

Adapted from (Calderon de Anda, 2013): Neurobasal medium, 1x B27, 200mM Glutamine, 1x 

Peniciline/Streptomycine, 5% , 1x N2Horse serum 

9.2.1.2 Staining 

9.2.1.2.1 Lectin Dye 

The dye solution was carefully pipetted into the slice culture medium carrying the cortical slice cultures 

on cell culture inserts to a final concentration of 5µg/mL. It was taken care that the time of the stock 

solution vial outside the refrigerator and not in the dark was limited to the possible minimum. 

9.2.1.2.2 Antibodies 

WAKO polyclonal rabbit anti Iba1 #019-19741 (1:1000), Abcam rat anti Ctip2 #18465 (1:100), Abcam 

rabbit anti SATB2 #ab34735 (1:100), Invitrogen Alexa 568 donkey anti rabbit #A10042 (1:300), 

Invitrogen Alexa 488 donkey anti rat # A21208 (1:300), Invitrogen Alexa 647 donkey anti rabbit 

# A31573. 

9.2.1.2.3 Hoechst nuclear staining 

Nuclei were visualized with Hoechst (Invitrogen, 33258; 1:10.000) 

9.2.1.2.4 Mowiol mounting medium 

Mowiol 4-88 powder was dissolved following the instructions. The solution was stored at -20°C in single 

use aliquots. Before use, aliquots were quickly thawed in ice, carefully mixed without creating bubbles 

and used with a cut-off tip due to the high viscosity of the solution. 
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9.2.1.3 Immune treatment 

9.2.1.3.1 LPS 

LPS powder was carefully mixed and dissolved following the instructions to a stock solution of 10ng/µL. 

The stock solution was split into single-use aliquots and stored at -20°C.  

9.2.1.3.2 Poly(I:C) 

Poly(I:C) powder was dissolved following the instructions to a stock solution of 5µg/µL. The stock 

solution was split into single use aliquots and stored at -20°C. 

Animal work 

9.2.1.4 Mouse Models 

Mouse Models for the genetic approaches are described in (Scharrenberg et al., 2022). 

9.2.1.5 In Utero Electroporation 

In utero electroporation was conducted by qualified and licensed personnel. All procedures were done 

following the protocol described elsewhere (Richter et al., 2018). The procedure is approved by 

Tierversuchsantrag Bewilligungsnummer N109/2020 Behörde für Justiz und Verbraucherschutz, Freie 

und Hansestadt Hamburg. 

9.2.1.6 Maternal immune activation 

9.2.1.6.1 Poly(I:C) injection 

Procedures were conducted as described elsewhere (Jacobsen et al., 2021). Embryonic brains were 

explanted at E17.5.  

9.2.1.6.2 Influenza infection 

Procedures were conducted as described elsewhere (Jacobsen et al., 2021). Embryonic brains were 

explanted at E17.5. 

9.2.1.7 Preparation of murine organs 

9.2.1.7.1 Preparation of embryos 

The pregnant mouse was deeply anesthetized with Isoflurane and, after checking deep narcosis by 

pinching the paw, quickly decapitated. The abdomen was cut open and the uterus was exposed. The 

fetuses were taken out one after each other and quickly decapitated. The heads were placed in ice-

cold PBS. After all heads have been transferred to the ice-cold PBS the brain preparation was 

performed. 

9.2.1.7.2 Preparation of murine brain tissue 

The head was held with forceps in the ocular cavities, ventral facing upwards. A miniature scissor was 

placed with the tip at the neck where the central nerve cord is exposed. Small cuts were made towards 

the ears at the bottom of the calotte. It was especially taken care to not penetrate the underlying brain 

with the scissors. The cuts were continued to the top of the ocular cavity crossing from one side to the 

other. Once the top of the calotte was loosened enough it was carefully flipped open with another pair 

of forceps. The brain stem was cut in between the skull and the brain to avoid any strain onto the 

tissue. The exposed brain was carefully taken out without touching the cortex and placed in a multi-

well plate filled with ice-cold PBS. 

9.2.1.8 Identification of transfected hemisphere 

Where applicable, brains were swiftly moved with the multi-well dishes to a binocular fluorescent 

microscope. Using the fitting laser and filter set, the localization and efficiency of transfection of 

neurons was checked and rated. 
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9.2.1.9 Cryosectioning 

Brains were fixed in a 4% PFA solution at 4°C overnight, followed by a 30 % sucrose PBS solution at 4°C 

overnight. After embedment in OCT, brain slices were cut using a cryostat and transferred to the 

microscope slides. The tissue was stained by immunohistochemistry (IHC) against cortical layer 

markers and imaged. 

9.2.1.10 Preparation of acute slice cultures 

Brains were sliced after mounting in an agarose block using a vibratome. All solutions, if not stated 

otherwise, were kept ice-cold. The method was adapted from a published protocol (Calderon de Anda, 

2013). Freshly prepared brains were placed olfactory bulbus first in 1% low melting agarose solution 

at 40°C. The brains were carefully swirled to remove any air bubbles attached to the tissue and dilute 

leftover buffer in the surrounding agarose solution. When all the remaining air bubbles had been taken 

away, the brains were placed in the initial position and the dish was placed on an ice-cold metal plate 

to support the solidification process of the agarose solution. Once the agarose was solidified, the brain 

was cut out of the agarose with some millimeters surrounding agarose left to stabilize the brain. The 

agarose block was placed and glued onto the sample dish of the vibratome. Brain slices were cut with 

a thickness of 240µm and placed on cell culture inserts submerged into cell culture medium. Four to 

six brain slices are to be placed on one insert. For pairwise comparison experiments, consecutive brain 

slices are to be placed on paired inserts marked accordingly. When all brain slices were collected, the 

inserts were placed in an incubator at 36°C 5% CO2. Acute slice cultures are allowed to rest for 1-2 

hours after cutting before treatment. See Figure 3 for illustration of the described preparation. 

9.2.1.11 Treatment of slices 

The quality of slice cultures was checked under the binocular microscope before any treatment. To be 

included in the experiments, the paired inserts per brain must carry comparably transfected and 

healthy-looking brain slices from comparable regions of the somatosensory cortex. 

From the brains chosen to be included in an experiment, one of the inserts was randomly assigned to 

the treatment and the other one to the untreated control. The slices were treated by adding Poly(I:C) 

in PBS (final concentration 50µg/mL) or LPS in PBS (final concentration 100ng/mL) to the slice culture 

medium and mixing shortly by swirling around the medium and lifting the insert. The added volume 

for the treatment was below 2% of the total cell culture medium surrounding the insert and was not 

replaced in the control. The slices were left in the solution for up to 18h before imaging.  

Imaging 

9.2.1.12 Mounting 

Cryostat tissue samples were collected with the slide directly from the cryostat and stained on slide. 

The vibratome sections were stained in a multi well chamber and afterwards transferred to the slide. 

Leftover buffer was carefully taken away without letting the slice run dry. Mounting solution was 

applied and the slices were covered by a cover glass. The mounting solution was left to harden at room 

temperature for 12-24 hours, long term storage was done at 4°C. Imaging was performed at least 24 

hours past mounting. 

9.2.1.13 Live imaging 

The microscopes 1 and 2 (for details, see 14.1) were used for live imaging of cortical slices. The 

preparation procedures were comparable. The climate chamber surrounding the microscope stages 

was heated to 35°C and a constant CO2 inflow was applied. Once the target parameters were reached, 

the chosen inserts were transferred from the incubator to the stage. Regions of interest were the 

transfected neurons in the developing cortex. Overview images covering the complete transfection 

area and the complete brain slice were taken. Afterwards coordinates for automated image acquisition 
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were chosen to cover the complete area of migration in the following live imaging. Live imaging was 

performed for 6-10 hours with one acquisition either every 20 or 30 minutes. Imaging was conducted 

either in parallel for the two conditions (microscope 1) or consecutively (microscope 2). Each 

acquisition consisted of the region of interest, covered by stitching, if necessary, in all z-layers that 

contained neurons. The step size between each z-layer was 5 µm. During live imaging disturbances 

were avoided by limiting access to the room. 

9.2.1.14 Imaging fixed tissue 

Fixed tissue mounted on slides were imaged on either one of the two microscopes. Overview images 

of the complete slice were taken in 4x or 10x magnification and stitched, if necessary. Overview images 

were acquired in the GFP, RFP, DAPI and brightfield channels. The regions of interest were the areas 

with transfected or stained cortical neurons. These regions were imaged in a higher magnification (10x-

20x) and z-stacks of 5µm. Stitching was done where necessary to cover the complete region of interest. 

The regions of interest were acquired in GFP, RFP and DAPI channels.  

 

9.3 Analysis 

Microglia 

9.3.1.1 Microglia fixed tissue 

9.3.1.1.1 Microglia morphology 

To analyze the morphology of microglia, microscopic images of fixed cortical slices cultures were used. 

The ImageJ plugin Cell counter was chosen to track the position and classification of the microglia into 

three morphologies (“round”: no protrusions; “amoeboid”: roundish condensed soma with 1-4 short 

thick protrusions; “ramified”: more irregularly shaped than amoeboid with multiple thin and long 

protrusions) (Cunningham et al., 2013; Delpech et al., 2016; Rezaie & Male, 1999). The results data 

table from the plugin was saved as a csv file containing the running number of the tracked cells, the 

morphological classification, and the x-and y-coordinates of the tracked cell. I used a self-written 

RStudio script to analyze the obtained information from all the csv tables produced in this study. Each 

table was opened and the information about the classification and x- and y-coordinates were read out. 

The number and percental fraction of each morphological category was calculated. The data output 

was further analyzed in GraphPad Prism (GraphPad Software LLC, 2022).  

9.3.1.1.2 Microglia localization 

Microglia localization given by x- and y-coordinates were obtained from the morphological 

classification. For each analyzed image a corresponding csv file containing the x- and y-coordinates of 

the marginal zone was created using FIJI (Rasband, 2022) and the segmented line tool. The shortest 

distance of each microglia to the marginal zone was calculated using a personal RStudio script. The 

coordinates of the marginal zone and the microglia were read in, the distances among them were 

calculated and the shortest distance between each microglia and a point within the marginal zone was 

selected and saved. The factor of micron to pixel was applied to numerical values where required. The 

positions of microglia were plotted with the RStudio plugin “ggplot” differentiated by their 

classification. 

9.3.1.2 Microglia time lapses 

9.3.1.2.1 Microglia velocity 

I used the red channel (568 nm) from the live time lapse images for the microglia velocity analysis in 

ImageJ. Where needed, filters were applied (Mask unsharp, enhance contrast to a fixed fraction of 

saturated pixels applied on all slices). The movement of microglia was tracked in z-stack images over 

the time course of imaging with the Trackmate tool in ImageJ (Rasband, 2022). Primary microglia spot 
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detection was performed with Laplacian of Gaussian (LoG) filter or via manual detection. No further 

filter was used. Further spots were added manually where microglia were missed out. Spots in the 

marginal zone were excluded and deleted due to a high density and overlap of cells. Spots on signals 

not from microglia but from blood vessels or a not identified source were also deleted. Linear 

Assignment Problem (LaP) Tracking was performed with 50 µm linking distance, 150µm gap distance 

and 2 frames. Csv files were exported with tracking parameters. Total distance moved (sum of single 

steps in tracks) and number of frames in track were exported and quotient for distance moved per 

frame was calculated. These values were further statistically analyzed in GraphPad Prism (GraphPad 

Software LLC, 2022) and data was plotted. 

9.3.1.2.2 Microglia movement activity 

Actively moving microglia were defined by a velocity of more than 0.1 µm/min. The ratio of actively 

moving microglia to not moving microglia was calculated for all microglia combined. 

Neurons 

9.3.1.3 Neurons fixed tissue 

9.3.1.3.1 Neuronal position 

The position of neurons was analyzed in images of fixed cortical slice cultures post live imaging. Images 

were opened in ImageJ. Filters were applied where necessary (Unsharp mask radius between 1 and 

10, mask weight 0.6). GFP signals of neurons were tracked with the point selection tool. All tracked 

points of one image were saved as ROIs in a zip file. In addition, the marginal zone was tracked with 

the segmented line tool and the coordinates of segmentations including start and end points were 

saved in a csv table. Using a personal RStudio script, the coordinates of neurons were extracted from 

the ROIs. The coordinates from the marginal zone were read out of the segmented line coordinates. 

The coordinates from the lines connecting the segments were calculated in steps of 1 pixel in y 

dimension. The distances between each neuron and all the coordinates of the marginal zone were 

calculated and the shortest distance for each neuron stored. The shortest distances from all neurons 

to the marginal zone were transferred to GraphPad Prism for further analysis. 

9.3.1.3.2 Cortical layering 

In the images from cryosectioned murine brains (see 9.2.1.9), the position of neurons relative to the 

marginal zone was tracked and analyzed like described above. 

9.3.1.4 Neurons live imaging 

9.3.1.4.1 Neuronal population migration 

The position of neurons was tracked in the first and last frame of each time lapse as described above. 

The distances towards the marginal zone were calculated as described above. As the distribution of 

neurons differed strongly between the experiments, normalization was applied. The mean distance of 

neurons in the first frame was subtracted from the distances in the first and last frame. The resulting 

distribution is spread around Y = 0. Values below 0 represent neurons closer to the marginal zone than 

the average distance in frame 1, values above 0 represent neurons further away. 

9.3.1.4.2 Polarity of neurons 

In the above-described tracking of neuronal position in ImageJ with the point selection tool, two 

different groups of neurons were tracked. The bipolar neurons can be described as stretched with a 

protrusion on each side reaching away. The other group contains either a multipolar morphology with 

more than two protrusions or a round morphology with less than two protrusions. As a result, two zip 

files with ROIs per slice culture and frame were created and further analyzed in RStudio. The zip files 

with the coordinates of the neurons were read in the RStudio environment and the fraction of bipolar 

neurons in the complete population was calculated. 
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9.3.1.4.3 Bipolar ratio 

For each experiment the ratio of bipolar to all neurons was calculated for the first and last frame of 

imaging. In addition, the change of the bipolar fraction was calculated. The results were plotted in 

GraphPad Prism (GraphPad Software LLC, 2022). 

9.3.1.4.4 Bipolar Migration 

The migration of bipolar neurons was tracked like the neuronal population migration. 

9.3.1.4.5 Single neuron velocity 

The time lapse series from the cortical slice cultures were opened in ImageJ. Maximum intensity 

projections were performed on the z-stacks. 5-10 radially migrating neurons were chosen from each 

series. The neurons had to be visible the entire time series and should show a dominantly radially 

migrating motion. The position of the neurons was tracked with the point selection tool and the ROIs 

of each neurons track was saved in a separate zip file. Using a personal script in RStudio the tracks 

were analyzed and the distances moved between each frame were calculated. The mean distance 

moved per 10 minutes imaging was calculated. In the next step the continuity of movement was 

analyzed. The distance moved between each frame was divided by the average distance moved 

between two frames in this time series. The number of movements larger than 2 times the average 

distance moved was stored and further analyzed in GraphPad Prism (GraphPad Software LLC, 2022). 
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10 Results 

10.1 Neuronal migration and autism spectrum disorder related genetic variations 

The effect of ASD-related human variants of TAOK2 on neuronal migration 
TAOK2 is a gene highlighted as an ASD risk gene (https://gene.sfari.org/database/human-

gene/TAOK2). Studies point towards an effect of mutations in TAOK2 on neuronal development 

(Richter et al., 2018). I analyzed how the introduction of ASD related human variants of TAOK2 into 

murine cortical neurons alter their radial migration. The two isoforms of TAOK2, alpha and beta, 

contain a kinase domain N-terminally and the regulatory domain C-terminally (Richter et al., 2018). 

The de novo patient mutation A135P is in the kinase domain and reduces the kinase activity. The 

mutation A335V is in the linker in between the kinase and regulatory domain. The mutation P1022* 

translates into a stop codon and leads to a disruption inside the regulatory domain. Figure 4 displays 

the effects of the above-mentioned human variants on neuronal migration. Overexpression of TAOK2α 

wild type led to a significant reduction of the median distance of neurons to the marginal zone, 

compared to the control neurons. The variants TAOK2α A135P and TAOK2α A335V on the other hand 

led to a significant increase in the median distance of neurons to the marginal zone because of 

impaired migration. Interestingly, the impaired migration was not observed after transfection with the 

TAOK2β variants A135P, A335V or P1022*. On the contrary, the overexpression of the TAOK2β-WT 

isoform led to a small but significant increase in migration and therefore reduction in the median 

distance of neurons to the marginal zone. The position of neurons in the single brains is displayed in 

Supplementary Figure 1.   

The effect of mutations in the ASD susceptible region 16p11.2 on neuronal migration 
TAOK2 is located in the ASD risk region 16p11.2. This region is known for copy number variations and 

mutations in 16p11.2 can lead to NDD and ASD. Therefore, this region provides a well-suited platform 

to analyze the intrinsic factors perturbating neuronal migration. As I demonstrated in Figure 4 

(published in (Scharrenberg et al., 2022)), expression of human variants of TAOK2α influences neuronal 

migration. Furthermore, It was shown that neuronal migration is impaired in mice carrying the 16p11.2 

del Het genotype compared to wildtype controls (Scharrenberg et al., 2022). I then analyzed if TAOK2α 

can recover the effects of a heterozygous deletion of 16p11.2. Figure 5 shows the distribution of 

neurons following transfection of a control plasmid, TAOK2αWT or TAOK2αA135P in cortical neurons 

of 16p11.2 del Het mice (as published in (Scharrenberg et al., 2022)). A reduction of the median 

distance of neurons to the marginal zone after transfection of TAOK2αWT compared to the control 

transfected neurons is observed. This indicates that expression of TAOK2αWT rescues the migration-

phenotype of 16p11.2 del Het mice. The TAOK2αA135P mutation on the other hand did not rescue the 

impaired neuronal migration in the 16p11.2 del Het model. The neuronal migration in single slices can 

be found in Supplementary Figure 2. 
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Figure 4: Human variants of TAOK2 affect neuronal migration in mice. (Scharrenberg et al., 2022) 

 

10.1.1.1 Figure 4: Human variants of TAOK2 affect neuronal migration in mice.  
Neuronal migration in the developing cortex is impaired in ASD-associated human variants of TAOK2α 

but not of TAOK2β. b: Overexpression of TAOK2αWT led to a decrease in the median distance of 

transfected neurons to the marginal zone, while overexpression of human variants TAOK2αA135P and 

TAOK2αA335V led to an increase in the distance of neurons (One-way ANOVA p<0.0001, post hoc 

Dunnett’s multiple test p<0.0001; Number of brains used: control, TAOK2αWT = 3 brains; human 

variants = 4 brains; red line depicts median distance). d) TAOK2βWT also leads to minor reduction in the 

distance of neurons towards the marginal zone, but TAOK2βA135P, TAOK2βA335V and TAOK2β1022 do 

not have a significant effect on the migration of neurons (One-way ANOVA p=0.0002, post hoc Dunnett’s 

multiple test: Control vs TAOK2βWT p=0.0138; Number of brains used: control = 5 brains; TAOK2βWT 

and variants = 4 brains; red line depicts median distance). Bar is scaled to 200µm. In collaboration with 

M Richter, R Scharrenberg and FC de Anda (Scharrenberg et al., 2022). 
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Figure 5: Neuronal migration is impaired in Het 16p11.2 deletion and recovered by TAOK2.   

10.1.1.2 Figure 5: Neuronal migration is impaired in Het 16p11.2 deletion and recovered by TAOK2. 
Neuronal migration in the developing cortex of mice is impaired in the 16p11.2 del Het mouse model 

and can be rescued by TAOK2αWT but not by the human variant TAOK2αA135P. The distances of 

neurons in the 16p11.2 del Het mouse model transfected with the control plasmid or the TAOK2αA135P 

human variant are increased compared to neurons in this model transfected with TAOK2αWT (One-way 

ANOVA p<0.0001, post hoc Dunnett’s multiple test between the control or TAOK2αA135P and 

TAOK2αWT p<0.0001; Number of brains transfected with: control = 4, TAOK2αA135P = 3, TAOK2αWT = 

6; red line depicts median distance. In collaboration with M Richter, R Scharrenberg and FC de Anda 

(Scharrenberg et al., 2022). 

 

10.2 Neuronal migration and immune perturbations in situ 
Neuronal development starts during the prenatal period. During this time the embryo is not isolated 

but connected to the mother by the umbilical cord. This allows not only for transmission of nutrients 

but also transmission of cytokines, infections and other potentially harmful substances. I analyzed the 

effect of LPS and Poly(I:C) treatment on neuronal migration in cortical slice cultures. This in situ model 

is a possibility to examine the effect of external factors on neuronal migration. In the following 

paragraphs I present results from three different characteristics in neuronal migration: The position, 

the neurons reach at the end of this experiment; the change of position relative to the marginal zone, 

the whole population of transfected neurons covers within this experiment; and finally, the speed 

selected neurons migrate with. Additionally, I analyzed how microglia are affected in their migration 

and morphology by the different treatments.  

 

The effect of LPS and Poly(I:C) treatment in situ on neuronal positioning 
Neuronal migration takes place over the time course of several days. I therefore treated the slice 

cultures with an agent mimicking the presence of either bacteria or viruses for several hours and 

analyzed the position of neurons after 24 to 36 hours. I compared the radial migration of neurons 

towards the marginal zone in the treated brain slices with the neurons in the control slices from the 

same brain. Figure 6 shows the distances of neurons to the marginal zone relative to the neurons in 

the control slices. There is no clear effect of the LPS treatment on the migration of neurons detectable. 



28 
 

The distance of all neurons treated with LPS taken together does not differ from the control neurons. 

The differentiation into mean distances per experiment displays the different effects LPS had in the 

different experiments. Eventually these effects cancel each other out. On the other hand, there is an 

effect in the Poly(I:C) treated slices detectable. Both, the summation of all Poly(I:C) treated neurons 

and the mean distances of neurons treated compared with the controls exhibit an increase in distance 

towards the marginal zone. This can be translated to a reduction in migration.  

This in situ model of cortical brain slices consists in principle of all cell types present in the 

corresponding regions in the murine brain. The treatment with Poly(I:C) and LPS therefore not only 

acts on the migrating neurons, but also on the present immune cells. I focused on the analysis of 

microglia, as described in Supplementary Figure 3 and Supplementary Figure 4. In the fixed tissue, I 

was able to identify three distinguishable phenotypes and the localization of microglia relative to the 

marginal zone. Examples of these morphologies can be found in Supplementary Figure 3e. As described 

in Supplementary Figure 3, in the LPS treated experiments was a significant higher proportion of round 

microglia than in the control slices. While the fraction of amoeboid microglia was indifferently 

changed, the LPS treated experiments also presented a clear and significant reduction of the ramified 

shaped microglia fraction. The Poly(I:C) treated experiments also presented a clear but not significant 

trend towards a higher fraction of round microglia compared with the control experiments. But, 

different than in the LPS experiments, only three out of four experiments showed a reduction of 

ramified microglia fraction compared with the control experiments. I analyzed the position of microglia 

as the distance to the marginal zone. Because of the high dispersion of distances (Supplementary 

Figure 4), I decided to standardize all values within each experiment (see Supplementary Figure 5 a 

and b). I subtracted the mean distance of the control microglia and divided it by the standard deviation 

of the control values. The resulting graph presents the distances of microglia to the marginal zone 

relative to the mean distance of the control microglia. The distances of all microglia treated with LPS 

combined did not show a significant change compared with the control microglia. The distances to the 

marginal zone of microglia treated with Poly(I:C) are significantly reduced compared with the distances 

of control microglia. The distribution of microglia in their specific phenotype can be seen in 

Supplementary Figure 4. An interesting observation can be made from Supplementary Figure 5 where 

the distances of microglia and the distances of neurons, normalized by subtracting the mean distance 

of the control slices, are shown. The position of treated microglia and neurons more proximal or distal 

to the marginal zone compared to their untreated controls occurs to be contrary to each other in most 

experiments. 
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Figure 6: Immune treatment affecting the position of neurons after migration. 
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10.2.1.1 Figure 6: Immune treatment affecting the position of neurons after migration. 
Murine embryonic cortical neuronal progenitors were transfected at E15 with the fluorophore venus. 

At E17 cortical brain slices were prepared and half of the slices of each brain were treated with either 

LPS or poly(I:C) or left untreated as control. Panels a (LPS) and b (Poly(I:C)) show the position of neurons 

in µm distance to the marginal zone, relative to the mean distance of neurons in the control slices of 

that experiment. A smaller distance compared to the control reference returns a negative value, a larger 

distance returns a positive value. The distance of Poly(I:C) treated neurons is significantly increased (b: 

unpaired t test, P value <0.0001, ctrl N: 4003, ctrl mean +/- Std Error of mean: 0 +/-2.26, Poly(I:C) N: 

4233, Poly(I:C) mean +/- Std Error of mean: 79.69 +/- 2.436) but not the LPS treated neurons (a: unpaird 

t test, P value 0.2097, ctrl N:3966, ctrl mean +/- Std Error of mean: 0 +/- 2.129, LPS N: 4617, LPS mean 

+/- Std Error of mean: -3.644 +/-1.975) . The panels c (LPS) and d (Poly(I:C)) show the mean distance of 

all neurons per experiment and condition, paired by experiment. The distances between ctrl and LPS do 

not differ significantly (c: paired t test, P value 0.7892, two tailed, 4 pairs). The distances of neurons 

treated with Poly(I:C) are significantly increased compared to the control neurons (d: paired t test, P 

value 0.0295, two tailed, 4 pairs). Panel e shows three example images of fixed slices after treatment 

with LPS, Poly(I:C) or untreated neurons (green: Neurons, grey: DAPI., scale bar 100µm). 

The effect of LPS and Poly(I:C) treatment in situ on neuronal migration and bipolarity 
To directly analyze neuronal migration upon MIA, I tracked the position of neurons in situ with live 

imaging. The morphology of neurons changes between distinctive phenotypes during their radial 

migration. Between the round progenitors and the multipolar connected neurons in their respectively 

cortical layer, the neurons have a bipolar morphology during their migration. I therefore differentiated 

in my migration analysis between specifically the bipolar neurons and all neurons. Figure 7 shows the 

migration of neurons to the marginal zone, comparing the distance at the start and end of imaging. 

The distance covered during migration was significantly reduced for the complete population of 

neurons after treatment with LPS but was not when only the bipolar neurons were analyzed (Figure 

7a and c). After treatment with Poly(I:C), only the migrated distance of bipolar population was affected 

but not when the complete population was analyzed (Figure 7b and d). The bipolar fraction of all 

neurons was significantly lower in LPS treated neurons compared to their control slices while the 

fraction was not significantly changed in the Poly(I:C) condition. Figure 7g shows example images of 

neurons at the start (red) and at the end (green) after 8-10h of imaging. The dashed line indicates the 

outer border of the marginal zone as the end of the slice and direction of migration. 

The detailed distribution of neurons per experiment can be found in Supplementary Figure 6 for 

Poly(I:C) and Supplementary Figure 7 and Supplementary Figure 8 for LPS experiments. The raw 

positions of neurons treated with LPS, Poly(I:C) and control neurons combined per condition can be 

found in Supplementary Figure 9.  
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10.2.1.2 Figure 7: Migration of neuronal populations in live imaging. 
The panels a (LPS) and b (Poly(I:C)) show the distance of treated and untreated neurons to the marginal 

zone at the beginning and at the end of the live imaging (duration between 8 and 10 hours, identical 

within each experiment). The distances of untreated control and treated neurons are normalized by 

subtracting for each condition the median distance of the neurons at the beginning of imaging from all 

neurons of this condition for both time points. Negative distances are more proximal to the marginal 

zone than the median distance at the beginning, positive values are more distal than the median 

distance at the beginning of imaging. The distance of LPS treated neurons to the marginal zone is 

significantly increased at the end of imaging compared to the untreated neurons, while the distance for 

Poly(I:C) treated neurons is not significantly altered (a LPS: Mann Whitney test, median distance control 

neurons at the end of imaging: -30.96µm, N:1709; Median distance of LPS treated neurons at the end 

of imaging: -22.84µm, N:1685, approximate P value 0.315; b Poly(I:C): Mann Whitney test, median 

distance of control neurons at the end of imaging: -28.83 µm, N: 906; median distance of Poly(I:C) 

treated neurons at the end of imaging: -41.35, N:1104, approximate P value 0.0564). The panels c and 

d only take the bipolar fraction of neurons from a and b into acount. LPS treated bipolar neurons did 

not change their distance to the marginal zone between start and end of imaging significantly different 

than their untreated bipolar controls.Treatment with Poly(I:C) lead to a significant reduction of distance 

migrated towards the marginal zone compared to their untreated bipolar control neurons. (c LPS: Mann 

Whitney test, median distance of bipolar control neurons at the end of imaging: -29.46µm N:1519; 

median distance of LPS treated bipolar neurons at the end of imaging: -24.37µm, N: 1334, approximate 

P value 0.1541; d Poly(I:C): Mann Whitney test: median distance of bipolar control neurons at the end 

of imaging: -71.40µm, N: 659; median distance of Poly(I:C) treated bipolar neurons: -43.13µm, N: 730, 

approximate P value 0.0047). The neurons treated with LPS do display a significantly lower fraction of 

bipolar neurons at the end of live imaging, compared with the control neurons (e: two-tailed paired t 

test, 4 pairs, mean fraction within each experiment and condition analyzed, P value 0.0488). The fraction 

of bipolar neurons in the Poly(I:C) treated slices does not significantly differ from the controls (f: two-

tailed paired t test, 4 pairs, P value 0.1768).The panel g shows the position of neurons in LPS treated 

(left) and Poly(I:C) treates slices (right) in red at timepoint t1=0h and in green at timepoint t2=10h, the 

scale bar is 100µm. The signal in both channels is adjusted for illustrative reasons to reduce background 

signal. 
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Figure 7: Migration of neuronal populations in live imaging. 
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The effect of LPS and Poly(I:C) treatment in situ on single neuron velocity 
I then analyzed the velocity of single neurons during their radial migration. This is characterized by a 

dominantly straight radial movement towards the marginal zone. Figure 8 a depicts the mean velocity 

in treated or untreated neurons during the time lapse. There was no significant difference between 

the velocity of treated and untreated neurons. Examples of migrating neurons either treated with 

Poly(I:C) or as a control can be seen in b, with an interval of 30 minutes in between red and green and 

green and blue, respectively.  

The saltatory radial migration of neurons is characterized by a stationary phase of the nucleus while 

the soma reaches out towards the marginal zone and leaping movements of nucleokinesis where the 

nucleus is pulled towards the target zone. Within the limited points of observations (one image every 

20 to 30 minutes for up to 10 hours) I tracked the different velocities neurons migrate with. I 

approached the analysis of the regularity of migration by calculating the number of frames in which 

the neuron migrated with more than twice the average migration velocity of that neuron. The number 

of these events are display in the part c and d of Figure 8. The Poly(I:C) treated neurons have a modulus 

of three events of higher velocity movements during their migration, while the corresponding control 

distribution has a modulus of two events. The experiments with LPS treated neurons are more evenly 

distributed and do not differ strongly from control neurons. Also, the regularity of migration with 

regards to the mean velocity was not significantly different between the treated and untreated 

neurons for either treatment. The detailed distributions of neuronal velocity and saltatory movements 

per experiment can be found in Supplementary Figure 10.  
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Figure 8: Single neuron velocity and mode of migration. 

10.2.1.3 Figure 8: Single neuron velocity and mode of migration. 
The position of radially migrating GFP-expressing cortical neurons were tracked during the complete 

course of live imaging. The panels in a display the velocity of these neurons, left for LPS treatments, right 

for Poly(I:C). Examples for the migration of neurons in three consecutive frames with 30 minutes in 

between can be found at b (red = t1, green = t1+30 min, blue = t1+60 min, scale bar of 25µm, intensity 

adjusted for illustrative reasons to reduce background signal). The velocity does not differ in LPS- 

(Kolmogorov-Smirnov test, P value: 0.1202) or Poly(I:C)- (Kolmogorov-Smirnov test, P value: 0.4317) 

treated neurons significantly from their control neurons. The saltatory movement of migrating neurons 

results in a change of velocity over time. Panels c (LPS) and d (Poly(I:C)) display the number of steps each 

neuron moved with a velocity more than two times the mean velocity of that neuron. No significant 

changes in the number of irregular movements were recorded for either of the two treatments (c: LPS 

vs. ctrl: p= 0.5895, Number of cells tracked: LPS=57, control=54; d: Mann Whitney test: Poly(I:C) vs ctrl: 

p=0.3487, Number of cells tracked: Poly(I:C)=32, control=27). 

 

Microglia constantly scan their surroundings for potential threads with their elongated processes and 

by actively migrating through the cortex. In the live imaging time lapses, I analyzed this microglia 

migration by tracking the position of microglia each frame and linking the most likely connections 
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between consecutive frames. Supplementary Figure 4c and d present the velocity of microglia after 

different treatments. The velocity of microglia ranged from nearly stationary with around 

1µm/10 minutes observation time to highly motile tracks of 15µm/10 minutes observation time. There 

was no significant difference between Poly(I:C) treated and control microglia. The velocities of LPS 

treated microglia also do have a distribution comparable to the controls’ but are slightly shifted to 

higher velocities with a median velocity of LPS treated microglia of 0.8946 µm/10 min and control 

microglia with a median velocity of 0.726 µm/10 min. This leads to a significant difference in the overall 

velocity distribution. The detailed distribution of microglia velocity can be found in Supplementary 

Figure 11.  

10.3 Neuronal migration and maternal immune activation 
The way internal and external factors impair neuronal migration is not answered in full yet. The above-

described cortical slice culture exemplifies a partly controlled model of immunogen substances 

affecting neuronal migration in situ. In vivo, the pathogen is sometimes acting directly on the fetal 

neurons, but foremost it is the mother being affected. While some pathological substances and 

pathogens are transferred to the fetus via the placenta, for others it is the transferred maternal 

immune reaction that is thought to have an impact on the fetus. In the following paragraph I examined 

the effect of maternal immune activation on the cortical layering in vivo.  

The effect of maternal immune activation on neuronal migration 
The cortical architecture consists of several distinct layers of neurons. They can be discriminated by 

either the timepoint they migrate into the specific layer or by molecular markers distinct for their layer. 

Distortions in these layers can lead to impairments of neuronal connectivity and function. I analyzed 

the position of Ctip2- and Satb2-positive neurons in mice, who experience maternal immune activation 

by maternal influenza infection (H1N1) or Poly(I:C) injection during pregnancy. Representative slices 

showing the staining specific for the respective layers can be seen in Figure 9a. Figure 9b displays the 

distances of neurons to the marginal zone marked by either Ctip2 or Satb2 staining. There is a 

significant difference in distribution between the Ctip2-positive neurons of offspring from both H1N1 

and Poly(I:C) affected mothers compared with offspring from control mothers, as seen in part b for all 

Ctip2 neurons combined. The distance of neurons from offspring of H1N1 infected mothers do have 

the strongest increase compared to the controls, while the Poly(I:C) infected mothers’ offspring 

displays an intermediate effect. As shown in Figure 9d, the mean distances per brain do not differ 

significantly. The Satb2-positive neurons also differ significantly between the three groups in the 

comparison of all neurons (Figure 9c). This difference is not on a significant level, when only the mean 

distances of the brains are compared, as done in e. The distance distributions per brain are displayed 

in Supplementary Figure 12. It can be observed that in the distance distributions for both markers in 

the control animals, the males from a litter (see naming) have an increased distance to the marginal 

zone compared with the females. For the influenza group two out of three males have an increased 

distance compared to their female littermates. For the Poly(I:C) treated group two out of three holds 

true for Satb2 while in Ctip2 it is only one male brain with neurons displaying a higher mean distance 

to the marginal zone compared with the female littermates. Supplementary Figure 13 displays the 

frequency distribution of distances to the marginal zone of Ctip2-positive neurons with the respective 

treatment of their mothers. Part b displays the differential histograms. Bars to the left mean a higher 

percentage of neurons in the control samples, bars to the right are caused by a higher fraction of 

neurons in the treated samples. The control outnumbers the H1N1 samples in the distances closest to 

the marginal zone (top bars) and have a tipping point at the 250 µm bin (225-275µm distance to the 

marginal zone). The Poly(I:C) treated experiments display a more complex differential distribution.  

The fraction of neurons in the top 150µm bins is slightly higher in the Poly(I:C)-treated samples than in 

the controls. In the bins 200-250µm away from the marginal zone, the fraction of neurons is higher in 
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the control samples than in the Poly(I:C)-treated samples. This difference is larger than the one in the 

top 150µm and highlights a slightly larger fraction of neurons in the top 250µm in the control samples 

than in the Poly(I:C)-treated samples. In the lowest bins (400-500µm distance to the marginal zone), 

the fraction of neurons present is higher in the samples treated with Poly(I:C) than in the control 

samples. Taken together, this leads to the small but significantly larger distance to the marginal zone 

of neurons in the Poly(I:C)-treated samples compared to neurons in the control samples presented in 

Figure 9.  

The Satb2 frequency distribution can be seen in Supplementary Figure 14. Both treatments lead to a 

reduced fraction of neurons in most of the bins covering the first 250µm, when compared to the 

control sample. In the following bins (300-450µm), the percentage of neurons is higher in the treated 

samples than in the control samples. The distribution of the most distant neurons does only differ 

slightly between treated and control animals. 
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Figure 9: Cortical layering after maternal immune activation. 
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10.3.1.1 Figure 9: Cortical layering after maternal immune activation. 
Pregnant mice were treated with either a H1N1 infection or a Poly(I:C) injection at e5.5. Their offsprings 

neuron were stained for the lamination markers ctip2 and satb2 in cortical slices of E17 brains. a) 

Examples of cortical layering in offspring of (from left to right) H1N1-, PBS and Poly(I:C) treated mothers. 

Ctip2 positive neurons in red and Satb2 positive neurons in green, scale bar at 100µm. b) The distribution 

of Ctip2 positive neurons differed significantly among all three conditions (Welch’s t test of mean 

distances to marginal zone: PBS: 207.1µm, N: 15592, H1N1: 234.2µm, N: 18020,  Poly(I:C): 211.5µm, N: 

13578; treatments compared to PBS both two-tailed P value<0.0001; ). c) Also the distribution of Satb2 

positive neurons was significantly different among the three maternal treatments (Welch’s t test of 

mean distances to marginal zone: PBS: 236.7µm, N: 28437, H1N1: 253.6µm, N: 29090, Poly(I:C): 

245.8µm, N:24234; treatments compare to PBS with both two-tailed P value >0.0001 ). d) The mean 

distance of neurons per brain in ctip2 positive neurons did not differ significantly among the three 

conditions (Welch’s t test of the mean distance to the marginal zone: PBS: 203.9 µm, N: 6,H1N1: 234.8 

µm, N: 6, two tailed P value 0.0834; PBS to Poly(I:C): 211.6µm, N: 6, two-tailed P value 0.7018 ). e) The 

same holds true for the mean distance per brain of satb2 positive neurons (Welch’s t test of the mean 

distance to the marginal zone: PBS: 229.7µm, N:6, H1N1:254.9µm, N:6, two-teailed P value 0.2483; 

Mann Whitney test between the median distances of the conditions PBS: 237.7µm, N: 6 and Poly(I:C): 

227.4 µm, N:6, two tailed exact P value 0.5887). 
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11 Discussion 

11.1 Genetic intrinsic factor 
In this thesis I describe the effects of intrinsic and extrinsic ASD-risk factors on neuronal migration. The 

overexpression of ASD-risk gene TAOK2α’s patient derived variants in cortical neurons of mice resulted 

in their position being more distal to the marginal zone than neurons transfected with either TAOK2α 

wildtype or the fluorophore Venus as a control. Differently, the transfection of TAOK2β wildtype did 

result in neurons being slightly more proximal to the marginal zone than the control neurons while the 

neurons transfected with human variants of TAOK2β did not differ in their position. Neurons in the 

16p11.2 het del mouse do have a reduced migration compared to their wildtype littermates 

(Scharrenberg et al., 2022, fig. 8). In Figure 5, the expression of TAOK2α alone was sufficient to recover 

the migration deficits in the 16p11.2 het del model. The autism linked human variant of TAOK2β did 

not recover the described deficits. 

In between the in utero electroporation at e15 and the analysis of the neuronal position at E19, radial 

neuronal migration to the upper cortical layers takes place in the neo cortex. The observed differences 

in the localization of neurons are therefore most likely to be attributed to neuronal migration. TAOK2 

is the only gene in the 16p11.2 locus known that, when affected by mutations, phenocopies the 

symptoms of 16p11.2 deletion or duplication. In addition to the above described effect, a human 

variant of TAOK2 lacking its regulatory domain affects the outgrowth of dendrites in a way comparable 

the phenotype in a 16p11.2 duplication model (see (Blizinsky et al., 2016; Richter et al., 2018)).  

The TAOK2αA135P and TAOK2αA335V mutations are both situated in or in close proximity to the 

kinase domain (Richter et al., 2018). The functional relevance of TAOK2α kinase domain for the 

migration is further supported by the fact that TAOK2 phosphorylation level in the cortex is increasing 

during the migration time window of upper layer neurons, while lower layer neurons during earlier 

migration without increased phosphor-TAOK2 levels were unaffected by lack of TAOK2 (Scharrenberg 

et al., 2022). It was shown that migration deficits in neurons where TAOK2 is knocked out by shRNA 

can be rescued by inducing MKK7/JNK, an effector of TAOK (de Anda et al., 2012; Scharrenberg et al., 

2022). As inactivation of JNK by genetic means or via an inhibitor lead to reduced migration, TAOK2s 

role in migration is further supported (Kawauchi et al., 2003). A decreased migration after deletion of 

16p11.2 was also found in human patient organoids. In here, lower fractions of neurons migrated in 

dissociated organoids of both 16p11.2 duplication and deletion carriers compared to organoids from 

control cells (Urresti et al., 2020). 

The fact that neuronal migration deficits in both models, the TAOK2 model and the 16p11.2 model, 

can be found during late mid gestation, further supports their shared contribution in neuronal 

migration deficits observed in the 16p11.2 ASD patients (Scharrenberg et al., 2022). 

11.2 Infection related external factors in neuronal migration 
While the effect of genetic manipulations in neurons on neuronal migration are intrinsic and can be 

perceived as rather direct, the external influence of the immune system is considered more indirect. I 

focused on two approaches, reflecting two different external insults to the murine immune system. 

The treatment of acute cortical slices with LPS and Poly(I:C) is supposed to induce an acute 

inflammatory response in the embryonal brain tissue. The maternal immune activation by Poly(I:C) 

injection and infection with influenza is an insult, by which supposedly only the maternal immune 

reaction to the viral infection or viral infection like treatment is affecting the embryo.  

During cortical development, the timing of developmental steps in the healthy state is predefined and 

essential for a proper localization of neurons (Mukhtar & Taylor, 2018). MIA potentially harms the 

offspring both during mid but also late stages in the development and leads to impairments in behavior 
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and down to the level of neuronal receptor function (Meyer et al., 2008). A very early maternal immune 

activation at E5 by either viral infection or Poly(I:C) injection lead to a reduced weight in the fetuses at 

E17.5, pointing towards a developmental impairment (Jacobsen et al., 2021). A Danish cohort study 

found a correlation between maternal viral infection in the first trimester and ASD (Atladóttir et al., 

2010). Another study showed that maternal infection specifically in the third trimester lead to an 

increase in the risk for of ASD cases in a birth cohort (Brucato et al., 2017). These hints lead to the 

decision to assess the effect of maternal immune activation on neuronal migration at an early and a 

very late time point of development. Due to the delay between infection and immune activation, the 

maternal immune activation by either Poly(I:C) activation or influenza infection was chosen for the 

early time point in this approach. For the very late timepoint, the in situ treatment with LPS and 

Poly(I:C) was chosen. This procedure elicits a rather immediate and direct effect during the short time 

window of upper cortical neuronal migration between the IUE, the slicing of the brains, treating them 

and imaging the neurons during their migration. 

Immune activation in acute slices 

11.2.1.1 Neuronal migration in the somatosensory cortex as observed in situ 

Radial neuronal migration in the developing cortex can be understood as a multi-step process, that can 

be affected at different points. The onset of migration could be delayed, neurons can be actively 

migrating towards upper layers or persist in lower layers, the velocity of single neurons (Scharrenberg 

et al., 2022, fig. 4) or certain populations migrating towards the marginal zone can be affected. Finally, 

the targeted zone the neurons settle after migration to form a specific layer could be changed. In my 

in situ experiments, I analyzed the position of neurons as the outcome of neuronal migration, the 

movements of the bipolar subpopulation and the whole neuronal population, changes in the number 

of bipolar cells from the whole neuronal population and finally the velocity of single neurons.  

My results regarding the outcome of neuronal migration in the somatosensory cortex after LPS 

treatment are inconsistent with some experiments pointing towards an increased migration and other 

towards a decreased, resulting in no net change of neuronal position when analyzing all neurons 

together (see Figure 6a and c). On the other hand, the analysis of all Poly(I:C) experiments combined 

and the mean distance per experiment showed that the Poly(I:C) treated neurons were positioned 

significantly more distal to the marginal zone than their controls (see Figure 6b and d). Interestingly, 

the position of treated neurons and microglia relative to their untreated controls in the axis between 

ventricular and marginal zone is opposed between these two cell types in some experiments (see 

Supplementary Figure 5), eventually resulting in Poly(I:C) treated neurons being more distal to the 

marginal zone than their controls (Figure 6) and the microglia from the same condition being more 

proximal to the marginal zone than their untreated control cells (Supplementary Figure 3). I can only 

speculate about the reasons and effects of this behavior. During brain development, microglia 

transiently leave the cortical plate (Hattori et al., 2020; Squarzoni et al., 2014). But there has been no 

difference in the position of microglia reported following maternal immune activation (Squarzoni et 

al., 2014). Future experiments will tell if under certain immunological circumstances microglia create 

a microenvironment that repels neuronal migration and therefore lead to a decreased migration of 

neurons. 

For Figure 7, I analyzed whether the displacement of the neuronal population or the bipolar fraction 

was affected by the treatments possibly leading to an impaired migration behavior that was not 

detectable in the analysis of the resulting position of neuronal migration. In the LPS experiments, the 

neurons migrated a significantly shorter distance towards the marginal zone, while the bipolar 

selection did not migrate significantly differently. On the other hand, at the end of the experiment, the 

bipolar fraction of LPS treated neurons was significantly smaller than the bipolar fraction of control 

neurons. This could be an additional explanation for the lower shift of the general LPS treated 



41 
 

population.  

In the Poly(I:C) treated slices, the movement of the complete neuronal population was not significantly 

changed. Figure 7 presents the significant decrease in the migration of bipolar neurons in the treated 

samples compared to their controls. At the end of imaging, the bipolar fraction of neurons was still 

more distal to the marginal zone in the treated samples than in their controls. There was not a 

significant decrease in the fraction of bipolar neurons in the Poly(I:C) treated samples. 

The fraction of bipolar neurons in the control slices was overall in the expected magnitude of about 

80% (see (Scharrenberg et al., 2022, fig. 4)). During neuronal migration, neurons change between a 

multipolar and bipolar phenotype before finally migrating from the ventricular zone towards the 

marginal zone while presenting the bipolar phenotype (Noctor et al., 2004). A reduced bipolar fraction 

or the lack of switching from multipolar to bipolar neurons over time can mean a lower fraction of 

migrating neurons resulting in a placement of neurons closer to the ventricular zone (Huang et al., 

2017). This can ultimately lead to a displacement of neurons in the cortical layers and might affect 

neuronal networks (Pan et al., 2019).  

Next, I analyzed the migration velocity of single neurons. In here, no significant differences between 

the immune activation in situ and the control slices could be detected. The overall velocity was in an 

expected range (see (Scharrenberg et al., 2022, fig. 4)). It is possible that I might have missed some 

finer movements due to the imaging frequency of one image each 20-30 minutes, but the fact that my 

control values are very close to the published velocity of neurons in radial migration supports the 

validity of my results. The radial migration of neurons consists of continues and discontinues 

movements, based in their mechanism of migration (named somal translocation and locomotion in 

(Nadarajah et al., 2001)). To check if the neurons mode of migration is affected by my treatments, I 

analyzed the variability of neuronal velocity with periods of increased velocity defined as irregular 

leaps. But here as well I did not find a significant variation in the treated neurons. This could either be 

the behavior not being differentially affected or, due to the low sampling rate described above 

(compared to one image every minute up to one image every 10 minutes in (Nadarajah et al., 2001)), 

specific variations in the velocity have not been captured by this approach.  

A reduction in the velocity of radial neuronal migration together with an unchanged proliferation rate 

of newborn neurons could have resulted in a higher density of freshly differentiated neurons close to 

the ventricular zone and thereby negatively affecting the migration through this improperly formed 

layer. Neurons migrate radially alongside radial glia fiber. As these glia cells differentiate to other cell 

types at a specific time point, slow migration might especially affect late developing neurons of the 

upper layers that could lose these glia cells as guidance for their migration (Itoh, 2016).  

11.2.1.2 Behavior of microglia post treatment with Poly(I:C) and LPS in situ 

The treatment and activation of microglia in slices is a procedure already performed by others in 

different experimental setups (Johansson et al., 2005; Papageorgiou et al., 2016; Sheppard et al., 

2019). Microglial morphology is described in many publications ranging from a ramified morphology 

with extensively stretched processes to a short and condensed amoeboid morphology (Antonson et 

al., 2019; Cunningham et al., 2013). In here, the morphologies are associated with a certain degree of 

activation by a threat. The ramified morphology is considered resting or scanning the surrounding 

environment. Once encountering activating signals, ramified microglia can develop into the more 

condensed amoeboid morphology.  

In Supplementary Figure 3 I presented a significant activation of microglia by LPS treatment, judged by 

their change in morphology. The Poly(I:C) treatment induced a reduction of ramified morphology 

towards the other morphologies in three out of four experiments, with the fourth one having a clear 
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increase in microglia having a ramified morphology. This points towards a successful activation of 

microglia in this experiment by both LPS and Poly(I:C), evaluated at the late time point of fixation past 

the live imaging.  

Most studies focus on the distribution or morphology of microglia during postnatal timepoints or in 

adult mice (Silvin & Ginhoux, 2018; Tan et al., 2019). Unfortunately, little is known about the 

distribution of different specific morphologies of microglia in the cortex during prenatal development, 

so numbers to set my results into perspective are lacking. Still, studies show an increase in the 

amoeboid morphology and an decrease in the ramified morphology past a maternal immune 

activation, supporting the general trend I presented (O’Loughlin et al., 2017). Finally, the applied model 

of analyzing microglia directly and in parallel to the neuronal migration in situ is supported by the 

recent finding, that microglia in situ are transcriptionally closer to adult acutely prepared microglia 

than microglia cultured in vitro (Delbridge et al., 2020). This points towards a more in vivo like situation 

in the slices compared to other forms of culture. 

Maternal immune activation 
The second model for an external factor affecting the neuronal development is a maternal infection or 

immune activation with a virus or virus like particle that does not directly proceed to the developing 

embryo. Here, the early timepoint of treatment was chosen to allow for the maternal immune 

activation to build for as long as possible. Maternal immune activation was already shown to impair 

the cortical lamination (Wu et al., 2018). Also markers for early born neurons (Ctip2) and to a lesser 

extent also later born neurons (Satb2) did show impaired organization after maternal LPS treatment 

(Chao et al., 2016). To inspect both the actual infection and the effect purely by the maternal immune 

activation, I analyzed the effect of a maternal Influenza infection and a maternal immune activation by 

injection of Poly(I:C). The expression of Ctip2 in the murine cortex is strongest in layer 5 and less strong 

in layer 6, the expression of Satb2 for later born neurons is mainly spread over layer 2 to 4 (Chao et al., 

2016). 

I could show that in the offspring of influenza infected mothers Ctip2 and Satb2 positive cells are 

localized more distal to the marginal zone than their controls. This effect was, to a lower extent, also 

visible in the offspring of Poly(I:C) injected mothers. The shift in cellular distribution was not preserved 

in the comparison of mean distances of each fetus. I analyzed the shape of the distributions by a 

differential frequency distribution between the neurons of PBS control animals and treated animals. 

The distributions showed a lower fraction of cells in the treated groups for both markers in the 200-

250µm most proximal to the marginal zone. Vice versa did the distribution of cells in the treatment 

groups show a higher number of neurons in the area following these first 250µm, pointing towards a 

general shift in the neuronal localization towards the ventricular zone after maternal infection or 

immune activation. 

The distribution of Satb2 positive neurons overlapped strongly with the Ctip2 positive cells and 

reached even closer towards the ventricular zone. Still, the highest density of Satb2 neurons was more 

proximal to the marginal zone than the highest density of Ctip2 (see Figure 9: Cortical layering after 

maternal immune activation.) and the distribution of neurons positive for either marker was conserved 

in the treatment groups. These distributions recapitulate the published distributions of Ctip2 and Satb2 

positive neurons in the neocortex (Britanova et al., 2008; Harb et al., 2016). 

Though I chose a different analytical model, I can confirm previous findings (as described in (Wu et al., 

2018)) that maternal immune activation affects the distribution of Ctip2 and Satb2 positive neurons 

also in an experimental model of a very early influenza infection and of maternal immune activation 

by Poly(I:C). While the shift in Satb2 positive neurons from the cortical plate towards layers more distal 

to the marginal zone is more drastic in the mentioned study, my results highlight the more long-term 
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effect of a maternal immune activation during early pregnancy even on later born upper layer neurons.  

Maternal immune activation via Poly(I:C) or viral infection are known to be inducing the production of 

IL-17a (Choi et al., 2016). Recently is has been shown, that IL-17a leads to a phosphorylation of Erk1 / 

2 and a decreased phosphorylation of one of the downstream targets of mTORc1, phospho-RPS6, in 

neuronal progenitors derived from embryonal stem cells (Gomes et al., 2022). The activation and 

inhibition of Erk1/2 was already shown to impact migration of neurons in vitro (Xu et al., 2016; Yang 

et al., 2013). Even though their described effect on the migration of neurons is different to my 

observations, it still points towards Erk1/2 as possible mediators of maternal immune activation on 

neuronal migration. The activation of RPS6 by phosphorylation is regulated by pathways involving both 

mTORC1 and ERK. Many mouse models harboring mutations that lead to alternations in the 

phosphorylation of RSP6 are linked to neuronal developmental disorders and neurological 

perturbations (Biever et al., 2015, p. 8f). These findings might explain my observed changes in neuronal 

migration after maternal immune activation. 

Overall, I was able to show that both genetic and immunological insults influence the neuronal 

migration in the developing murine cortex. My results also reflect the differential penetrance of 

genetic perturbations that directly and immediately affect cortical neurons of interest and more 

indirect systemic insults. In the case of MIA, the immunological insult is dependent on maternal 

cytokines such as IL-17a (Choi et al., 2016) being transferred to the embryo. In the immune activation 

in situ, LPS and Poly(I:C) treatment might act directly on the neurons (Leow-Dyke et al., 2012; Ritchie 

et al., 2018) or via microglia (Baghel et al., 2018; Lehnardt et al., 2003) to elicit a reaction relevant for 

neuronal migration in rather stressed environments such as the acute preparation of cortical slices 

(Delbridge et al., 2020). In the experiments considering genetic perturbations, the overexpression of 

an autism risk gene and its variants can act immediately and directly on the neurons. This is also 

recapitulated in the visible effects of my treatments, that are more evident to the eye in the genetic 

approaches compared to the immunologic insults.  

11.3 Limitations of this study 
Not all performed experiments were included in this final analysis. I performed the first experiments 

to train the slice culture protocol and to test the used culture and slicing media. In the following 

experiments, those were excluded that did not have the slicing plane in an angle that allowed for a 

comparable analysis or undisturbed path of the radial migration. Finally, experiments, brains and slices 

were excluded where either the site of transfection was not in the desired region, the brains or slices 

were notably disturbed during preparation or when the slices or neurons did show strong signs of cell 

death and tissue damage just before or during live imaging. 

Neuronal migration from the ventricular zone in the murine cortex follows a strictly regulated series 

of inside-out development into the different layers (V. S. Chen et al., 2017). Neuronal progenitors can 

therefore be specifically targeted via in utero electroporation and their fate in the cortical layers in 

control conditions can be well augmented. The expected position of neurons, in utero electroporated 

at E15, would be expected to form a major population in layer 2/3 which is formed from E16 onwards, 

with a minority of cells distributed into deeper layers down the ventricular zone (See (V. S. Chen et al., 

2017; Scharrenberg et al., 2022, fig. 1) for the developmental timeline and positions of neurons in 

comparable IUE experiments). In the experiments in 10.2 “Neuronal migration and immune 

perturbations in situ”, the development of the neurons in the cortical slices was delayed in some 

experiments, independently of their treatment. The neurons did not form a defined layer but stayed 

rather dispersed over a longer distance between ventricle and marginal zone. Still, the experiments 13 

Poly(I:C), 16 LPS and 22 LPS do show a trend towards the desired shape of neuronal distribution (see 

Supplementary Figure 5). 
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This delay in development was not visible in the control slices of the experiments examining the impact 

of ASD-related mutations on neuronal migration. In the genetic experiments, the embryos did develop 

undisturbed in between the IUE at E15 and the sacrificing of the embryos at E19 and immediate fixation 

and analysis of the brains. Contrary to this, the embryonal brains in the in situ experiments were 

electroporated at E15 but already explanted at E17, sliced and kept in slice culture for the remaining 

time and analysis until fixation at E19. The handling of the brains, the slicing procedure and the slice 

culture itself might have had a negative impact on the development of the neurons which might have 

delayed their migration during the remaining time until their fixation at E19. 

In the experiments investigating the velocity of single migrating neurons, the number of single neurons 

tracked is, compared to the total number of neurons migrating, low. But I decided to only track radially 

migrating bipolar neurons with an undisturbed visibility over the whole tracking which reduced the 

number of available neurons drastically. But again, the claim of an unbiased sampling of neurons can 

be supported by the resulting magnitude of velocity in the expected range. 

I assessed the level of microglia activation under live imaging conditions. In Supplementary Figure 4, I 

showed an increase in the velocity of microglia This is conflicting with a comparable experiment, that 

was performed in an inflammation model of cerebral palsy in rabbits, where LPS was directly injected 

in the uterus at E28, three days before the subsequent generation of slice cultures. This created an 

inflammatory environment and lead to a morphologically activated microglia phenotype with reduced 

surface to volume ratio in slice cultures. The microglia of these prenatally inflamed rabbits displayed a 

decrease in migration speed compared to the untreated controls (F. Zhang et al., 2016). Overall, the 

velocities of microglia recorded in my experiments have been slower by a factor of 2-3 compared with 

the above-mentioned experiment. Also, the control and treated microglia in the LPS experiments do 

have decreased velocity compared to the microglia in the control conditions of Poly(I:C) treated brain 

slices. As the brain slices were handled in the same way, regardless of the experiment and treatment 

to be applied later, I cannot determine what has been the cause for this difference in overall velocity 

between the different experiments. One could speculate about the slicing process, the handling-

induced stress, and the treatment with LPS and Poly(I:C) initiating a remodeling of the extracellular 

matrix. This could be the outcome of an astrogliosis-like state of microglia. Astrocytes transform upon 

sensing of neuronal damage into an active state in a process called astrogliosis. Activated astrocytes 

fulfill beneficial functions after injury or trauma such as restoring the blood brain barrier and inducing 

vascularization to replace damaged vessels, but astrogliosis is known to inhibit the regeneration of 

axons by specific scar tissue. Also the production of proinflammatory and cytotoxic cytokines has been 

reported for activated astrocytes, which can be harmful for the surrounding tissue (D. Zhang et al., 

2010). At the developmental timepoint of my experiments with cortical slices at E17, astrogliogenesis 

is just at the brink of starting (Farhy-Tselnicker & Allen, 2018). GFAP, an astrocyte marker, was absent 

in murine amygdala before P0 in an experiment about glial activation after maternal immune activation 

(O’Loughlin et al., 2017). But it was shown, that microglia and astrocytes both act on phagocytosis of 

neurons and can compensate each other (Damisah et al., 2020). Therefore, one could assume 

comparable behaviors of microglia and astrocytes in a state of stress induced by slicing, tissue damage 

of other causes and other threats, which might have negatively influenced the cultures. 

11.4 Alternative models 

Genetic markers for microglia and neurons 
In this thesis, neurons were visualized by either GFP expression or by antibodies directed against their 

layer specific markers while microglia were either stained by a conjugated lectin or an antibody 

directed against Iba1. All methods do have their up- and downsides, but also their specific reason for 

applying them in these models. The expression of GFP after IUE allows to target a defined population 
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of neurons both in number (by the amount of plasmid electroporated), position and timing. In addition, 

this method permits observations and experiments regarding the development of these specific 

neurons even with live imaging. The downside, specifically in the experiments where immune 

activation and microglial activation is in focus, is the reaction of microglia against the IUE itself. It has 

been shown that microglia leave their distribution in the cortical plates and localize towards the 

ventricle after an IUE or the already the presence DNA in the ventricle (Hattori & Miyata, 2018). One 

also must consider the stress the animals are facing in the surgical procedure even with a high standard 

of care and anesthetics used. This stress is not only critical in the view of animal ethics but can also 

affect the development of the embryos (Reviewed in (Lautarescu et al., 2020). Microglia staining was 

done by an antibody directed against Iba1 in fixed samples and by staining with a lectin coupled dye in 

live imaging. Both methods share microglia and macrophages as their targets and lack specificity 

between these two cell types. But in the range of these experiments, the differentiation between these 

two is not necessary, as microglia are expected to be in the large majority in the brain parenchyma at 

this point of development and immune activation. Macrophages are thought to be infiltrating upon 

injury or infection but in our experimental model the treatment is applied in situ which does not allow 

for a further influx (See (Puntambekar et al., 2011) for information about the influx of macrophages 

into the CNS). Nevertheless, the lectin staining also did stain blood vessels in the brain which led to a 

certain general background of the staining but was also problematic to distinguish from microglia at 

certain colocalizations. An alternative to microglia staining could be an engineered mouse model 

expressing fluorescent proteins specifically by microglia (Kaiser & Feng, 2019). If one can rule out 

disturbances of microglia function in this model, this might be a useful alternative. 

Acute slices 
The experiments of immune activation by LPS or Poly(I:C) directly acting on brain tissue have been 

performed in acute slices. As described above, these slices have the benefit of near in vivo 

characteristics regarding their composition and structural integrity. But unfortunately, astrogliosis or 

a microglial counterpart with their immunological activation are potentially harmful in an experimental 

setting where microglial activation is in the focus. Slice-cultures, cultivated over longer periods of time 

are perceived as stable and with reduced inflammation processes compared to acute slices (Delbridge 

et al., 2020). Neuronal migration on the other hand depends on the structural integrity and polarization 

of the cortex and longer slice cultures might lose their integrity after longer cultivation. An alternative 

to study the effects of direct embryonal infection could be the injection of LPS or Poly(I:C) directly into 

the embryo in a procedure similar to the IUE. Thereby one would lose the quality of “sister slices” of 

one brain treated differently in control and treatment in situ but would keep the genetic similarities 

and the comparable prenatal environment in sibling embryos injected with LPS, Poly(I:C) or PBS. 

Analysis of the cortical layering would be possible in fixed brains, thereby avoiding the microglia 

activation during cultivation.  

A last alternative to acute slices could be the application of a cranial window in combination with ex-

utero development of mouse embryo. (Aguilera-Castrejon et al., 2021) Studying a mouse embryo with 

a cranial window would avoid the process of cutting into the brain. An ex-utero approach might be 

necessary to keep the embryonic brain alive over the extended time of imaging. 

11.5 Alternative analysis methods 

Parameters Microglia Tracking 
Microglia were tracked using the semi-automatic Trackmate tool in ImageJ. The applied parameters in 

the LaP tracking were chosen to be maximal 50µm linking distance, 150µm gap distance and 2 frames 

for the maximum gap length. These parameters were carefully chosen to minimize unspecific tracks to 

be connected by too high values filled in, but also to include fast moving microglia. In this method, all 
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assigned microglia were manually checked and if necessary deleted or unassigned microglia included.  

An alternative could be to apply more advanced automated image and motion detection. It might be 

necessary for this to further improve the signal to noise ratio of the analyzed live imaging and to avoid 

unspecific staining of further structures in the regions of interest. 

Microglia morphology 
Microglia morphology was visually rated and assigned to one of three morphologies. This limits the 

categories to rather rough morphological qualities (condensation of soma, thin or thick processes, 

number of processes) and is, to a certain degree, dependent on the subjective assignment of the 

researcher. An alternative could be the automated detection and segmentation of microglia by 

morphOMICs, which makes the analysis more independent of the subjective impression of the 

researcher and includes finer parameters in the description of microglia. (Colombo et al., 2022) 

11.6 Follow up experiments 
The relevance of an experiment, where only the few transfected neurons are affected by a genetic 

modification and act within an otherwise unrelated system was highlighted by Vomund et al. They 

discovered that in a rat, the functional knockdown of a gene by in utero electroporation in a set of 

neurons is sufficient to induce changes in the rats amphetamine sensitivity and behavioral habituation. 

(Vomund et al., 2017). 

16p11.2 heterozygous deletion and ASD associated human variants of TAOK2 lead to impaired 

neuronal migration at mid to late gestation in the developing cortex. TAOK2 reintroduction into 

neurons of the 16p11.2 del Het mouse model rescues this impairment and further suggests being 

responsible for the migration defects in the 16p11.2 mouse model. In these experiments, two 

genetically modified mouse models have been used and human mutations of ASD risk gene TAOK2 

have been introduced to a selected population of cells via IUE. This experimental setup made it possible 

to directly compare the neuronal migration behavior of different transfections in littermates, thereby 

keeping other maternal or prenatal genetic and environmental factors tightly comparable. Still, apart 

from control transfections with a visual marker only, this model allows only observations of genetically 

modified neurons in a genetically different environment. Follow up experiments to further study the 

responsibility of TAOK2 for the described neuronal deficits of the 16p11.2 het del mouse model could 

be the permanent and stable reintroduction of TAOK2 into the mouse genome. This would provide 

insights into the effects of TAOK2 on migration in a genetically homogenous brain. In addition, this 

would provide the possibility to study the connectivity issues, already described in both TAOK2 and 

16p11.2 concerning mutations (Bertero et al., 2018; Richter et al., 2018). 

TAOK2 mutations are not only associated with neuronal development but also with functions of the 

immune system (Molho-Pessach et al., 2017). As the development of NDDs is considered to be partially 

multifactorial, applying the experimental system of immune activation either maternally or in situ 

could further highlight the involvement of a “second hit” also in the development of ASD.  

Even though this would burden additional stress on the mice, one could consider combining the 

maternal immune activation with the IUE to also track a specific population of neurons during their 

migration after maternal immune activation at early gestational time points.  

Microglia are acting upon their surroundings mainly by phagocytosis and signaling via direct cell-cell 

contacts and cytokines. It would be very interesting to analyze the RNA expression profile of neurons 

in general and specifically regarding their expression of cytokine receptors and stress induced 

molecular pathways during their migration dependent on the immune activation.  
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12 Supplementary figures 

 

Supplementary Figure 1: Neuronal migration by slice after transfection with human variants of TAOK. 

12.1.1.1 Supplementary Figure 1: Neuronal migration by slice after transfection with human variants of 

TAOK 
Position of neurons in individual brain slices analyzed in Figure 1, a TAOK2α, b TAOK2β. In collaboration 

with M Richter, R Scharrenberg and FC de Anda (Scharrenberg et al., 2022). 
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Supplementary Figure 2: Neuronal migration in 16p11.2 het mice by slice after transfection with human variants of TAOK.  

12.1.1.2 Supplementary Figure 2: Neuronal migration in 16p11.2 het mice by slice after transfection 

with human variants of TAOK.  
Position of neurons in individual brain slices analyzed in Figure 2. In collaboration with M Richter, R 

Scharrenberg and FC de Anda (Scharrenberg et al., 2022). 
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Supplementary Figure 3: Morphology and localization of Microglia. 
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12.1.1.3 Supplementary Figure 3: Morphology and localization of Microglia 
Murine embryonic cortical neuronal progenitors were transfected at E15 with venus. At E17 cortical 

brain slices were prepared and half of the slices of each brain were treated with either LPS or poly(I:C) 

or left as untreated as control. Microglia were visualized by Iba1 staining of fixed tissue. The panels a 

(LPS) and b (Poly(I:C)) show the morphological analysis into round, amoeboid and ramified. The values 

are mean percentages within each experiment and are paired to their control. The LPS treatment does 

affect the morphology of microglia significantly (a Paired t test of LPS round vs ctrl round: two-tailed P 

value 0.0377, 4 pairs; paired t test of LPS ramified vs control ramified: two-tailed P value 0.0049, 4 pairs). 

The Poly(I:C) treatment does not affect the distribution of morphologies (b paired t test of Poly(I:C) 

round vs control round: two tailed P value 0.0765, 4 pairs; paired t test of Poly(I:C) ramified vs. control 

ramified: two tailed P value 0.2083, 4 pairs). The panels c (LPS) and d (Poly(I:C)) show the distance 

distribution of microglia towards the marginal zone, the mean is displayed. All values of one experiment 

were standardized by subtracting the control slices’ mean distance and dividing by the standard 

deviation of the control slices. The distribution of microglia does not differ significantly between LPS 

treatment and control slices (c: two-tailed unpaired t test, P value 0.435, N control: 1162, mean control: 

0, N LPS: 1111, difference mean control – mean LPS +/- SEM: 0.03283 +/- 0.0421). It does differ 

significantly between control and Poly(I:C) treated slices (d: two-tailed unpaired t test, P value 0.0038, 

N control: 1209, mean control: 0, N Poly(I:C): 677, difference mean control - mean Poly(I:C) +/- SEM: 

0.1434 +/- 0.0494). Examples of the three different morphologies are shown in e (from left to right: 

round, amoeboid, ramified; the scalebar is 20µm). 
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Supplementary Figure 4: Position and migration velocity of Microglia. 
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12.1.1.4 Supplementary Figure 4: Position and migration velocity of Microglia. 
The panels depict the position and morphology of individual microglia in the different experiments (a) 

Poly(I:C), b) LPS). The numbers above the panels depict the total number of microglia detected in this 

experiment and the fraction of round, amoeboid and ramified microglia (black, red, blue). Panel c and d 

display the velocity of microglia in the slice cultures. LPS treated microglia display a significantly 

increased velocity (c median velocity of LPS treated vs control microglia, Mann-Whitney test, control: 

0.7260µm/10 minutes, N: 1105, LPS: 0.8946µm, N: 964, two-tailed approximate P value <0.0001). 

Poly(I:C) treated microglia are not significantly affected in their velocity (d median velocity of Poly(I:C) 

treated vs control microglia, Mann-Whitney test, control: 0.9904µm/10 minutes, N: 546, Poly(I:C): 

1.001, N: 539, two-tailed approximate P value 0.2208). 

 

 

 

Supplementary Figure 5: Relative position of microglia and neurons. 

12.1.1.5 Supplementary Figure 5: Relative position of microglia and neurons 
The panels a (LPS) and b (Poly(I:C)) display the deviation of microglia position from the mean of their 

respective control relative to the marginal zone. In the panels c (LPS) and d (Poly(I:C)), the position of 

neurons is depicted relative to the mean distance of their respective control neurons. 
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Supplementary Figure 6: Migration of Poly(I:C) treated neurons. 

 

12.1.1.6 Supplementary Figure 6: Migration of Poly(I:C) treated neurons. 
The position of neurons as distance to the marginal zone in control and Poly(I:C) treatment. Displayed 

are the distances in each experiment at the start and end of imaging, the line is drawn at the median. 
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Supplementary Figure 7: Migration of LPS treated neurons in Experiment 16 and 22. 

12.1.1.7 Supplementary Figure 7: Migration of LPS treated neurons in Experiment 16 and 22. 
The position of neurons as distance to the marginal zone in control and LPS treatment. (a) Multiple slices 

in an experiment (b) are summed per condition and timepoint. Displayed are the distances in each 

experiment at the start and end of imaging, the line is drawn at the median. 
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Supplementary Figure 8: Migration of LPS treated neurons in Experiment 23 and 24. 

 

12.1.1.8 Supplementary Figure 8: Migration of LPS treated neurons in Experiment 23 and 24. 
The position of neurons as distance to the marginal zone in control and LPS treatment. (a+c) Multiple 

slices in an experiment (b+d) are summed per condition and timepoint. Displayed are the distances in 

each experiment at the start and end of imaging, the line is drawn at the median. 



56 
 

 

 

Supplementary Figure 9: Migration of neuronal populations in live imaging. 

12.1.1.9 Supplementary Figure 9: Migration of neuronal populations in live imaging. 

The position of neurons relative to the marginal zone at the beginning and at the end of time lapse 

imaging is plotted in a and b for LPS and Poly(I:C) treated neurons and their respective control neurons. 

The position of the neurons for the treatment and control differs significantly in both the start and end 

of live imaging (8-10h later, identical duration within each experiment) (a LPS Mann Whitney test, 

median distance to marginal zone at the start of imaging: control: 443.8µm, N: 1409; LPS: 473.6, N: 

1550, two-tailed approximate P value <0.0001; end of imaging: control: 412.9µm, N: 1709, LPS: 

450.7µm, N: 1685, approximate P value: <0.0001; b Poly(I:C) Mann Whitney test, median distance to 
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marginal zone at the start of imaging: control: 480.7µm, N: 903; Poly(I:C): 567.0µm, N:1148; two-tailed 

approximate P value: <0.0001; end of imaging: control: 451.9, N: 906, Poly(I:C): 5525.7µm, N: 1104, 

two tailed approximate P value: <0.0001). Also the position of bipolar neurons at the start and end 

differed significantly between control LPS treated neurons, but did not do so between Poly(I:C) and 

control (c LPS Mann Whitney test, median distance between bipolar neuron and marginal zone at the 

start of imaging: control: 495.4µm, N:1150, LPS: 540.0µm, N: 1132, two-tailed approximate P value 

<0.0001; end of imaging: control: 465.9µm, N:1519; LPS: 515.6µm, N:1334, two-tailed approximate P 

value: <0.0001; d Poly(I:C) Mann Whitney test, median distance to the marginal zone at the start of 

imaging: control: 637µm, N:674, Poly(I:C): 594.8µm, N:744, two tailed approximate P value 0.1727; 

end of imaging: control: 565.6µm, N:659, Poly(I:C): 551.7µm, N:730, two-tailed approximate P value 

0.3928) 
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Supplementary Figure 10: Single neuron velocity and mode of migration. 

12.1.1.10 Supplementary Figure 10: Single neuron velocity and mode of migration. 
In a (LPS) and b (Poly(I:C)) the velocity of single neurons for each experiment is displayed as mean with 

the standard error of mean. Irregular movements, defined as movements with a velocity more than two 

times the mean velocity of the specific neurons, are displayed as bar graphs in c and d. 
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Supplementary Figure 11: Microglia velocity after LPS and Poly(I:C) treatment in situ. 

 

12.1.1.11 Supplementary Figure 11: Microglia velocity after LPS and Poly(I:C) treatment in situ. 
The velocity of microglia in the live imaging, displayed for the single experiments. Individual experiments 

showed a significant increase in velocity compared to their control (Kolmogorov-Smirnov test, a: 

Poly(I:C) P values: Exp 13 p= 0.4736, Exp 15 p<0.0001, Exp 20 p = 0.5346, Exp 21 p = 0.0164; b: LPS P 

values: Exp 16 p = 0.2027, Exp 22 p = 0.0081, Exp 23 p = 0.0359, Exp 24 p 0.0003). 

 

 

 

 

 

 

 

12.1.1.12 Supplementary Figure 12: Cortical layering after maternal immune activation. 
The position of a) ctip2 or b) satb2 positive neurons in cortical slices after MIA is displayed as distance 

to the marginal zone. Displayed are the individual values for each embryo, consisting of 1-2 slices per 

brain. Embryos from H1N1 infected mothers are plotted in green (middle), embryos from mothers 

treated with PBS are plotted in black (left) and embryos from mothers treated with Poly(I:C) are plotted 

in blue (right). 
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Supplementary Figure 12: Cortical layering after maternal immune activation. 
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Supplementary Figure 13: Frequency distribution of Ctip2 positive neurons. 

12.1.1.13 Supplementary Figure 13: Frequency distribution of Ctip2 positive neurons. 
The percental distribution of ctip2 positive neurons is plotted in a, separated by the maternal treatment, 

and plotted in 50µm bins. In b, the difference for each bin between the maternally treated and 

untreated neurons is plotted with H1N1 infected mothers on the left and Poly(I:C) treated mothers on 

the right. 
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Supplementary Figure 14: Frequency distribution of Satb2 positive neurons. 

12.1.1.14 Supplementary Figure 14: Frequency distribution of Satb2 positive neurons. 
The percental distribution of satb2 positive neurons is plotted in a, separated by the maternal treatment, and 

plotted in 50µm bins. In b, the difference for each bin between the maternally treated and untreated neurons is 

plotted with H1N1 infected mothers on the left and Poly(I:C) treated mothers on the right. 
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14 Appendix Material 

14.1 Equipment 
Equipment Specification Provider 

Binocular Stemi 2000 Zeiss 

Microscope 1 EclipseTi2 Nikon 

Microscope 1: Camera ORCA-Flash4.0 V3 C13440-20CU Hamamatsu 

Microscope 1: LED SPECTRA X Light Engine Lumencor 

Microscope 1: Software NIS-Elements Nikon 

Microscope 2 Eclipse Ti Nikon 

Microscope 2: Camera CoolSNAP HQ2  Roper Scientific 

Microscope 2: Software NIS-Elements Nikon 

Pipette 10µL, 50µL, 100µL, 1000µL Eppendorf research plus 

Pipette tips  Sarstedt 

Cell culture Inserts 0.4µm, 30mm diameter Millicell 

Cryostat CM3050 S Leica 

Vibratome VT1000 S Leica 

Fluorescence Microscope SZX16 Olympus 

Fluorescence Laser x-Cite Series 120 Q EXFO 

 

14.2 Material 
Substance Provider LOT / Catalog number 

Neurobasal Invitrogen  21103049 

B27 Invitrogen  17504044 

N2 supplement Gibco 17502048 

Glucose Sigma  G7021-1kg 

Paraformaldehyde Roth 0335.2 

Triton x 100 Sigma  9036-19-5 

Glycerol Roth  3783.1 

Mowiol 4-88 Roth  0713.2 

Isofluorane Baxter vet 21E06A35 

Lectin Vector laboratories DL-1177 ZCO831 

Donkey Serum Sigma D9663-10ML 

Horse Serum Capricon DHS-1A-20 

PBS Invitrogen 14190094 

Poly(I:C) Sigma P9582-5mg 

LPS Sigma L3012-5mg 
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14.3 Software and Plugins 
Software Developer 

NIS-Elements Nikon 

FIJI (Is Just ImageJ) ImageJ 1.53u NIH, USA 

Cellcounter Plugin Kurt De Vos, University of Sheffield 

Trackmate Plugin (Tinevez et al., 2017) 

PRISM  GraphPad Prism Version 9.3.1, GraphPad Software LLC 

RStudio (posit.co) RStudio 2022.02.1+461 "Prairie Trillium" Release for Windows 

ggplot package (Wickham, 2009) 

openxlsx (R package) Philipp Schauberger et al., schauberger.co.at 

dplyr (R package) Hadley Wickham et al., rstudio.com 

rlist (R package) Kun Ren, https://renkun-ken.github.io/rlist/ 

Rcpp (R package) Dirk Eddelbuettel et al., edd at Debian.org 

Word Microsoft Office 

Excel Microsoft Office 

Publisher Microsoft Office 

Mendeley Mendeley 2008-2020 Glyph & Cog, LLC 

Mendeley Word Plugin Zotero / Center for History and New Media / George Mason 
University. 

14.4 DNA 
Plasmid Provider 

pCAGIG-EGFP-YFP Calderon de Anda  

TAOK2αWT and variants Calderon de Anda (Richter et al., 2018) 

TAOK2βWT and variants Calderon de Anda (Richter et al., 2018) 

14.5 GHS classification 
Formaldehyde (Carl Roth GmbH, 2021) 

GHS H P Amount used 

GHS05  

 
GHS06 

 
GHS08 

H301+H311+H331 
Toxic if swallowed, in 
contact with skin or if 
inhaled 
H314 Causes severe 
skin burns and eye 
damage 
H317 May cause an 
allergic skin reaction 
H335 May cause 
respiratory irritation 
H341 Suspected of 
causing genetic 
defects 
H350 May cause 
cancer 
H370 Causes damage 
to organs (eye) 

P260 Do not 
breathe 
mist/vapours 
P280 Wear 
protective 
gloves/protective 
clothing/eye 
protection/face 
protection 
P303+P361+P353 
IF ON SKIN (or 
hair): Take off 
immediately all 
contaminated 
clothing. Rinse skin 
with water [or 
shower] 
P304+P340 IF 
INHALED: Remove 
person to fresh air 
and keep 
comfortable for 
breathing 

450 mL 4% solution 
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P305+P351+P338 
IF IN EYES: Rinse 
cautiously with 
water for several 
minutes. Remove 
contact 
lenses, if present 
and easy to do. 
Continue rinsing 
P308+P311 IF 
exposed or 
concerned: Call a 
POISON 
CENTER/doctor 

Triton-X-100 (Carl Roth GmbH, 2022) 

GHS H P Amount used 

GHS05

 
 
GHS07 

 
 
GHS09 

 

H302 Harmful if 
swallowed 
H318 Causes serious 
eye damage 
H411 Toxic to aquatic 
life with long lasting 
effects 

P270 Do not eat, 
drink or smoke 
when using this 
product 
P273 Avoid release 
to the environment 
P280 Wear 
protective 
gloves/eye 
protection 
P305+P351+P338 
IF IN EYES: Rinse 
cautiously with 
water for several 
minutes. Remove 
contact 
lenses, if present 
and easy to do. 
Continue rinsing 
P310 Immediately 
call a POISON 
CENTER/doctor 

750 mL 0.3% solution 

 

14.6 RStudio Script 

Data import and distance calculations from ImageJ point selection tool 1 

install.packages("Rtools") 2 
install.packages("openxlsx") 3 
install.packages("rlist") 4 
install.packages("dplyr") 5 
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install.packages("Rcpp") 6 
install.packages("tidyverse") 7 
library(openxlsx) 8 
library(dplyr) 9 
library(rlist) 10 
library(Rcpp) 11 
options(warn = 10) 12 
  bin_low <- -1.1 13 
  bin_up <- 2.1 14 
  bin_stepsize <- 0.2 15 
  bin_width <- c(seq(bin_low,bin_up,bin_stepsize)) 16 
  setwd("") 17 
  vector_zip <- list.files(path = ".", pattern = "*_neurons.zip", all.files = FALSE, 18 
                           full.names = FALSE, recursive = TRUE, 19 
                           ignore.case = TRUE, include.dirs = FALSE, no.. = FALSE) 20 
   list_zip <- as.data.frame(vector_zip) 21 
  list_zip 22 
   array_marg <- array(dim = c(3500,5,nrow(list_zip))) 23 
  number_list <- c(0) 24 
  ### 25 
  # loop through all zip files and add number of containing files into table column 2 26 
  # running through all experiments ##### 27 
  for (i in (1:length(vector_zip))) { 28 
    vector_zip_cells_temp <- vector_zip[i] 29 
    list_zip[i,2] <- nrow(unzip(vector_zip_cells_temp,list = TRUE)) 30 
    rois_list_temp = unzip(vector_zip_cells_temp, list = TRUE) 31 
    rois_table_temp = as.data.frame(rois_list_temp[,1]) 32 
    print(vector_zip[i]) 33 
    print(summary(nchar(as.character(rois_table_temp[,1])))) 34 
  } 35 
  for (i in (1:length(vector_zip))) { 36 
    vector_zip_cells_temp <- vector_zip[i] 37 
    list_zip[i,2] <- nrow(unzip(vector_zip_cells_temp,list = TRUE)) 38 
    ##### 39 
    rois_list_temp = unzip(vector_zip_cells_temp, list = TRUE) 40 
    rois_table_temp = as.data.frame(rois_list_temp[,1]) 41 
    print(summary(nchar(as.character(rois_table_temp[,1])))) 42 
    rois_vector = rois_table_temp[,1] 43 
    by = gsub(".........$", "", rois_vector) 44 
    rois_ycoord = as.numeric(gsub("^.....", "", by)) 45 
    bx = gsub("....$", "", rois_vector) 46 
    rois_xcoord = as.numeric(gsub("^..........", "", bx)) 47 
    rois_table_temp[,2] = rois_xcoord 48 
    rois_table_temp[,3] = rois_ycoord 49 
    #slide nomenclature ##### 50 
    slide_name_temp <- c(vector_zip[i]) 51 
    slide_name_split_temp <- as.list(strsplit(slide_name_temp,"/")) 52 
    slide_name_table_temp <- as.data.frame(slide_name_split_temp) 53 
    slide_name_table_temp <- as.data.frame(slide_name_split_temp) 54 
    number <- paste(slide_name_table_temp[1:(nrow(slide_name_table_temp) - 1),1],sep = "_") 55 
    number <- paste(number, collapse = "_") 56 
    pattern_1 = paste("XY_MZ_",number, sep = "") 57 
    layer_list <- list.files(pattern = pattern_1,recursive = TRUE) 58 
    ##correlating rois with layers 59 
    cells_list = 0 60 
    cells_list <- rois_table_temp[,2:3] 61 
    cells_list <- cells_list[(order(cells_list[,1])),] 62 
    cells_list[,3] <- c(0)  63 
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    ##transfer data into layer Marginal zone vector ##### 64 
    frame_pattern <- slide_name_table_temp[nrow(slide_name_table_temp),] 65 
    frame_pattern_extr <- as.data.frame(strsplit(as.character(frame_pattern)[1],"_")) 66 
    frame_pattern_row <- grep(frame_pattern_extr[1,], layer_list) 67 
    number_list[i] <- paste(number,frame_pattern_extr[1,],frame_pattern_extr[2,],sep = "_") 68 
    pattern_2 <- paste(pattern_1,"csv",sep = ".") 69 
    raw_values <- read.csv2(layer_list[1],header = TRUE,sep = ",", dec = ".") 70 
    border_points <- c(0,0) 71 
    (for (m in 1:(nrow(raw_values) - 1)) { 72 
      border_points <- rbind(border_points, raw_values[m,]) 73 
      raw_values_temp <- raw_values[(m:(m + 1)),] 74 
      raw_values_temp <- raw_values_temp[order(raw_values_temp[,1]),] 75 
      con_line_y <- (raw_values_temp[2,2] - raw_values_temp[1,2]) 76 
      con_line_x <- (raw_values_temp[2,1] - raw_values_temp[1,1]) 77 
      con_line <- 1*(con_line_y/con_line_x) 78 
      connect_seq <- (seq(raw_values_temp[1,1],raw_values_temp[2,1])) 79 
      k_x = raw_values_temp[2,1] - raw_values_temp[1,1] 80 
      k_y = raw_values_temp[2,2] - raw_values_temp[1,2] 81 
      p = k_x/k_y 82 
      (ifelse(p <= 0,(p <- -1),(p <- 1))) 83 
      for (k in 1:length(connect_seq)) { 84 
        con_point <- c(connect_seq[k],raw_values_temp[1,2] + (k*con_line)) 85 
        border_points <- rbind(border_points, con_point) 86 
      } 87 
    }) 88 
    layer_MZ <- 0 89 
    layer_MZ <- border_points[2:nrow(border_points),] 90 
    # visualize the correct assignment of UCP layer cells and positioning of marginal zone border  ##### 91 
    plot(cells_list[,2]~cells_list[,1],pty = "s",ylim = c(0,6000),xlim = c(0,6000),main = slide_name_temp) 92 
    # calculate distance from cells to MZ #### 93 
    for (r_num in 1:nrow(cells_list)) { 94 
      temp_dist <- layer_MZ 95 
      for (var_num in 1:nrow(temp_dist)) { 96 
        temp_dist[var_num,3] <- sqrt(((cells_list[r_num,2] - temp_dist[var_num,2])^2)  97 
                                     + ((cells_list[r_num,1] - temp_dist[var_num,1])^2)) 98 
      } 99 
      dist_cells_mz <- subset(temp_dist,temp_dist[,3] == min(temp_dist[,3]))  100 
      cells_list[r_num,3:5] <- dist_cells_mz[1,] 101 
    } 102 
    plot(cells_list[,4]~cells_list[,3],ylim = c(0,6000),xlim = c(0,6000),main = slide_name_temp) 103 
    points(cells_list[,2]~cells_list[,1],pch = 3) 104 
    plot(sort(cells_list[,5]),main = slide_name_temp) 105 
    print(slide_name_temp) 106 
    print("this slice") 107 
    print(Sys.time() - slice_time) 108 
    print(Sys.time() - start_time) 109 
    slice_time <- Sys.time() 110 
    array_marg[(1:nrow(cells_list)),1,i] <- cells_list[,1] 111 
    array_marg[(1:nrow(cells_list)),2,i] <- cells_list[,2] 112 
    array_marg[(1:nrow(cells_list)),3,i] <- cells_list[,3] 113 
    array_marg[(1:nrow(cells_list)),4,i] <- cells_list[,4] 114 
    array_marg[(1:nrow(cells_list)),5,i] <- cells_list[,5] 115 
  } 116 
array_marg_df <- as.data.frame(array_marg[,5,]) 117 

Scaling and uncoding of data in maternal immune activation 118 

  array_marg_df_scale <- array_marg_df*(0.2289618) #flu imaging 119 
  col_names_number_list <- sub("channel_1","Ctip2",number_list,ignore.case = TRUE) 120 
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  col_names_number_list <- sub("channel_2","Satb2",col_names_number_list,ignore.case = TRUE) 121 
  col_names_number_list <- sub("channel_4","Satb2_clipped",col_names_number_list,ignore.case = TRUE) 122 
  colnames(array_marg_df_scale) <-  (c(col_names_number_list)) 123 
  write.xlsx(array_marg_df_scale, file = "distances_flu_ctip2_satb2.xlsx",colNames = TRUE) 124 
  # uncoding of flu data #### 125 
  sort(x = c((grep(pattern = "channel_1", x = number_list)),(grep(pattern = "channel_2", x = 126 
number_list))),decreasing = FALSE) 127 
  ctip2_uncode <- c(grep(pattern = "Ctip2", x = col_names_number_list)) 128 
  satb2_uncode <- c(grep(pattern = "channel_2", x = number_list)) 129 
  H1N1_uncode <- c(32,9,18,24,29,6,3,12,15,21,35,27) 130 
  Polyic_uncode <- c(23,11,2,17,20,34,5,8,14,31,26) 131 
  PBS_uncode <- c(22,19,13,1,10,25,33,16,4,30,7,28) 132 
#  # binning into histogram ##### 133 
  testmatrix <- array_marg_df_num 134 
  values_mean = array_marg_df_stat[,2] 135 
  boxplot(testmatrix,names = FALSE,varwidth = FALSE,plot = TRUE,notch = TRUE) 136 
  hist_breaks <- c(seq(-500,10000,50)) 137 
  hist_matrix <- matrix(ncol = (length(hist_breaks) - 1),nrow = ncol(testmatrix)) 138 
  rownames(hist_matrix) = number_list 139 
  colnames(hist_matrix) = c(hist_breaks[2:length(hist_breaks)]) 140 
  for (his_t in 1:ncol(array_marg_df_num)) { 141 
    hist_matrix[his_t,] <- c(hist(testmatrix[,his_t], 142 
                                  breaks = hist_breaks, 143 
                                  plot = FALSE)$counts 144 
    ) 145 
  } 146 
  hist_matrix_dif <- hist_matrix 147 
  hist_matrix_cumu <- hist_matrix_dif 148 
  for (his_cumu in 1:nrow(hist_matrix_dif)) { 149 
    hist_matrix_cumu[his_cumu,] <- as.numeric(cumsum(hist_matrix_dif[his_cumu,])) 150 
  } 151 
  trafo_hist_matrix_dif <- t(hist_matrix_dif) 152 
  trafo_hist_matrix_cumu <- t(hist_matrix_cumu) 153 
}) 154 

Depiction of data in histograms and differential histograms 155 

par.default <- par(no.readonly = TRUE) 156 
h1n1_dataframe <- array_marg_df[,satb2_uncode][,H1N1_uncode]*(0.2289618) 157 
h1n1_dataframe_200 <- h1n1_dataframe[(which(h1n1_dataframe >= 250,arr.ind = TRUE))] 158 
h1n1_dataframe_200_400 <- h1n1_dataframe_200[(which(h1n1_dataframe_200 <= 350,arr.ind = TRUE))] 159 
h1n1_dataframe_200_400 <- h1n1_dataframe[(which(h1n1_dataframe <= 350 & h1n1_dataframe >= 160 
250,arr.ind = TRUE))] 161 
pbs_dataframe <- array_marg_df[,satb2_uncode][,PBS_uncode]*(0.2289618) 162 
polyic_dataframe <- array_marg_df[,satb2_uncode][,Polyic_uncode]*(0.2289618) 163 
histogram_breaks <- c(seq(0,max(array_marg_df * (0.2289618),na.rm = TRUE) + 100,50)) 164 
h1n1_histogram <- hist(unlist(h1n1_dataframe),plot = FALSE,breaks = histogram_breaks) 165 
pbs_histogram <- hist(unlist(pbs_dataframe),plot = FALSE,breaks = histogram_breaks) 166 
polyic_histogram <- hist(unlist(polyic_dataframe),plot = FALSE,breaks =  histogram_breaks) 167 
plot(y = pbs_histogram$counts / sum(pbs_histogram$counts), x = pbs_histogram$mids,) 168 
abline(points(y = polyic_histogram$counts / sum(polyic_histogram$counts),x = polyic_histogram$mids,col = 4) 169 
       ,points(y = h1n1_histogram$counts / sum(h1n1_histogram$counts),x = h1n1_histogram$mids,col = 8)) 170 
legend(max(pbs_histogram$mids) * 0.8,max(pbs_histogram$counts / sum(pbs_histogram$counts)),legend = 171 
c("pbs","polyic","h1n1"), col = c(1,4,8),pch = 1,cex = 1) 172 
dif_hist_density_h1n1_pbs <- (h1n1_histogram$counts / sum(h1n1_histogram$counts)) - 173 
(pbs_histogram$counts / sum(pbs_histogram$counts)) 174 
dif_hist_density_polyic_pbs <- (polyic_histogram$counts / sum(polyic_histogram$counts)) - 175 
(pbs_histogram$counts / sum(pbs_histogram$counts)) 176 
par(mfrow = c(1,2)) 177 
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dif_hist_h1n1_bar <- barplot(rev(dif_hist_density_h1n1_pbs), 178 
        main = "Differential histogram of H1N1 to control", 179 
        names.arg = rev(histogram_breaks[2:length(histogram_breaks)]), 180 
        ylab = c("bin width 50µm"), 181 
        horiz = TRUE, 182 
        xlim = c((min(dif_hist_density_h1n1_pbs)*1.2),(max(dif_hist_density_h1n1_pbs)*1.2)), 183 
        ) 184 
text(dif_hist_h1n1_bar, 185 
     labels = c(round(rev(dif_hist_density_h1n1_pbs),digits = 4)*100), 186 
     x = c(rev(dif_hist_density_h1n1_pbs)), 187 
     adj = -0.5) 188 
dif_hist_polyic_bar <- barplot(rev(dif_hist_density_polyic_pbs),  189 
        main = "Differential histogram of PolyIC to control", 190 
        names.arg = rev(histogram_breaks[2:length(histogram_breaks)]), 191 
        ylab = c("bin width 50µm"), 192 
        horiz = TRUE, 193 
        xlim = c((min(dif_hist_density_h1n1_pbs)*1.2),(max(dif_hist_density_h1n1_pbs)*1.2)) 194 
        ) 195 
text(dif_hist_polyic_bar, 196 
     labels = c(round(rev(dif_hist_density_polyic_pbs),digits = 4)*100), 197 
     x = c(rev(dif_hist_density_polyic_pbs)), 198 
     adj = 0) 199 
par(par.default) 200 
sum(h1n1_histogram$counts / sum(h1n1_histogram$counts)) 201 
par(mfrow = c(1,2),pty = "s",xaxs = "i",yaxs = "i") 202 
qqplot(y = (h1n1_histogram$counts / sum(h1n1_histogram$counts)),x = (pbs_histogram$counts / 203 
sum(pbs_histogram$counts))) 204 
abline(line(x = c(0,1),y = c(0,1))) 205 
qqplot(y = (polyic_histogram$counts / sum(polyic_histogram$counts)),x = (pbs_histogram$counts / 206 
sum(pbs_histogram$counts))) 207 
abline(line(x = c(0,1),y = c(0,1))) 208 
par(par.default) 209 
par(mfrow = c(1,3)) 210 
h1n1_height <- round(rev(h1n1_histogram$counts / sum(h1n1_histogram$counts)),digits = 4) 211 
h1n1_bar <- barplot(height = h1n1_height, 212 
        names.arg = rev(histogram_breaks[2:length(histogram_breaks)]), 213 
        ylab = c("bin width 50µm"), 214 
        horiz = TRUE, 215 
        xlim = c(0,0.4), 216 
        main = "Distribution of cells in H1N1") 217 
text(h1n1_bar, 218 
     x = h1n1_height, 219 
     labels = h1n1_height*100, 220 
     adj = -1 221 
     ) 222 
pbs_height <- round(c(rev(pbs_histogram$counts / sum(pbs_histogram$counts))),digits = 4) 223 
pbs_bar <- barplot(height = pbs_height, 224 
                   names.arg = rev(histogram_breaks[2:length(histogram_breaks)]), 225 
                   ylab = c("bin width 50µm"), 226 
                   horiz = TRUE, 227 
                   xlim = c(0,0.4), 228 
                   main = "Distribution of cells in PBS") 229 
text(pbs_bar, 230 
     x = (pbs_height), 231 
     labels = (pbs_height*100), 232 
     adj = -1 233 
) 234 
polyic_height <- round(rev(polyic_histogram$counts / sum(polyic_histogram$counts)), digits = 4) 235 
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polyic_bar <- barplot(height = polyic_height, 236 
        names.arg = rev(histogram_breaks[2:length(histogram_breaks)]), 237 
        ylab = c("bin width 50µm"), 238 
        horiz = TRUE, 239 
        xlim = c(0,0.4), 240 
        main = "Distribution of cells in Poly:IC") 241 
text(polyic_bar, 242 
     x = polyic_height, 243 
     labels = polyic_height*100, 244 
     adj = -1 245 
     ) 246 
par(par.default) 247 

Velocity of single neurons with coordinates from ImageJ tracking 248 

# List all zip files in the folder 249 
# create table to collect roi information with ZIP files as rownames 250 
install.packages("ggplot2") 251 
library(ggplot2) 252 
options(warn = 2) 253 
getwd() 254 
setwd(“”) 255 
getwd() 256 
vector_zip <- list.files(path = ".", pattern = "*.zip", all.files = FALSE, 257 
                         full.names = FALSE, recursive = TRUE, 258 
                         ignore.case = FALSE, include.dirs = FALSE, no.. = FALSE) 259 
list_zip <- as.data.frame(vector_zip) 260 
list_zip[,2:8] <- c(NaN) 261 
# loop through all zip files and add number of containing files into table 262 
for (i in (1:length(vector_zip))) { 263 
  a <- vector_zip[i] 264 
  list_zip[i,2] <- nrow(unzip(a,list = TRUE)) 265 
} 266 
for (i in (1:length(vector_zip))) { 267 
  coordinates_temp <- unzip(vector_zip[i], list = TRUE) 268 
  coordinates_temp <- coordinates_temp[,(1:2)] 269 
   #list_zip[i,2] <- nrow(unzip(vector_zip_cells_temp,list = TRUE)) 270 
  reference_temp = vector_zip[i] 271 
  ref_list = unzip(reference_temp, list = TRUE) 272 
  ref_table = as.data.frame(ref_list[,1]) 273 
  ref_vector = ref_table[,1] 274 
  ref_y = gsub(".........$", "", ref_vector) 275 
  ref_ycoord = as.numeric(gsub("^.....", "", ref_y)) 276 
  ref_x = gsub("....$", "", ref_vector) 277 
  ref_xcoord = as.numeric(gsub("^..........", "", ref_x)) 278 
  coordinates_temp[,1] = ref_xcoord 279 
  coordinates_temp[,2] = ref_ycoord 280 
  for (p in (1:(nrow(coordinates_temp) - 1))) { 281 
    z_dist = sqrt(((coordinates_temp[(p + 1),2] - coordinates_temp[(p),2])^2) + ((coordinates_temp[(p + 1),1] - 282 
coordinates_temp[(p),1])^2)) 283 
  coordinates_temp[p,3] = as.numeric(z_dist) 284 
  tt <- coordinates_temp[,3] 285 
  loc_max <- length(which(tt/(2*mean(tt,na.rm = TRUE))>1))  # local maximum speed more than 2 times the 286 
average speed 287 
  } 288 
list_zip[i,3] = sum(coordinates_temp[,3], na.rm = TRUE) 289 
list_zip[i,4] = median(coordinates_temp[,3], na.rm = TRUE) 290 
list_zip[i,8] = loc_max 291 
} 292 



84 
 

Experiment1 <- grep("*Experiment 1", list_zip[,1]) 293 
Experiment13 <- grep("*Experiment 13", list_zip[,1]) 294 
Experiment14 <- grep("*Experiment 14", list_zip[,1]) 295 
Experiment15 <- grep("*Experiment 15", list_zip[,1]) 296 
Experiment16 <- grep("*Experiment 16", list_zip[,1]) 297 
Experiment18 <- grep("*Experiment 18", list_zip[,1]) 298 
Experiment20 <- grep("*Experiment 20", list_zip[,1]) 299 
Experiment21 <- grep("*Experiment 21", list_zip[,1]) 300 
Experiment22 <- grep("*Experiment 22", list_zip[,1]) 301 
Experiment23 <- grep("*Experiment 23", list_zip[,1]) 302 
Experiment24 <- grep("*Experiment 24", list_zip[,1]) 303 
polyIC_values <- grep("*polyIC",ignore.case = TRUE,list_zip[,1]) 304 
polyic_values <- grep("*polyic",list_zip[,1]) 305 
LPS_treated <- grep("*LPS",ignore.case = TRUE,list_zip[,1]) 306 
ctrl_values <- grep("*ctrl",list_zip[,1]) 307 
control_values <- grep("*control",list_zip[,1]) 308 
old_microscope <- grep("*old",list_zip[,1]) 309 
Nomenclature <- list_zip 310 
Nomenclature[Experiment1,5] <- c("Exp.1") 311 
Nomenclature[Experiment13,5] <- c("Exp.13") 312 
Nomenclature[Experiment14,5] <- c("Exp.14") 313 
Nomenclature[Experiment15,5] <- c("Exp.15") 314 
Nomenclature[Experiment16,5] <- c("Exp.16") 315 
Nomenclature[Experiment18,5] <- c("Exp.18") 316 
Nomenclature[Experiment20,5] <- c("Exp.20") 317 
Nomenclature[Experiment21,5] <- c("Exp.21") 318 
Nomenclature[Experiment22,5] <- c("Exp.22") 319 
Nomenclature[Experiment23,5] <- c("Exp.23") 320 
Nomenclature[Experiment24,5] <- c("Exp.24") 321 
Nomenclature[polyIC_values,6] <- c("polyIC") 322 
Nomenclature[polyic_values,6] <- c("polyIC") 323 
Nomenclature[LPS_treated,6] <- c("lps") 324 
Nomenclature[ctrl_values,7] <- c("ctrl") 325 
Nomenclature[control_values,7] <- c("ctrl") 326 
Nomenclature[is.na(Nomenclature)] <- c("") 327 
for (nom in (1:(nrow(list_zip)))) { 328 
  list_zip[nom,5] <- paste(Nomenclature[nom,(c(5:7))],collapse = "_") 329 
} 330 
 331 
Exp1_poly <- grep("*Exp.1_poly", list_zip[,5]) 332 
Exp1_lps <- grep("*Exp.1_lps", list_zip[,5]) 333 
Exp13_poly <- grep("*Exp.13_poly", list_zip[,5]) 334 
Exp14_poly <- grep("*Exp.14_poly", list_zip[,5]) 335 
Exp14_lps  <- grep("*Exp.14_lps", list_zip[,5]) 336 
Exp15_poly <- grep("*Exp.15_poly", list_zip[,5]) 337 
Exp15_lps <- grep("*Exp.15_lps", list_zip[,5]) 338 
Exp16_poly <- grep("*Exp.16_poly", list_zip[,5]) 339 
Exp16_lps <- grep("*Exp.16_lps", list_zip[,5]) 340 
Exp18_poly <- grep("*Exp.18_poly", list_zip[,5]) 341 
Exp18_lps <- grep("*Exp.18_lps", list_zip[,5]) 342 
Exp20_poly <- grep("*Exp.20_poly", list_zip[,5]) 343 
Exp21_poly <- grep("*Exp.21_poly", list_zip[,5]) 344 
Exp22_lps <- grep("*Exp.22_lps", list_zip[,5]) 345 
Exp23_lps <- grep("*Exp.23_lps", list_zip[,5]) 346 
Exp24_lps <- grep("*Exp.24_lps", list_zip[,5]) 347 
list_zip[Exp1_poly,6] <- (list_zip[Exp1_poly,3]/48)*0.92 348 
list_zip[Exp1_lps,6] <- (list_zip[Exp1_lps,3]/48)*0.92 349 
list_zip[Exp13_poly,6] <- (list_zip[Exp13_poly,3]/36)*0.92 350 
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list_zip[Exp14_poly,6] <- (list_zip[Exp14_poly,3]/36)*0.92 351 
list_zip[Exp14_lps,6] <- (list_zip[Exp14_lps,3]/36)*0.92 352 
list_zip[Exp15_poly,6] <- (list_zip[Exp15_poly,3]/36)*0.92 353 
list_zip[Exp15_lps,6] <- (list_zip[Exp15_lps,3]/36)*0.66 354 
list_zip[Exp16_poly,6] <- (list_zip[Exp16_poly,3]/60)*0.66 355 
list_zip[Exp16_lps,6] <- (list_zip[Exp16_lps,3]/60)*0.92 356 
list_zip[Exp18_poly,6] <- (list_zip[Exp18_poly,3]/60)*0.66 357 
list_zip[Exp18_lps,6] <- (list_zip[Exp18_lps,3]/60)*0.66 358 
list_zip[Exp20_poly,6] <- (list_zip[Exp20_poly,3]/60)*0.66 359 
list_zip[Exp21_poly,6] <- (list_zip[Exp21_poly,3]/60)*0.66 360 
list_zip[Exp22_lps,6] <- (list_zip[Exp22_lps,3]/60)*0.66 361 
list_zip[Exp23_lps,6] <- (list_zip[Exp23_lps,3]/60)*0.92 362 
list_zip[Exp24_lps,6] <- (list_zip[Exp24_lps,3]/60)*0.66 363 
 364 
list_zip[Exp1_poly,7] <- (list_zip[Exp1_poly,4]/3)*0.92 365 
list_zip[Exp1_lps,7] <- (list_zip[Exp1_lps,4]/3)*0.92 366 
list_zip[Exp13_poly,7] <- (list_zip[Exp13_poly,4]/2)*0.92 367 
list_zip[Exp14_poly,7] <- (list_zip[Exp14_poly,4]/2)*0.92 368 
list_zip[Exp14_lps,7] <- (list_zip[Exp14_lps,4]/2)*0.92 369 
list_zip[Exp15_poly,7] <- (list_zip[Exp15_poly,4]/2)*0.92 370 
list_zip[Exp15_lps,7] <- (list_zip[Exp15_lps,4]/3)*0.66 371 
list_zip[Exp16_poly,7] <- (list_zip[Exp16_poly,4]/3)*0.66 372 
list_zip[Exp16_lps,7] <- (list_zip[Exp16_lps,4]/2)*0.92 373 
list_zip[Exp18_poly,7] <- (list_zip[Exp18_poly,4]/3)*0.66 374 
list_zip[Exp18_lps,7] <- (list_zip[Exp18_lps,4]/3)*0.66 375 
list_zip[Exp20_poly,7] <- (list_zip[Exp20_poly,4]/3)*0.66 376 
list_zip[Exp21_poly,7] <- (list_zip[Exp21_poly,4]/3)*0.66 377 
list_zip[Exp22_lps,7] <- (list_zip[Exp22_lps,4]/3)*0.66 378 
list_zip[Exp23_lps,7] <- (list_zip[Exp23_lps,4]/3)*0.92 379 
list_zip[Exp24_lps,7] <- (list_zip[Exp24_lps,4]/3)*0.66 380 
colnames(list_zip) <- c("Experiment evctor","Number of frames", 381 
                        "Distance moved pixel","Median distance per frame","Name sorting", 382 
                        "Movement per 10 min in micron","Median movement per 10 min in micron", 383 
                        "N local maxima > 2*mean") 384 
viol <- ggplot(list_zip, aes(list_zip[,6],list_zip[,5])) + geom_violin(aes(group=list_zip[,5]))+ggtitle("mean") 385 
viol + coord_flip() 386 
ggplot(list_zip, aes(list_zip[,6],list_zip[,5])) + geom_boxplot(aes(group=list_zip[,5])) + ggtitle("mean")#+ 387 
coord_flip() 388 
dots_mean <- qplot(x = list_zip[,6],y = list_zip[,5],data = list_zip, geom = "point") + ggtitle("mean") 389 
dots_mean 390 
dots_median <- qplot(x = list_zip[,7],y = list_zip[,5],data = list_zip, geom = "point") + ggtitle("median") 391 
dots_median 392 
# create filterable table of micron per 10 minutes time 393 
speedtable_filter <- Nomenclature[,1:7] 394 
speedtable_filter[,3] <- list_zip[,6] 395 
speedtable_filter[,4] <- list_zip[,8] 396 
colnames(speedtable_filter) <- c("filevector","N frames","micron per 10 minutes","N local maximum distance 397 
moved >2*mean","Experiment","Treatment","Control") 398 
write.csv(speedtable_filter, file = "Table velocity neurons.csv") 399 
dots_jumps <- qplot(x = list_zip[,8],y = list_zip[,5],data = list_zip, geom = "point") + ggtitle("jumps") 400 
dots_jumps 401 
viol_jumps <- ggplot(list_zip, aes(list_zip[,8],list_zip[,5])) + geom_violin(aes(group=list_zip[,5]))+ggtitle("N 402 
Jumps") 403 
viol_jumps #+ coord_flip() 404 
ggplot(list_zip, aes(list_zip[,8],list_zip[,5])) + geom_boxplot(aes(group=list_zip[,5])) + ggtitle("jumps")#+ 405 
coord_flip()406 
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