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1. Introduction 
 

Proliferation 

- Differentiation  Cell migration 

- Connectivity  Axonal pathfinding, Synapse formation, Circuit formation 

- Maturation  Cell death, pruning (= eliminating ineffective synapses) 

 

Development of the brain: It starts with 3 parts in the 

beginning  Prosencephalon, Mesencephalon and the 

Rhombencephalon. 

Every species has an individual way to develop those 3 

parts. In humans, the Prosenephalon divides in two 

parts, the Telencephalon and the Diencephalon 

(amongst others the optic vesicle). The 

Rhombencephalon divides itself into the 

Metencephalon and the Myencephalon. 

 

Development means increase in size and increase in complexity. At the age of 9 months, the brain reaches its 

final shape. Many cells have to develop, many connections have to be established. The size of the forebrain 

increased during evolution. The final structures may look very different in the adult organism but their 

development is very similar in invertebrates and vertebrates (e.g. the same genes are responsible for the 

development of the human eye and the eye of a fly), but they share a lot in common in molecular mechanisms. 

The mechanisms of development during early stages are the same for all vertebrates even though the 

morphology differs considerably.  

 

Proliferation 

- Symmetric: Cell divides into two identical cells 

- Asymmetric: Cell divides into two non-identical cells 

 

Proliferation takes place in the ventricular zone of the neural tube, the cells migrate radial and tangential. 

The glial cells are the guiding cells for the migrating neural cells in the radial migration. Radial glia also can give 

rise to neuronal precursors. Radial migration is essential for cortical development. The cortex always forms 

inside out, the cells always keep migrating until they get a stop signal from the cajal cells (top layer of the 

cortex) when they have reached their final destination.  
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The peripheral nervous system of vertebrates is segmented. Somites are essential for the segmentation of the 

peripheral nervous system. 

Migration and differentiation cannot be separated in neural crest development. The caudal part of the somite 

is inhibitory for neural crest cell migration, they can only migrate through the anterior part of the somites. 

 

Differentiation and Patterning 

Lateral Inhibition defines the number of neuronal cells. Anteroposterior and dorsoventral identity are specified 

by different factors (e.g. BMP4 dorsal, Sonic hedgehog ventral), and the combination of these specifications 

lead to the combined coordinates for positional information. 

 

Neural connectivity - the basis of neural function 

Neurons extend long processes to connect to their targets. These axons use guideposts as intermediate targets. 

These guideposts consist of attractive and repulsive cues. 

 

 

 

Long-range cues: 

zeigen die allgemeine 

Wachstumsrichtung  

Chemotaxis (via KZG) 

Short-range cues: 

geben den einzuschlagenden Weg 

vor  direct contact 
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Components of the nervous system 

- Central nervous system: neurons are arranged into nuclei or into layers axons from tracts  

- Peripheral nervous system: neurons are located in ganglia axons from nerves 

 

 

 

The neuron is the basic cellular element of the nervous system: 

- Afferent neurons: neurons that carry  information toward the CNS 

- Interneurons: neurons participating in local aspects of a circuit 

- Efferent neurons: neurons that carry  information away from the CNS 

 

Glial cells: 3 types of glial cells in the mature central nervous system: 

 

 

 

 

 

 

 

maintain chemical   myelination  scavenger cells 

environment of neurons 

 

  



7 
 

2. Neural stem cells in the Adult Brain  
Paper: „Adult neurogenesis: mechanisms and functional significance” – Braun & 

Jessberger 
 

New neurons are generated throughout life in distinct regions of the mammalian brain. This process, called 

adult neurogenesis, has been implicated in physiological brain function, and failing or altered neurogenesis has 

been associated with a number of neuropsychiatric diseases.  

The final structures may look very different in the adult organism but their development is very similar in 

invertebrates and vertebrates (e.g. same genes are responsible for the development of the eye in Invertebrates 

and vertebrates 

 

The mammalian brain retains the capacity 

to generate new neurons throughout life. 

Adult neural stem/progenitor cells (NSPCs) 

are responsible for the generation of new 

neurons and reside in two main locations in 

the adult brain: the subventricular zone 

(SVZ) and the hippocampal dentate gyrus 

(DG). 

 

 Adult neurogenesis is an important player in brain homeostasis and disease (major depression and epilepsy) 

 

Difficulties that come with adult neurogenesis: 

- How do new neurons differentiate and integrate into adult neural circuitries? 

- Understand the implications of failing neurogenesis in neuropsychiatric disease processes 

- Analyse whether endogenous NSPCs may be harnessed for brain repair 

 

How to visualize dividing cells (and their progeny)? 

- Endogenous markers (pH3, Ki67, mito4c, figures…)  are 

expressed at different developmental stages 

Ki67/pH3 are strongly expressed in M-phase  

- Thymidine analogues (BrdU)  integrate BrdU into 

dividing cells, Antibody recognizes BrdU later 

BrdU labels cells that can incorporate the nucleotides 

during S-phase  advantage: lineage tracing; follow 

maturation process of NSPCs 

- Fusion plasmids (e.g., tubulin, histones…) 

- Retroviruses  a dividing cell includes the retrovirus due to the fact that during cell division, the 

nucleus’ membrane is open (e.g. Moloney murine leukemia (MML) viruses) 

- Transgenic lineage tracers 
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Transgenic fate tracing 

LoxP gets stopped if there is no Cre recombinase 

If LoxP get stopped, no LacZ. 

With a promotor  expression of LacZ 

Cre/LoxP  gezielte Entfernung von DNA Sequenzen 

Cre ist eine Rekombinase, welche die Spaltung und 

Neuverknüpfung and der Erkennungssequenz (loxP) 

katalyiert.  

DNA Sequenz entfernen  floxen = vor und hinter die 

zu entfernende Sequenz wird eine loxP site eingefügt 

 

 

When a virus get injected to the mouse embryo 

(labelling), it can be seen that the cell moves down to 

the ventricular zone  one cell stays a radial glia cell, 

the other one become a neuron 

 

 

 

But there are not only radial glial cells in the ventricular zone, there is an outer subventricular zone in humans! 

Daughter cells (red) migrate along the radial glial cell (green), while the radial glial cell stays in the VZ. 

 

2.1  NSPC niches in the adult mammalian brain 

 
There are two cardinal features of NSPCs: Self-renewal and multipotency 

Upon activation by niche-derived and/or intrinsic signals, they undergo proliferation, which leads to the birth of 

new neurons. Newborn cells then undergo differentiation into neuronal cells before they mature and integrate 

into the pre-existing circuitries.  

In the DG newborn cells differentiate into excitatory granule 

cells (principal DG neurons). NSPCs in the SVZ generate 

restricted neural progenitor cells that migrate through a glial 

cell scaffold via the rostral migratory stream (RMS) towards 

the olfactory bulb, where newborn olfactory neurons mature 

and functionally integrate.  

 

NSPCs in the SVZ and DG share certain characteristics on the cellular and molecular levels: 
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- Both express a set of proteins including the intermediate filament nestin and the Sry2-related 

transcription factor Sox2 

- They display certain astrocytic features 

- The niche in the SVZ appears to contain heterogeneous populations of NSPCs, most prominently at the 

dorsoventral axis, that display differentiation bias (one type of olfactory neuron over another) 

By the way, the generation of new neurons has also been observed in the hypothalamus. 

Adult neurogenesis: of mice and men 

- Current evidence suggests that neurogenesis in the SVZ/OB ceases during the early postnatal period, 

even though quiescent NSPCs may persist in the SVZ 

- It has recently been found that striatal interneurons are generated throughout life in the human 

striatum and that turnover of this neuronal subtype is affected in Huntington’s disease 

- Neurogenesis clearly persists in distinct areas of the adult human brain 

- Mice: running and enriched environment increases the number of new neurons in the hippocampus 

- Morris water maze: Outside of the pool are some orientation points, inside of the pool is milky water 

and a hidden platform 

o Before learning: long latency, long distance 

o After learning: short latency, short distance 

o Mice with enriched environment learn faster to find the platform  learning increases brain 

size 

o Chronical stress and depression leads to degeneration of the hippocampus (chronic 

antidepressant treatment in rats increases neurogenesis in the hippocampus!) 

- Strategies to ablate neurogenesis: 

 

 

 

 

 

 

 

 

 

- Mice with decreased neurogenesis are impaired  at spatial pattern separation 

 

Lineage progression and molecular regulation of adult neurogenesis 

From the largely quiescent NSPCs, also called type – 1 cells (DG), B-cells (SVZ) or radial glia-like cells (DG & 

SVZ), to a fully integrated and functional neuron, NSPCs must pass through several development steps: 

- NSPC population is activated to generate proliferating, non – radial transmit amplifying cells (TAPs)  

type-2 cells (DG) and C-cells (SVZ) 

- Type-2 cells and C-cells give rise to immature neurons (A- cells in SVZ), which progress through 

neuronal differentiation 

- Within the DG, immature neurons migrate up into the granule cell layer, projecting out a large 

dendritic arbor into the adjacent molecular layer and axons that innervate target cells in the hilus and 

area 3 of the cornu Ammonis 
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What controls NSPC activity? Neurogenesis is controlled by niche-derived as well as intrinsic mechanisms, 

which together ensure the appropriate levels of proliferation of NSPCs, as well as the correct differentiation, 

migration and integration of newborn cells. 

- Important transcriptional regulators: Sox2, NeuroD1, Pax6, Gsx2, Sp8, Prox1, Ascl1, TLX 

- Epigenetic mechanisms : histone modifications recognised by MBD1, small non-coding RNAs such as 

mir-124 

- Niche-derived morphogens, neurotransmitters, growth factors and cytokines: γ-aminobutyric acid 

(GABA), glutamate, brain-derived neurotrophic factor (BDNF), epidermal growth factor (EGF), 

fibroblast growth factor2(FGF2),Wingless(Wnt)ligands, sonic hedgehog (Shh),bone morphogenic 

protein (BMP), interleukin 6 (IL6) and tumor necrosis factor alpha (TNFα) 

Systemic regulation of adult neurogenesis 

The number of neurons born in the adult brain is dynamically regulated by a number of extrinsic environmental 

factors: 

- Positive regulators: physical activity, environmental enrichment, olfactory or hippocampus-dependent 

learning, which enhance NSPC proliferation and/or survival of new neurons 

- Negative regulators: stress, certain forms of inflammation, alcohol abuse and age 

- Additional regulators: olfactory enrichment and/or deprivation 

 The same environmental factor may affect neurogenesis in one region but not another 

Neural Stem Cells possess a diffusion barrier during division   

- Lamin-dependent establishment of the barrier  Senescence factors should not diffuse to daughter 

cell  May alterations in the barrier contribute to the aging phenotype? Old NSCs show weakening of 

diffusion barrier! 

- Barrier in aged NSCs (and progerin-overexpressing NSCs) is weakened potentially through elevated 

levels of SUN1 

- Senescence factors  should not diffuse to daughter cell: May alteration in the barrier contribute to 

aging phenotype?  Old NSC show weakening of diffusion barrier 

 

Functional significance of adult neurogenesis 

Newborn neurons contribute to olfactory- and hippocampus-dependent learning and memory. Increased levels 

of neurogenesis correlate with improved performance in hippocampus-dependent learning and memory tasks 

(Morris water maze).  

Studies that use transgenesis- and virus-based strategies to deplete or enhance neurogenesis, have identified a 

role for hippocampal neurogenesis in spatial and object recognition memory, fear conditioning, synaptic 

plasticity and pattern separation (= process of transforming similar representations or experiences into distinct 

and non-overlapping neural representations).  

Failing or altered neurogenesis has been associated with a number of neuropsychiatric diseases, including 

major depression and epilepsy (neurons frequently migrate ectopically and show aberrant synaptic 

integration). A reduction in the number of neurons generated as well as reduced ectopic integration may 

contribute to hippocampus- dependent behavioural deficits. 

Hippocampal neurogenesis has been also linked to emotional control.  

 

Contribution of NSPCs for brain repair 

The idea is to boost NSPC proliferation and/or newborn cell migration towards lesioned tissue either following 

acute injury, such as stroke, or during chronic neurodegeneration (for example Parkinson’s disease). This may 

be achieved by through chemokine-directed migration.  
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Alternative sources of NSPCs include cells generated in vivo by directed differentiation of NSPCs in glial cells, or 

by reprogramming of cells.  

This may hold therapeutic potential for the treatment of diseases of the central nervous system and may be 

useful to repair not only neuronal cell loss but also glial dysfunction (for example chronic demyelinating disease 

multiple sclerosis). 

Perspectives 

This finding opened novel avenues to understand and therapeutically target neuropsychiatric diseases. 

However, the cellular and molecular mechanisms that guide the progression from a dividing NSPC to a 

functional neuron need to be understood in more detail and numerous key questions remain. 
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3. Neurogenesis 
Paper: “Temporal dynamics of patterning by morphogen gradients” – Kutejova 

 

3.1  Gastrulation 
 

The gastrulation produces the three germ 

layers: ectoderm, mesoderm and 

endoderm. 

Timing is really important! It means that 

not everything can be repeated at another 

stage.  Cells change, environment change, 

the same factors have a completely 

different effect on cells than at another 

time point. If you isolate cells from the 

same part of the Blastula, but at different 

stages, they differentiate into different cell 

types.    

  

 

Famous experiment of Hilde Mangold and Hans Spemann  

They took a special part of the Blastula (today: “organizer, node or Hensen’s Node”) and inserted it into 

another blastula (which already had its own node). This resulted in a frog with two heads and two body axis  

this node must have some inducing power! 

 

The Experiment:  

Part of the Blastula (animal cap) is isolated and then 

grown on a plate. 

- Intact animal cap  Epidermis 

- Dissociated cells  Neural tissue 

- Dissociated cells & BMP4  Epidermis 

 

 

 

 

 

 

 If the cells have no contact, they cannot influence each other. The concentration of the factors in the 

medium of the dissociated state is way too small to induce epidermis cells. If you add a factor (BMP4), 

they can develop into epidermis cells.  

 Neural development is the default pathway. If BMP4 is inhibited, neural cells develop, if not, epidermis 

cells develop. If the cells dissociate, the factor diffuses and neural cells grow. 
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3.2  Cell differentiation 
 

How do cells adopt a specific fate? 

Lateral Inhibition: defines the number of neural precursor cells 

 

All cells of the ectoderm are identical, only on molecular level, there are slight differences. Some cells have a 

little bit more of a certain factor than the others. Activation of Notch signalling changes the pattern of gene 

expression.  

This delta of molecules of a certain factor has the possibility to activate a receptor (Notch) on its neighbour cell, 

and the intracellular part of Notch will go into the nucleus of the cell and downregulate the expression of the 

other factor Delta gets even bigger (Lateral inhibition = “the bigger one signal gets (Notch & Delta) the more 

it can downregulate the surrounding cells”).  

If the Notch receptor of a  cell gets activated, it won’t 

develop into a neuron. Therefore, Notch regulates the 

proportion of nervous tissues. Neuroblasts divide 

asymmetrically to give a neuroblast stem cell and a 

ganglion mother cell. Early and late born Neuroblasts 

differ from each other. The first neuroblast (blue) 

divides and is a little bit changed due to the dividing 

factor which has some influence on the cell. 

 Lateral Inhibition regulates the proportion of nervous tissue 

 Development of neurons and glial cells through lateral inhibition 

 

3.3  Neurulation 
 

 

 

Neural development 

proceeds along a rostro-

caudal gradient. Rostral 

part develops first, 

Hensen’s Node moves 

down, behind you will see 

the formation of the 

embryo. 

 

 

 

 

 

Neurulation: The neurulation begins with the building of a neural plate in the ectoderm (so there is neural and 

non-neural ectoderm). Below the neural plate, there is a mesoderm structure (Notochord), which has a very 

important role for structuring neural ectoderm (signals from the notochord induce building of neural plate). 

Neural ectoderm then proliferates much stronger than the rest until the two crests meet (it starts to fold 

because of its faster cell division and builds a furrow) Neural tube is a closed structure. The two ends become 

the so called roof plate. The neural tube separates itself from the ectoderm.   

The Notochord: is important for the formation of the dorso-ventral axis. The notochord is required and 

sufficient to induce the floor plate 
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3.4  Proliferation 
 

After Neurulation cells divide really fast and asymmetrically, so that they develop a lot of different cell types. 

Cells proliferate in the ventricular zone of the neural tube. After each division the daughter cells gets a little bit 

different and the G1 stage gets longer. 

Asymmetric cell division 

Asymmetric cell division gives 

rise to different daughter cells.  

The cell with the “membrane 

attachment site” stays a stem 

cell, the other one 

differentiate. 

 

 

 

 

 

 SNAREs decide on symmetric versus asymmetric cell 

division. It is essential which type of SNARE proteins are 

used. 

 

 

 

 

 

Cell proliferation occurs in specialized areas of the nervous system: 

- Cerebellum: ventricular zone and the external germinal/granule cell layer 

- Brain: ventricular and subventricular zone 

- Spine: ventricular zone 
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3.5  Patterning the nervous system 
 

The neural tube has an anterior and a posterior end  already 

existing body axis 

 

 

 

How do cells become different from each other?  The French 

Flag Model 

 

 

 

 

 

Neurulation gives rise to a polarized neural tube. BMP and SHH polarize the dorso-ventral axis of the neural 

tube. 

 

 

 

The crest cells, which form the roofplate produces BMP. The other end of the neural tube is the floor plate, 

induced by sonic hedgehog (SHH). Because of these two factors, we already have two factors which act on all 

the cells between the roof plate and the floor plate.   

 

Shh ventralizes the spinal cord  the 

concentration of Shh determines the cell 

type in the ventral spinal cord. Shh represses 

class I homeodomain genes but induces class 

II genes. 

Mutual repression produces sharp 

boundaries 

Neurons along the dorso-ventral axis of the 

neural tube are characterized by specific 

patterns of transcription factor expression. 

 

 Shh and BMP gradients pattern the dorso-ventral axis of the neural tube 
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3.6  Patterning the longitudinal axis 
 

The brain contains two organizers that pattern the brain along the AP axis: 

- MHB:  Mid-Hindbrain- Boundary 

- ZLI : Zona Limitans Intrathalamica 

 

The longitudinal axis is organized by Hox gene expression 

patterns.  

Hox Genes are expressed in different segments of the 

nervous system  Segmentation 

Hox Genes helps the cranial nerves to find their 

destination.  

  

    

   

 

 

 

Model for boundary formation 

 

 

 

Cells like to be surrounded by cells of the same type, so 

they migrate to a surrounding where it has neighbours 

of the same type. 

  

    

    

   

Summary 

- Basic patterning mechanisms are conserved between vertebrates and invertebrates  

- Organizers secrete morphogens which induce specific gene expression patterns in responsive cells  

- Responsive cells differentiate to distinct cell types according to the morphogen concentrations found 

at their location  

- Boundaries are formed by a combination of mutual repression and cell sorting  

- Timing is important in development! 
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3.7  Paper: “Temporal dynamics of patterning by morphogen gradients” – 

Kutejova 
 

Morphogens act as graded positional cues to control cell fate specification in many developing tissues. A 

signalling gradient regulates differential gene expression in a concentration-dependent manner. The 

observation that pattern formation is a dynamic process has raised questions about the influence of time on 

morphogen activity. The spatiotemporal dynamics of the cellular response to a morphogen gradient depend on 

a combination of temporal alterations to the morphogen gradient itself, the dynamics of its signal transduction 

and downstream interactions between target genes.  

During embryogenesis the functional and morphological development of tissues depends on the generation of 

distinct cell types and their spatial arrangement. This is governed by the graded distribution of morphogens 

(signalling molecules).  

Cells directly respond to morphogen concentrations by activating different target genes at distinct 

concentration thresholds  produces spatially organized domains of gene expression 

 The morphogen gradient is transformed into a proportional gradient of signalling activity 

 

The activation of different morphogen target genes occurs at different times, e.g.: 

- The ventral neural tube of vertebrate embryos: neuronal progenitor cells arrayed along the dorsal – 

ventral axis express specific combinations of transcription factors in response to a morphogen 

gradient of Sonic hedgehog 

► Nkx2.2  V3 interneuron cell fate; requires high 

SHH concentration and is expressed really close to 

the SHH source 

Nkx2.2 expressing cells downregulate Olig2 

expression 

► Olig2  motor neuron fate; requires lower SHH 

concentration and is expressed more dorsally 

than Nkx2.2  

Olig2 expression is initiated before Nkx2.2 and 

when the range of Olig2 expression increases the 

more ventral cells activate Nkx2.2 

► Target genes requiring higher morphogen concentrations are induced later than those that 

respond to lower concentrations 

 

3.7.1 Temporal changes in the morphogen gradients 
 

Timing is important during development! Morphogen concentrations change in the tissue over time. The onset 

of expression will be determined by the time at which the concentration threshold required for the activation 

of the target gene is reached. 

What could cause temporal change to the morphogen gradient? 

- The concentration profile is determined by the morphogen’s diffusion coefficient, degradation and 

production rates  the gradient needs time to achieve its steady state, until then the concentration at 

different positions will gradually increase 

- For tissues that are patterned rapidly, changes in expression patterns may be a consequence of target 

genes responding to the changing gradient as it relaxes to steady state (e.g. Bicoid) 
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- In other cases the transcriptional responses are established over a longer time than the relaxation 

time of the gradient (e.g. Dpp)  changes in the gradient shape will depend predominantly on 

temporal changes of the kinetic parameters that govern morphogen gradient formation and 

maintenance, that is diffusion, degradation and production rates 

► The progressive accumulation and spread of Shh appears to correlate with the position and 

timing of expression of responding genes such as Olig2 and Nkx2.2 

► Thus one reason for the dynamic changes in target gene positions in the neural tube might be 

temporal changes in Shh distribution (due to diffusion) 

3.7.2 Temporal change in signal transduction 
 
Changes in the extracellular distribution of morphogen cannot explain all temporal changes in the expression of 

target genes. 

- Typically, signalling cascades of secreted morphogens involve binding to and activation of target 

receptors on the plasma membrane, which causes the activation of downstream transcription factors 

that subsequently localize to the nucleus and activate target gene expression. 

► The temporal dynamics of this intracellular signal transduction will influence the 

spatiotemporal profile of signalling and responding 

► Without nonlinear amplification, the levels of activated transcription factor will be 

proportional to the morphogen concentration (e.g. Dpp) 

- The ongoing level of signal transduction can be altered by the cellular response to the morphogen  

positive feedback:  

► e.g. Crossveinless-2 (Cv-2) in Drosophila modulates BMP signalling by promoting BMP – 

receptor interactions in a BMP – dependent manner  this positive feedback loop causes 

temporal changes in signalling, generating a bi-stable signalling activity profile in response to 

a morphogen gradient 

- In the case of Shh, the downstream signal transduction also introduces nonlinearity in the cellular 

response: 

► e.g. the exposure of neural cells to a wide range of Shh concentrations generates equally high 

levels of Gli activity and the time at which the level of  Gli activity falls below a certain 

threshold is determined by the Shh concentration  “temporal adaptation” 

Temporal adaptation: How is target gene expression induced in response to the Shh gradient in the neural 

tube? 

If target genes are activated at a threshold level of activated Gli, then these genes should be induced on similar 

timescales, throughout the tissue, since initial high levels of Gli activity appear to be largely concentration 

independent. However, Olig2 and Nkx2.2 induction occurs sequentially in time exposed to fixed Shh 

concentration. This suggests that signalling activity above a threshold is not sufficient to explain activation of 

target genes and that other mechanisms must be involved in the determination of the cellular response. 

  

3.7.3 Temporal changes in the morphogen-regulated transcriptional network 
 

The induction of the later response genes requires prior changes in the transcriptional state of responding cells; 

these prior changes depend on the earlier phase of morphogen signalling  “sequential cell context” 

- “Feed forward loop”: e.g. Dpp in the dorsal ectoderm of the Drosophila directly induces 

expression of the transcription factor zen. Then zen, in combination with continued Dpp 

signalling activates a second gene, race  zen and race activation depend on Dpp, but race 

expression is delayed compared to zen because it requires zen induction 
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Findings: 

 Downstream networks can be complex and multifaceted and the structure of the network 

could lead to cases in which a gradient of morphogen is not required 

 The signal could act simply as an on/off instruction that initiates patterning and subsequent 

gene induction relies on the regulatory network 

 The feed-forward and feedback loops forming the networks are sufficient to account for the 

observed spatiotemporal expression profiles. 

 Responding genes are expressed in different spatial domains for extended periods of time 

 Low concentration of morphogens are not able to induce high response genes 

 The transcriptional network may be responsible for producing delays and temporal 

modifications to target gene expression, but the graded pathway activity remains important 

for defining the spatial extent of gene expression 

 The combined regulation of the cellular response by the graded signal and the downstream 

transcriptional network, also offers a possible explanation for the observed temporal pattern 

of gene expression in neural cells responding to Shh 

 

 In summary: the spatiotemporal dynamics of cellular responses to morphogens can depend 

on the changes of the morphogen gradient itself the dynamics of its signal transduction, the 

downstream interactions between target genes, or a combination of all three! 
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4. Axon Growth and Survival 
Paper: “The axonal cytoskeleton: from organization to function” – Kevenaar 

 

4.1  Axon Survival 
 

The complexity of axon tracts increases rapidly during early stages of development. Early tracts are used as 

scaffolds for the following tracts. 

Axons have to: 

- Survive 

- Grow 

- Find and get to target 

- Recognize target 

- Connect to target 

Every second axon dies at some point, way too much axons are built. This is a good mechanism to adapt size to 

the target area, as well as a correction mechanism, helping the connectivity the brain. We know extremely little 

about how the axons recognize their target cell. Maybe it’s a random process. 

Neurons need trophic factors for survival. The amount of neurotrophic factor that is given is predicting how 

many axons/neurons will survive. Something in the target area must be responsible for the survival. The factors 

are produced in a limited amount. If the axon receives enough of the factor, it will survive. Reducing the target 

area enhances cell death. Very factor-specific receptors.   

Cells that die by apoptosis can be 

recognized by specific features.  

Cell death by apoptosis requires 

protein synthesis. In nerve cells NGF 

(Nerve growth factor) triggers the 

survival of nerve cells. Without NGF 

the nerve cells undergo apoptosis (via 

Caspases). 

 

Neurotrophins 

Every target area produces a specific neurotrophic factor (first neurotrophic factor found: NGF).  

- Neurotropic factor: Guidance 

 Neurotrophic factor: survival, no guidance, supports synaptogenesis 

 

Neurotrophins support survival of sensory neuron subtypes. All cells have a death domain, but in general this 

domain is blocked by p75. So neurotrophins prevent apoptosis and support synaptogenesis  if a cell takes up 

NGF with its receptor, there is a bigger chance that the cell will survive. 
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Neurotrophins are released in a target-specific manner, e.g.: 

 

 

  

  

    

    

   

 

 
 

 Muscles and skin have different types of neurons and different connections to the brain. The 

transmitter in the skin is NGF (sensory) and in the muscles it is NT3 (motor).  

But proprioceptive neurons also need NT3 and a proper connection to an α-Motoneuron, otherwise 

they die. 

Neurotrophins provide a means to adapt innervation to tissue size  

Neurons develop more in tissues where they are needed like legs and 

arms. 

 

 

 

 

Neurotrophin signaling requires endocytosis and 

retrograde transport. It’s not 100% clear how that works. 

(a) Might be Clathrin-dependent or independent. But we 

know for sure that an intact cytoskeleton is needed. 

Receptor and factor are internalized as a complex.  

 

(b) Cofilin signaling leads to an ‘actin turnover’  

Actin is needed to allow uptake of information 

 

 

(c) Transport in the nerve cell needs motor proteins. 

 Dynein is for retrograde and Kinesin for 

anterograde transport 
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4.2  Axon growth 
 

Axons extend long processes to connect to their targets, they have a 

growth cone with lamellopodia at their end. Axons that have not 

innervated their target yet grow by adding new microtubules at the 

distal end.  

 Growth cones depend on a dynamic cytoskeleton 

 

If it has already innervated its target, it grows by adding elements 

within the axon, not at the end. The shape of the growth cone 

differs depending on the environment or the “growth phase” of the axon. 

 

 

  

 

The growth cone normally overshoots its target (c) and then built back  only the most important connections 

stay. If an axon follows another axons the growth cone looks different than when the axon reaches a decision 

point, then the morphology changes, more “fingers” are built.  

The speed of the growth cone depends on the location: The growth cone slows down at decision points to have 

enough time. Also in their target area, it slows down, e.g.: 

 Since the axon has to make decision which connections in the optic tectum are the most important, 

the growing speed in the tectum is much slower than in the optic nerve 
 Otherwise, non-permissive substrates induce turns of growth cones at the substratum boundary. 

 

The dynamic cytoskeleton 

Actin and microtubulin form elements of the growth cone‘s cytoskeleton. In vertebrate 

growth cones actin filaments and microtubules meet in the peripheral zone and 

stabilize the growth cone. 

Actin polymerize on the plus-end and depolymerize on the minus-end via 

dephosphorylation of ATP. And so actin filaments and microtubules are in a ‚dynamic 

steady-state‘. 
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The cytoskeleton steers the growth cone:  

 

If the growth cone reaches an appropriate substrate 

the filopodia anchor, what leads to tension in the 

growth cone? Since the filopodia grow there is a 

pulling force on the growth cone. If the tension gets 

to high the growth cone dislocate  Filopodia induce 

growth cone turning, when they “sense” an 

attractant 

 

 

 

 

Four mechanisms cooperate to guide axons: 
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The clutch mechanism  

 

Actin filaments are required for axon guidance. Actin filaments 

have a fixed position. 

Cofilin and Profilin are the important endpoints of the actin (de-

/polymerisation) signaling. Cofilin tries to take off more actin 

filaments and Profilin tries to put on more actin subunits. 

 

 

 

 

 

 

 

 

 

 

 

 

Axon branching 

An axon has to deliver its information to different targets. So the axon branches by either growth cone 

bifurcation or axon collateral branching. 

Axon collaterals form by a well-

orchestrated sequence of 

cytoskeletal changes. 

 

 

 

 

4.3  Paper: “The axonal cytoskeleton: from organization to function” – 

Kevenaar 
 

Neurons are compartmentalized into two morphologically, molecularly and functionally distinct domains: the 

axonal and the somatodendritic compartments.  

- Highly branched dendrites: receiving and integrating electrical synaptic inputs 

- Axon: transmitting the integrated information  the axon has a unique cytoskeletal organization and 

contains several specialized structures: axon initial segment (AIS), which is separated from the rest of 

the neuron to maintain neuronal polarity and presynaptic boutons 
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The neuronal cytoskeleton contains:  

- Microtubules (MTs) & actin filaments: affect axon specification and growth, both are dynamic 

structures  remodelling of the cytoskeleton 

 Neurite initiation and outgrowth depends on the local increase in actin dynamics in combination 

with microtubule stabilisation. Kinesin – 1 driven sliding of MTs may provide the force needed for 

initial neurite outgrowth.  

Finally, when contacts with other neurons are made, actin rearrangement play important roles in 

proper development of presynaptic sites through the organization of numerous presynaptic 

components. 

- Neurofilaments: control the axon diameter and thereby axonal conductance 

The cytoskeleton enacts important functions in the establishment and maintenance of neuronal polarity, 

morphology, integrity of axons, generating intracellular forces and acts as a signalling device. 

 

Since MTs and actin filaments are involved in various stages of axon formation and outgrowth, they have 

received much attention in studies on axon regeneration  increasing the regenerative properties of CNS 

axons. This could be achieved by affecting cytoskeletal rearrangements directly or by increasing axonal 

transport of receptors that mediate growth by signaling, e.g.: 

- Microtubule-stabilizing drug epothilione B in promoting axon growth and functional recovery after CNS 

injury in rodent spinal cords 

- Kinesin – 1  mediated microtubule sliding has been demonstrated to be involved in axonal 

regeneration (neurite outgrowth) in Drosophila 

The axonal cytoskeleton has also gained much attention in respect to its association with several neurological 

diseases: several developmental and neurological disorders have been described in which defects in axonal 

transport, outgrowth, targeting and synapse functioning are caused by disruption of axonal cytoskeleton-

dependent processes, e.g.: 

- Amyotrophic Lateral Sclerosis (ALS): axonal cytoskeleton rearrangements and axonal transport 

dysfunction 

- Alzheimer’s disease (AD): dissociation and mis-sorting of the axonal microtubule-associated protein 

tau and cytoskeletal disruptions are liked to transport deficits and synaptic dysfunctions 

- Troyer syndrome hereditary spastic paraplegia: impaired regulation of microtubule stability (spartin 

deficiency)  

 

4.3.1 Actin and Microtubule Organization within the Axon 
 

Microtubules 

- Cylindrical polymers with a fast-growing plus-end and a more stable minus-end 

- Switch between polymerization and depolymerisation  dynamic instability 

- The dynamics of MTs are regulated by a large number of factors, including microtubule-associated 

proteins (MAPs), motor proteins, post-translational tubulin modifications and plus-end tracking 

proteins 

- In Axons, MTs form an unique unipolar organization with their plus-end towards the axon tip 

Actin filaments 

- Polymers built up from globular actin (G-actin), on the growing end subunits are added while on the 

opposite side monomers dissociate 

- In synapses, stable F-actin plays a scaffolding role while rapid reorganization of actin remodels the 

synaptic structure during neuronal plasticity 
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- There is a dual population of axonal actin with on the axonal plasma membrane the more stable actin 

rings, providing mechanical support, and he dynamic intra-axonal actin filaments, providing flexibility 

needed for maintaining axonal and synaptic plasticity 

 

4.3.2 The Role of the Axonal Cytoskeleton at the Axon Initial Segment 
 

One of the unique features of the axon is AIS, localized at the proximal part of the axon. The AIS is rich in ion-

channels, scaffolding proteins, cellular adhesion molecules and cytoskeletal proteins, and is essential for the 

initiation of action potentials. The AIS also works as a diffusion barrier to restrict proteins and lipids to either 

the axonal or somatodendritic compartment and by acting as a filter for active transport to prevent dendritic 

cargoes from entering the axon. This barrier function is supported by a highly specialized protein network 

localized at the AIS: Ankyrin-G links transmembrane proteins and bIV-spectrin to the actin and microtubule 

cytoskeleton  scaffolding and cytoskeletal proteins set up a dense meshwork underneath the plasma 

membrane. 

Within the AIS cytosolic actin has been identified to exist in small networks, where individual filaments are 

thought to be oriented with their plus-end directed towards the cell body. 

The view that actin has a critical function in the AIS is further supported by findings where disruption of the 

actin filter causes loss of polarized transport of axonal and dendritic cargoes. However, most dendritic cargoes 

have already stopped at the proximal region of the axon, and do not move into the AIS.  

Besides actin, a role of MTs has also been proposed for the AIS filter and for the assembly of the AIS. During 

neuronal polarization, the first distinct feature of the proximal axon is microtubule bundling. The microtubule 

plus-end binding proteins EB1 and EB3 were identifies as proteins that could link MTs to AnkG and stabilize the 

microtubule lattice in the AIS.  

 

4.3.3 The Role of Presynaptic Actin 
 

Other unique, highly specialized structures within the axon are the presynaptic sites, which are essential for 

transmitting information to the connecting neuron. The release of neurotransmitters is a critical step in the 

initiation of synaptic transmission, what is caused by exocytosis of synaptic vesicles at the presynaptic active 

zone, triggered by the arrival of an action potential.  

- Findings in C. elegans and Drosophila indicate a key function of F-actin assembly in the initial stages of 

synaptogenesis. Actin dynamics, mediated by the Arp2/3 complex, have been shown to be critical for 

synapse formation in flies.  

- In C. elegans, local F-actin rearrangements, triggered by the interaction of the synaptic cell adhesion 

molecules SYG-1 and SYG-2, are important for the subsequent recruitment and assembly of active 

zone proteins, including SYD-2/liprin-α, via the actin-interacting protein NAB-1 

- Cell adhesion by itself may be sufficient to induce F-actin assembly 

- Actin is highly concentrated at synapses, and it was recently shown that axonal actin patches are 

localized to presynaptic sites and that F-actin accumulations become even more prominent when the 

neuron matures. 

- In knock-out mice of the actin-depolymerizing proteins ADF/cofilin, the impairment of actin dynamics 

causes reduced synaptic vesicles recruitment to the active zone of the synapse. Here, actin may 

function in the recruitment and positioning of synaptic vesicles by acting as a scaffold for the 

clustering of synaptic vesicles via synapsin. Alternatively, actin may also provide the tracks that allow 

SV transport via actin based motor proteins to the AZ or could be involved in fine-tuning the 

localization of synaptic vesicles after endocytosis 
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- Normal F-actin dynamics are essential for proper synaptic vesicles exocytosis, which could be, at least 

partially, mediated by the activity-dependent F-actin assembly function of the active zone protein 

Piccolo 

- Defects in actin fuction or dysregulation of synaptic actin are also implicated in several mental 

disorders: 

Parkinson’s disease: mutant a-synuclein  

- Microtubule reorganization via Futsch was demonstrated to be important in the activity-dependent 

remodelling of the active site in Drosophila 

 

4.3.4 The Function of the Cytoskeleton in Axon Branching 
 

The formation of axonal branches relies heavily on cytoskeleton rearrangements. Actin assembly initiates 

filopodia formation, whereas subsequent microtubule invasion is important for stabilizing the branch. 

The microtubule debundling might promote the ability of MTs to target filopodia. Branch formation is 

promoted by nerve growth factor (NGF), which acts on the microtubule cytoskeleton and promotes the 

localized debundling of MTs along the axon. 

 

4.3.5 Axonal transport 
 

The axonal cytoskeleton also plays an essential role in active transport of axonal proteins, vesicles and 

organelles throughout the axon. Active transport is especially important in axons, due to their significant 

length. Three classes of motor proteins transport cargoes along the cytoskeleton: 

- Myosins: move specifically along actin filaments and are involved in contractile forces  

- Kinesins: move along the microtubule cytoskeleton to facilitate long-range transport, Kinesins move 

towards the plus-end of MTs, Kinesins are therefore responsible for anterograde transport of axonal 

proteins 

- Dyneins: move along the microtubule cytoskeleton to facilitate long-range transport, Dyneins move 

towards the minus-end of the MTs, they are therefore responsible for retrograde transport of axonal 

proteins 

Motor proteins have a more diverse tail region, which associates with the cargo and contains several elements 

for regulation. The diversity of the tail domain across carious motor proteins allows for the ability of different 

motors to bind specific cargoes.  

Axonal transport is essential for the distribution of vesicles, organelles and signaling molecules along the axon 

to control polarization, axon elongation and synapse function. 

Since most of the cargoes destined for the axon are made in the cell body, the axon needs to make use of some 

kind of mechanism that ensures that these cargoes are equally distributed throughout the axon and do not 

only accumulate at the most proximal sites. This may be achieved by bidirectional or stop-and-go transport and 

by having reversible interactions of motor-cargo complexes with presynaptic sites. 

Impairment in axonal transport, caused by dysfunctioning or dysregulation of motor proteins, regulatory 

proteins or the underlying cytoskeleton could all have severe consequences for axonal functioning. An 

increased amount of neurodegenerative disorders is lined to abnormalities in transport-related proteins, e.g.: 

- HSP, Charot-Marie-Tooth: mutations in KIF5A 

- Congenital fibrosis: mutations in the microtubule growth inhibiting kinesin KIF21A 
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5. Axon Guidance 
Paper: “Axonal commissures in the central nervous system: how to cross the midline?” 

- Nawabi 
 

Sperry‘s chemoaffinity hypothesis:  

The specificity of axonal connections within a neural map is determined by molecular tags (address labels) on 

projecting axons and their target cells. 

 

The labeled-pathway hypothesis 

You have a number of pioneer tracts and a bunch of 

follower axons, they are not able to read guidance 

information, but they know which pioneer axon they have 

to follow. If one of these pioneer tracts is never formed, 

the following tracts never reach their target. 

Navigation depends on landmarks and information about 

direction, the same is true for the developing nervous 

system. Axons use guidepost cells as intermediate targets. They navigate from 

choice point to choice point until they find their target.  

Towards the molecular basis of axon guidance, growth cones readily grow onto a more attractive substratum; 

some of them attract axons, others repel them. Growth cones actively explore their environment. Axons select 

their pathway according to adhesive strength. But the strength of adhesion does not correlate with growth 

rate or preference  it’s more the adhesiveness of a molecule that decides if it’s a good axon guidance! 

 

Muscle innervation is regulated by cell adhesion molecules  

 

 

 

 Excessive branching after 

blocking with curare 
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Fasciculation: Axons bundle and travel together over 

long distances, split up in the end again to innervate 

target.  

    

Selective fasciculation: some axons bundle together, 

others are repelled and travel alone  

  

 

 

Defasciculation: L1/NgCAM as long as they travel 

together, Polysialic acid at the branching point 

 

Selective defasciculation: FasII/RPTPs as long as they 

travel together, beat at the branching points, where 

selected axons leave the bundle. 

  

  

 

Growth cones from the PNS collapse upon contact with 

CNS axons and it tries to retract but PNS and CNS axons 

will never connect with each other. Semaphorin3A repels 

NGF-dependent sensory axons. DRG (dorsal root 

ganglion) growth cones collapse after addition of 

Sema3A to the medium. 

Axon guidance is a cooperation of attractive and 

repulsive cues. Information derived from the interaction 

of surface receptors with guidance cues is transmitted to 

the cytoskeleton. 
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5.1  Commissural neurons 
 

In the development of the central nervous system, the decision of a 

neuron to cross or not cross the midline of the neural tube is critical. In 

vertebrates, this choice is mediated by the floor plate, and enables the 

embryo to develop successful left and right body halves with respect to 

nervous tissue. For example, while ipsilateral neurons do not cross the 

midline, commissural neurons cross the midline forming a single commissure. These particular neurons develop 

in the dorsal region of the neural tube and travel ventrally towards the floor plate. Upon reaching the floor 

plate, commissural neurons cross through the structure to emerge on the opposite side of the neural tube, 

whereupon they project anteriorly or posteriorly within the tube. 

Netrin is a chemoattractant for commissural axons, expressed by the floor plate of the neural tube (that’s why 

neurons always grow ventrally in the neural tube). Netrin is necessary and sufficient to attract the commissural 

axons.  

Commissural axons are repelled by the roof plate. BMP7 mimics the effect of the roof plate. Draxin is 

expressed by the roof plate and repels commissural axons. Molecules are not capable of specifying where 

exactly the axon should grow, they are just attracted or repelled.    

 

The interaction between growth cone axonin-1 and floor-plate 

NrCAM makes axons enter the floor plate. NrCAM expressed by 

floor-plate cells is a binding partner for axonin-1 in commissural 

axon guidance.  

 

Fasciculation is not required for commissural axon pathfinding in higher vertebrates. The perturbation of 

axonin-1 and NrCAM interactions prevents commissural axons from entering floor plate explants. 

Axons do not bundle up without NgCAM. 

 

Why do commissural axons ever leave the floor plate and why do they not re-enter the floor plate? 

Commissural axons loose responsiveness to netrin after contact with the floor plate.  

   

 

(b) Axons grow into the floor plate 

(c) An ectopic floor plate is fixed in front of 

the originally floor plate. The commissural 

axons grow in the ectopic floor plate. 

(d) The ectopic floor plate is fixed behind 

the originally floor plate. After crossing the 

originally floor plate, the commissural 

neurons do not cross the ectopic floor 

plate 

(e) If there is only an ectopic floor plate 

available, the axons grow through it 
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5.2  Robo, Slit and Comm 
 

In Invertebrates, the midline glia in the ventral nerve cord is the equivalent of the floor plate in vertebrates and 

there are also midline-derived guidance cues in the ventral nerve cord.  

(a) The main function of Slit proteins is to act as 

midline repellents, preventing the crossing of 

longitudinal axons through the midline of the CNS of 

most bilateral animal species. 

(b) With a mutation on the Robo gene, the 

commissural neurons cross the midline again and 

again. 

(c) With a mutation on the Comm gene, the 

commissural neurons fail in crossing the midline. 

 

The upregulation expels axons from the floor plate and prevents them from recrossing. The balance between 

positive (attractive) and negative (repellent) signals is shifted upon floor plate contact. 

 

RabGDI is required for Robo1 insertion into the growth cone membrane. Trafficking is an important regulator 

of protein expression on the growth cone surface. Adaptor proteins, which bind the cargo vesicles and 

transport them, decide which cargo they take. 

 

Axons switch their behaviour at choice points 

 

1. Attraction to midline: netrin activation of DCC 

2. Crossing and moving from the midline:  

a. Upregulation of Robo expression, 

repulsion by Slit 

b. Loss of Netrin responsiveness, despite 

maintained DCC expression (Receptor for 

Netrin ligands)  

 

 

 

How can axons switch their behaviour at choice points (intermediate targets)?  

1. changes in transcription   

2. changes in translation  

3. changes in protein stability  

4. changes in vesicle trafficking/membrane insertion   
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Commissural axons turn rostrally upon floor-plate exit, due to gradients of diffusible and non-diffusible cues: 

Wnts are expressed in a decreasing rostral to caudal gradient and is therefore an attractant for post-

commissural axons. In addition, sonic hedgehog (morphogen) guides commissural axons along the longitudinal 

axis of the spinal cord. The repellent gradient of Shh decreases from floor plate to roof plate. Shh acts also as a 

chemoattractant for pre-crossing axons. 

Glypican1 mediates the switch in commissural axons‘ responsiveness to Shh at the midline, so commissural 

axons change the Shh receptor at the midline; before they express boc/ptc, afterwards Hhip ( Shh is only 

repellent if the axons express Hhip). Boc/ptc expression works as an attractant for Shh. 

 Wnt4 attracts and Shh repels postcommissural axons 

 Shh guides postcommissural axons both directly and indirectly by regulating Wnt activity 

 

 

 

 

 

 

 

 

 

 

5.3  Paper: “Axonal commissures in the central nervous system: how to 

cross the midline?” – Nawabi 
 

Pathfinding is highly challenging for neuronal projections and is solved through groups of specialized cells 

forming intermediate targets. Intermediate targets provide positional information, which guide the axons from 

one step to the next  Axons must be instructed to enter and later exit the intermediate target.  

In organisms with bilateral symmetry, multiple commissural axon tracts navigate through the midline to 

establish reciprocal connections between the two sides of the central nervous system. In vertebrates, a group 

of ventral glial cells forming the floor plate (FP), segregates two types of axonal projections: the non-crossing 

projections that will form ipsilateral circuits and the crossing projections that form commissural circuits 

(contralateral). 

Ipsilateral and commissural axons respond differently to the same set of midline-derived guidance cues.  

 Ipsilateral axons are prevented from crossing the midline by repellents to which they respond from 

the beginning 

 A temporal switch in the sensitivity of commissural axons enables them to acquire sensitivity to these 

repellents only once they have crossed the midline. Commissural axons are first attracted to the 

ventral midline by FP-derived chemo-attractants (essentially Netrins and Shh). While navigating the FP, 

commissural axons lose their sensitivity to these attractants and acquire responsiveness to various FP 

and midline repellents such as Slit, Ephrin and Semaphorin family members 

Guidance signals are integrated by receptors in the growth cone, which perceive gradients of guidance cues 

and turn either towards the source (attractive response) or turn away from it (repulsive behaviour)  

remodelling of actin and microtubules.  

Srfp is a Wnt 

inhibitor 

Shh influence 

the Sfrp 

expression 
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As the growth cone progresses towards crossing, receptors and intracellular effectors undergo dynamic 

changes that switch growth cone responsiveness to guidance cues: 

 In vertebrates, the silencing of Netrin-mediated attraction after midline crossing: Complex between 

Netrin receptor Deleted and the Slit receptor Roundabound (Robo) in commissural growth cones 

 In vertebrates, before crossing, commissural axons are maintained unresponsive to Sema3B through 

processing of the Sema3B signaling co-receptor Plexin-A1. Midline-derived cues lead to suppression of 

this processing, allowing Plexin-A1 accumulation in commissural growth cones and sensitization to 

Sema3B, which is a Semaphorin midline repellent. 

 

5.3.1 Transcriptional control of guidance receptors 
 

Responsiveness to guidance cues requires the proper level of receptors in the growth cone. Specific 

combinations of transcription factors were found to control the expression of key guidance receptors in 

subpopulations of motoneurons, allowing their axons to make appropriate dorso-ventral choices in the target 

limb. 

Transcriptional control of guidance receptors in the visual system 

Nicest example: the formation of the optic chiasm  

Axons from ganglion cell neurons exiting the retina are 

confronted by a choice: to cross or not to cross the midline. 

The correct answer correlates with the spatial position of 

the cell bodies in the retina: axons from the nasal side of the 

retina project to the contralateral ventral diencephalon to 

form the optic chiasm. Axons from the temporal side of the 

retina do not cross the midline. 

 Repulsion: Ephrin signaling, especially the Ephrin-

B2 ligand (expressed by FP cells) and Eph-B1 

receptor (expressed by the axons), has been found 

to play a major role in the sorting of ipsilateral and 

contralateral projections  

 

 Temporal expression of Zic2 and EphB1 coincides with the navigation of projections to the ipsilateral 

side  Zic2 was found to induce and control EphB1 expression level in the ipsilateral projecting 

neuronal population. Ectopic Zic2 expression was sufficient for commissural projections to switch their 

trajectory from contralateral to ipsilateral! 

(Zic factors are involved in the specification of the body medial axis and in early acquisition of 

neuronal identity). 

Transcriptional control of guidance receptors in spinal and ventral cord commissural projections 

LIM transcription factors (Lhx2 & Lhx9) control the expression of the Robo3/Rig1 receptor in spinal 

commissural projections. Lhx2 and Lhx9 temporal expression is dynamic and distinguishes ipsilateral and 

commissural pools of dl1 neurons. 

At an early stage, when postmitotic neurons migrate out of the ventricular zone, Lhx2 and Lhx9 are strongly 

expressed by all neurons. Later, Lhx2 but not Lhx9 disappears. 
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Transcriptional regulation of guidance receptors in Drosophila 

The Commissureless (Comm) protein controls 

ipsilateral and contralateral choices, because 

expression of Comm in ipsilaterally projecting 

neurons was found to be sufficient to induce 

contralateral projections. Comm is normally 

expressed transiently in commissural neurons at 

the precrossing stage, and down-regulates the cell 

surface sorting of the Robo receptor. Thus, it 

prevents an early response to Slit, thereby allowing 

midline crossing. After midline crossing, Comm is 

itself down-regulated, resulting in Robo cell surface 

expression and sensitization of commissural axons 

to Slit.  

There is a new drosophila ortholog of the Netrin 

receptor DCC, Frazzled (Fra), in the regulation of 

commissural expression. Fra is necessary and 

sufficient to induce comm mRNA expression and is 

independent of Netrin. 

Midline (Mid), a member of the family of T-box 

transcription factors, plays a key role in 

segmentation and generation of lineage diversity 

during neurogenesis. A loss of Mid induced strong defects in axonal topography but cell fates were not altered. 

Mid re-expression restored Fra and Robo expression (and chromatin immunoprecipitation (ChIP) with anti-Mid 

antibody) revealed that Mid binds with upstream regions of fra, slit and robo genes.  

 Mid exerts a direct transcriptional control on fra, slit and robo gene activation. 

An appropriate Robo expression is also crucial for other aspects of commissural axon guidance in drosophila. 

While Robo1 controls commissural midline crossing, Robo2 and Robo3 were shown to control the sorting of 

post-crossing commissural tracts into three discrete lateral tracts. 

 

5.3.2 Post transcriptional regulation of midline crossing 
 

Regulation of guidance receptor expression by alternative splicing of mRNA 

Robo/Slit signaling pushes axons out of the FP and prevents midline re-crossing. Interestingly, two isoforms of 

the Robo3 receptor produced as a result of differential splicing of the 3’ end of the pre-mRNA have been 

identified in commissural neurons. The isoforms also differ in their functions:  

- Robo3.1 and Robo1 are expressed at the pre-crossing stage: Robo3.1 inhibited an early response to FP 

Slit repellent 

- Robo3.2 and Robo2 are expressed after crossing: Robo3.2 contributed to Slit-mediated FP exit 
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5.3.3 Translational and post-translational regulation of midline crossing 
 

Regulation of receptor synthesis 

A well-described role has been assigned to FRMP in the regulation of specific sets of mRNAs encoding proteins 

required for synaptic development and function. This suggest that translation of a specific pool of mRNAs may 

be part of the mechanisms setting (and modulating) appropriate sensitivity of the growth cones to guidance 

cues.  

► Mushashi1 (Msi1) regulates Robo3 expression in precerebellar neurons, which are generated dorsally 

in the rhombic lip in the hindbrain and migrate ventrally towards the floor plate. Among these 

precerebellar neurons, inferior olivary neurons are sensitive to midline-derived Slits which prevent 

them from midline crossing, while their axons cross the midline. 

Activity of Msi1 is down-regulated by local floor plate signals  cue-dependent regulation of Msi1 

expression may result in decreased downstream Robo3 levels 

► Membrane-associated and secreted proteins could also be synthesized in the axons: repulsive 

behaviour is associated with local synthesis of signaling molecules, which destabilizes the 

cytoskeleton. Local synthesis of the cytoskeletal components themselves occurs in response to 

attractive signals. 

 

Proteolytic cleavage 

Kuzbanian (kuz) is a metalloprotease of the Adam family and a regulator of Robo: 

- Process Eph/Ephrin family members 

- Interrupt ligand-receptor interactions 

- Allow the repulsive response 

- Loss of Kuz impairs commissural midline crossing and neuronal but not glial re-expression in flies could 

rescue the midline crossing defects 

- Process Robo  is necessary for receptor activation and initiation of transduction  this may occur to 

mediate Slit repulsion 

Semaphorin signaling, which in addition to Slit signaling, has been shown to also contribute to commissural 

axon guidance at the midline:  

- The Sema3s are secreted guidance cues that play wide roles during the formation of neuronal circuits.  

- Sema3s activate holoreceptors composed of at least a ligand binding sub-unit, Neuropilin and a 

signaling co-receptor of one of the four Plexin-A (PlexA) family members 

- In some contexts, recruitment of IgSuperfamily Cell Adhesion Molecules L1-CAMs by neuropilins is also 

required to trigger Sema3s-mediated down-regulation of adhesive contacts 

- Is expressed at the ventral midline 

- Pre-crossing commissural responsiveness to Sema3B is silenced by an endogenous proteolytic calpain1 

activity; when the growth cones reach the FP, exposure to local signals suppresses this protease 

activity 

- The IgSuperfamily Cell Adhesion Molecule NrCAM as an FP cue contributing to the switch of 

commissural responsiveness to Sema3B at the midline. 

 Protease activity is a crucial role in setting receptor expression profiles at appropriate time and space 

during the development of neuronal projections 
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Conclusion 
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6. Cell Migration 
Paper: “Strategies for Analysing Neuronal Progenitor Development and Neuronal 

Migration in the Developing Cerebral Cortex” – Higginbotham 
 

1011 neurons are in the adult human brain, the highest rate of proliferation is 250’000 per minute! 

Radial migration: Formation of excitatory pyramidal neurons in the cortex.  

At least two major migration modes: 

- somal translocation (early in development)     

- glial guided locomotion along radial glia (up to 2 cm migration during human cortex development)  

Tangential migration: Immigration of inhibitory interneurons into the cortex and olfactory bulb 

 

 

Proliferation occurs in the 

Ventricular Zone. 

Somal translocation: Cells lose 

contact to the ventricular site 

and migrate through the 

intermediate zone. 

Glia-guided locomotion: Radial 

glia are precursor cells, the cells 

that proliferate in VZ will attach 

to radial glia and will migrate up 

and split the PP in two zones.

  

   

 

 

Early Neurogenesis in the Cerebral Cortex: One-cell-

thick, pseudostratified neuroepithelium.  

   

 

 

 

 

 

In the beginning the neuroepithelial cells start to 

divide symmetrically. When there are enough cells, 

they start to divide asymmetrically and give rise to 

radial glial cells and neuronal cells. 
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Inside – out Development 

 

The cortical plate always develops inside-out; the 

youngest cells are on the top.  

By injecting some substance (e.g. 3H-Thymidine) 

at several stages of embryo development you can 

label the cells developing at this stage and 

afterwards trace them and see where they are 

located  cells in mitosis get radioactively 

labeled and are traced. 

The cells migrate along the radial glial cells. 

 

 

 

 

Interneurons do not migrate along radial glial cells! They migrate from the ventral 

side tangentially through the subventricular zone, but then change directions 

and migrate radially to their target region in the cortex. 

 

 

 

 

Migration of neuronal precursor cells to the olfactory bulb 

Neurogenesis and migration also exists in the 

adult brain. 

Stem cells proliferate in the SVZ. After dividing 

asymmetrically they generate transient 

amplifying cells. As neuroblasts they migrate 

in the rostral migratory stream.  

Neuroblasts triggers a chain reaction  one 

follows the other. 

When they reach the olfactory bulb, they 

differentiate to radial cells, which helps the 

periglomerular and new granular neurons to 

form  synaptisch integrieren. 
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Migration in the developing Cerebellum 

 

 

EGL: able to migrate but distinct to 

be neurons 

IGL: post mitotic neurons, start to 

extend neurons 

 

 

 

 

 

 Radial migration of Purkinje precursor cells  

 

 Tangential migration of cerebellar granule cell precursors and precursors of the precerebellar nuclei 

 

 

 

6.1  Cortical Migration Defects 
 

Mutations leading to defects in the cortex development affect mostly genes involved in the assembly, stability 

and dynamics of the microtubule cytoskeleton. 

Functional Networks of Neuronal Migration Factors: 
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Periventricular Heterotopia  

Mutated Genes:   

- filamin A (FLNA)  actin-binding protein  

- Arfgef2  vesicle trafficking 

 

 

Patients are often suffering from epilepsy. 

Cells cannot migrate along the radial glial cells and stays in the 

ventricular zone, where a lot of cell bodies start to accumulate. 

 

 

 

Lissencephaly/Subcortical Band Heterotopia (Double cortex)  

 

Mutated Genes: Dcx, Lis1 

In brains of patients with this defect are no folding. But normally they die 

early in development. 

 

 

 

Lissencephaly/Cerebellar Hypoplasia 

Mutated Gene: Reelin (RELN) 

Instead of an inside-out development there is an outside – in organization of the 

cortex. 

The cortex has no folding. 

Because of the problem with migration into the cerebellum, patients develop 

severe ataxia. 
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Cobblestone Lissencephaly 

 

Mutated Gene:  

- POMT1; survive only a few months 

- POMGnT1; survive only a few months 

- Fukutin 

In this disorder there is too much migration in the cerebral cortex. Neurons pass the 

marginal zone, what leads to small protrusions. 

This disease can only be seen in an autopsy  looks like cobblestone 

 

6.2  Neural crest cells and their derivatives 
 

Neural crest cells emigrate from the dorsal neural tube shortly after its closure. Some subpopulations migrate 

large distances giving rise to a wide variety of neural and non-neural tissues. In the peripheral nervous system, 

sensory, sympathetic and enteric neurons as well as Schwann cells originate from the neural crest. Cell surface 

and extracellular matrix molecules of the surrounding tissues guide neural crest cells to their targets. 
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Mechanism of cell migration within ECM: 

Cells migrate as Mesenchymal (single or chain) cells, in clusters/cohorts or in multicellular strands/sheets. 

 

 

 

Migration of neural crest cells in the embryonic trunk 
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Inhibitors of neural crest cell migrations 

 

 

6.3  Paper: “Strategies for Analysing Neuronal Progenitor Development and 

Neuronal Migration in the Developing Cerebral Cortex” – Higginbotham 
 

The emergence of functional neuronal connectivity in the developing cerebral cortex depends on neural 

progenitor differentiation, which leads to the generation of appropriate number and types of neurons, and 

neuronal migration, which enables the appropriate positioning of neurons so that the correct patterns of 

functional synaptic connectivity between neurons can emerge. 

Disruptions in these developmental events can have severe consequences, including retardation, lissencephaly, 

tumorigenesis and neuropsychiatric disorders like autism and schizophrenia. 

 

6.3.1 Progenitor Differentiation 
 

After closure of the anterior neural tube, neuroepithelial cells proliferate within the walls of the ventricle  

populating the ventricular zone (VZ) with a pseudostratified layer of bipolar cells. This neuroepithelial cells 

transform into (highly polarized and with a glial-like molecular identity) radial glial progenitors (RGPs). 

Initially RGPs divide symmetrically to produce an increasing number of RGPs. If there are enough they start 

dividing asymmetrically, giving rise to a daughter neuron or an intermediate progenitor (IP) and a self-

renewing daughter RGP. IPs move to the subventricular zone (SVZ), where they form an additional neurogenic 

niche that supplies the majority of projection neurons to all layers of the cerebral cortex.  

As neurogenesis starts to stop, asymmetric neurogenic RGP divisions decrease in frequency due to the terminal 

differentiation of RGPs into glia and ependymal cells. 

 During neurogenesis, significant molecular and morphological heterogeneity among neural 

progenitors in the VZ has been characterized and this heterogeneity may be essential to create 

neuronal diversity in cerebral cortex 
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 RGPs perform an important function as guides for neuron migration (specifically, the pial – directed 

radial process of RGPs) 

 

6.3.2 Time-lapse Analysis of Adherent Neural Progenitor Clones 
 

Is the sequential production of RGPs, IPs and neurons, and then glia regulated by cell-intrinsic programs, 

extrinsic cues or a combination of both? 

Experiment: 

- In vitro assays using isolated, single cortical progenitors from different embryonic ages are used to 

selectively study and manipulate RGP proliferation, differentiation and cell fate in a defined 

environment 

- Dissociated cortical progenitors are plated on an adherent substrate at clonal density  cell-cell 

contacts are minimized & the only extracellular cues are produced from the clones themselves or are 

exogenously added 

 Over several days in vitro, single progenitors generate other progenitors, distinct neuronal 

subtypes and glia 

- Time-lapse analysis: the effects of 

extrinsic factors or cell-cell contacts on 

progenitor division can be examined 

by adding diffusible cues to the 

medium or culturing progenitors at 

higher density 

 Advantage: it permits 

complete registering of 

individual cell division and 

behaviour and a clear analysis 

of intrinsic mechanisms at 

work in choosing cell fate 

 Disadvantage: dissociated 

progenitors neither 

encounter the permissive microenvironments found in vivo nor do they maintain critical 

features such as polarity and orientation they would have in the intact brain 

 Symmetric and asymmetric division in vivo rely on appropriate cell-cell contacts that are 

absent in isolated cultures 
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6.3.3 Cerebral Cortical Slice Assays for Real-Time Analysis of Progenitor 

Development 
 

Improvements in tissue culture methods and live-cell imaging in tissue slices have made possible the real-time 

tracking of individual progenitors and their progeny within tissue explants. Currently, this involves targeted 

expression of a fluorescent protein in progenitors followed by time-lapse confocal imaging of slice cultures. 

Depending on the objective of the experiment, single or multiple progenitors can be targeted in specific 

proliferative regions of both embryonic and postnatal cortices. 

DNA electroporation:  results in one or more regions of the cortex expressing a fluorescent transgene in 

multiple progenitors and their neuronal and glial progeny. In this method, 

concentrated (2-5 mg/mL) purified plasmid DNA containing the gene of interest is 

injected with a micropipette into the lateral ventricle of embryos, either removed 

from the uterus (ex vivo) or left intact in the embryonic sac. A low-voltage current is 

then passed through the cortex, and the DNA is incorporated into progenitors lining 

the lateral ventricles. Long-term live – cell imaging can be performed on labelled 

progenitors to analyse their patterns of differentiation (using a confocal microscope 

equipped with live – cell incubation system). With in utero electroporation, the 

embryos are returned to the mother, where they develop for the desired number of 

additional days. The advantage of the ex utero approach is that it avoids the potential 

for embryonic death that, at times, occurs from the insults associated with in utero 

electroporation and allows for rapid analysis of large numbers of cortical progenitors. 

In contrast, in utero electroporation allows the cortex to develop intact until the 

effect of transgene expression in progenitors is ready to be analysed. 

 Observing the dynamics of progenitors as they differentiate, divide and generate 

neurons 

 postnatally, electroporation can be used to label and study progenitors and new 

neurons in the neurogenic niches 

 When analysis of large cohorts of progenitors and rapid gene manipulation are 

required, electroporation-based methods are optimal. 

 

Viral transduction: In this technique, high-titer retroviral particles expressing a gene of interest and a 

fluorescent marker are injected into the lateral ventricle 1-2 days prior to slice 
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culture and imaging. The viral particles diffuse evenly through the ventricular space 

and infect single isolated progenitors, which can then be visualized and tracked as 

they divide and generate daughter neurons. Because viral vectors stably integrate 

into the genome, both progenitors and their progeny will express the transgene at 

relatively consistent levels. 

 

6.3.4 Neuronal Migration 
 

Once generated from proliferating progenitors, postmitotic neurons migrate from the proliferative VZ and SVZ 

to their final sites of differentiation.  

In general, neurons utilize two modes of migration, radial and tangential, depending on their origin and 

destination:  

- In the dorsal telencephalon, early generated neurons of the pre plate and deeper layers migrate 

radially using somal translocation 

- Later generated neurons utilize elongated radial glial guides to attain their more distant locations at 

the interface between cortical plate and marginal zone 

- Meanwhile, in the ventral telencephalon, GABAergic cortical interneurons are generated in the 

ganglionic eminences, and they migrate tangentially into the cerebral wall 

- Tangential migration also occurs throughout life, exemplified by olfactory bulb neuroblasts that 

migrate from the anterior SVZ to the olfactory bulb, through the rostral migratory stream. 

 

Several brain disorders have been linked to defects in radial migration: periventricular heterotopia, 

lissncephaly, schizophrenia, autism and Tourette’s syndrome. 

 

6.3.5 In Vitro Migration Assay using dissociated Neuronal Cells 

 

In these assays, dissociated neurons and astroglia from embryonic cortical tissue can be recombined in vitro to 

promote neuronal attachment and migration on astroglial processes. Neuronal motility in all these different 

assays can be easily tracked using live-cell imaging. The advantage of these methods lies in the ability to 

simultaneously visualize individual isolated neurons and their intracellular cytoskeleton or signaling 

components (e.g., calcium, endosomes), making possible the study of cytoskeletal or signaling dynamics during 

neuronal migration. 

These assays were instrumental in examining the role of neuron-glial contact and adhesion in neuronal 

migration, as they can be used to selectively perturb neuronal or glial components involved. Further, these 

techniques are also commonly used to study the role of guidance cues in directing migration, where neurons 

migrating from an explant are confronted with a choice of permissive/ non-permissive substratum or with a 

gradient of a soluble chemoattractant or repellent. 

 

6.3.6 Real-time Neuronal Migration in Embryonic Brain Slice Assay 
 

A major deficit of migration assays using dissociated neurons is that they disrupt many of the endogenous 

signals critical for patterned migration within the developing cerebral cortex  Evaluate migration in living 

embryonic slices. 
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Further, analysis of human neuronal migration disorders indicates that disruptions in selective stages of 

migration can have vastly different effects on cerebral cortical formation and function. 

Method 1:  Migrating neurons in embryonic slices can be labeled with either fluorescent dyes or XFP 

transgenes. Lipophilic or vital dyes, such as DiI, DiO, CMTMR, and Oregon Green, can be 

introduced into the ventricles or on top of cortical slices to label large cohorts of migrating 

neurons in the embryonic cortex and postnatal RMS. Dye- or transgene-coated gold particles 

can also be directly introduced into migrating neurons using a biolistic delivery approach. 

Method 2:  Using transgenic mice, where fluorescent markers are expressed exclusively in distinct 

migrating neuronal populations in both embryonic brain and adult brain. 

 

6.3.7 4-D Neuronal Migration Analysis and Examination of Neuronal Migration in 

Living Embryos 
 

Slices from the entire extent of embryonic cortex can be repeatedly scanned in real time, using a confocal 

microscope equipped with x-y-z-motorized stage and live-cell incubation chamber. The images collected can be 

compiled and analysed to get a 4D view of neuronal movement within the cortex at a particular stage of 

embryonic development. Further, multiphoton microscopy provides a powerful tool to map neuronal 

movement and dynamics within the emerging neocortex of intact living embryos.   

This can yield unexpected and significant insights in to how different types of neurons get to where they have 

to go in the developing brain and how disruption of this process can cause a specific developmental disorder. 

 

6.3.8 Future Directions 
 

The approach of using biosensors specific to a particular functional state of key molecular determinants or 

particular cell state to query the dynamics of normal or altered development in mouse genetic models of 

neurodevelopmental disorders will be essential to fully understand how cerebral cortex forms and to define 

the neurodevelopmental pathways whose disruption is likely to lead to brain developmental disorders. 
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7. Neural circuits 
Paper: “Wiring Mechanisms for Olfaction and Vision – Not Completely Different after 

All” – Stoeckli 
 

Map formation 

The topographic map of the visual system preserves space information whereas the olfactory map preserves 

only quality of the stimulus but not location. 

  The retina “sees” the exact location of all the pixels from the environment 

  In the olfactory bulb, there is only one neuron for one odorant 

 

 

In the visual system of mammals, projections from the 

retina are relayed in the lateral geniculate nucleus on 

their way to the visual cortex. 

In the topographic map of the visual system the exact 

positional information of stimuli is preserved: The 

image is one to one on the retina but inversed. 

 

How does the visual system wire up? 

In amphibians:  

- Neurons from the neuronal dorsal Retina project into the ventral tectum  

- Neurons from the neuronal ventral Retina project into the dorsal tectum 

- Neurons from the nasal (anterior) Retina project into the posterior tectum 

- Neurons from the temporal (posterior) Retina project into the anterior tectum 

 

 

 

 

- There is a position-dependent differential axon-overshoot 

- Topographic branching along axon shafts 

- Preferential arborisation of topographic branches 

- Remodelling to generate precise topography (axons that grew too far 

retract and innervate their target region)   
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Forming a topographic map 

If one take away a part of the Tectum, the neurons reorganize; the absolute position of 

the neurons change, but relatively they still “know” where they are. 

If one take away a part of the Retina, the neurons make bigger connections in the 

tectum. 

 The relative relationship between the neurons are important; Neurons have to know 

where their neighbours are 

 Axon-axon competition contributes to topopgraphic map formation 

 

The removal of one half of the retina would not result in a partially innervated tectum and conversely that 

removal of half of the tectum would still preserve the topographic pattern of innervation in the remaining 

tectum  RGC axons read the relative repulsive strength of the tectum and home in on an anterior-posterior 

position that is compatible with their active EphA expression level.  

 

The Bonhoeffer stripe assay  

Stripe assays have been widely employed as in vitro test systems to study the responses of growing axons, as 

well as migrating cells, to established or novel guidance molecules. Silicon matrices are used to produce striped 

patterns of active molecules on a surface (referred to as 'carpet'), followed by culturing of neurons. After 1-2 

days in culture, striped outgrowth of extending neurites - indicative of guided migration of cell processes - can 

be observed. 

Bonhoeffer got rid of the middle part of the tectum and made some 

solution out of the posterior and the anterior part. He took a dish and 

made stripes with this solution, with alternating stripes: anterior – 

posterior – anterior… Then he took a stripe of a retina with the nasal 

part on the left and temporal part on the right and laid it down on hat 

dish. The nasal axons grew on stripes containing membranes from the 

anterior and the posterior tectum, the temporal axons recognized the 

stripes and only grew on the stripes containing membranes from the 

rostral tectum. Then he performed the same experiment again, but 

treated the posterior stripes with heat or PI.PLC. In this experiment, the 

nasal, but also the temporal axons grew on both (anterior and 

posterior) membranes. 

 

Gradients of Eph-receptors and Ephrins control retinal axon targeting 

 

The interaction of Ephrin with its receptor has a repellent effect on the 

neuron. On the retina, there is a gradient of Ephrins:  

high levels in the nasal area and low levels in the temporal area.  

The more Ephrin, the more repulsion! 

 Temporal axons are repelled by high concentrations of Ephrins 

 

Neurons  that come from the tectum and should end up in the temporal retina express a high level of Eph-

receptors, neurons that should end up in the nasal retina express little receptors. So if the axons with a lot of 

receptors from the anterior tectum would grow in the nasal area, there were a lot of ligands, they would bind 
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and would be repelled very strongly. But if they grow into the temporal part of the retina, where very little 

ligands are present, the repulsion is much smaller. In contrast to that, the axons from the posterior part of the 

tectum express very little receptors, so even if there are a lot of ligands, they have no counterpart to bind and 

the repulsion is small as well. So they don’t mind to grow into the nasal part. 

 

Eph receptors and Ephrins do not interact specifically 

Ephrin-families: All EphrinA ligands can bind to all EphrinA receptors 

 

Wiring the olfactory system 

Spatial information is not included in the olfactory map. Axons 

from olfactory sensory neurons that respond to the same odour 

target the same glomerulus.  

The olfactory map is established in a stepwise manner; Firstly 

there is a global targeting which is genetically programmed, later 

there is a local sorting (activity dependent), where glomerular 

segregation occurs. 

Timing and expression of repellants is crucial for axonal targeting: 

 

 

 

 

 

 

7.1 Synapse formation in the visible and olfactory map 
 

Synapses are assembled by complex molecular interactions. Many molecules are involved in axon guidance and 

synaptogenesis. Specific Neurexins and Neuroligins connect pre- and postsynaptic sites of excitatory and 

inhibitory synapses. 

Different mechanisms are used in spine development 

The growth cone finds a target site that already exists and build a connection 
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The axon elicits the formation of a dendritic spine 

 

Most common way: The axon, that grow somewhere, plus a neuron which forms a filopodium; contact elicits 

the formation of a pre- and postsynaptic site  independent of a growth cone 

 

From activity-independent to activity-dependent steps in neural circuit formation 

Retinal waves: are spontaneous bursts of action potentials that 

propagate in a wave-like fashion across the developing retina. 

These waves occur before rod and cone maturation and before 

vision can occur. The signals from retinal waves drive the activity 

in the dorsal lateral geniculate nucleus and the primary visual 

cortex. The waves are thought to propagate across neighbouring 

cells in random directions determined by periods of refractoriness 

that follow the initial depolarization. Retinal waves are thought to 

have properties that define early connectivity of circuits and 

synapses between cells in the retina. 

The formation of ocular dominance columns depends on neural 

activity. Connections in the visual system are refined by pruning of exuberant branches. 

 

Changes in ocular dominance result from monocular deprivation 

 

All of the cells only respond to the open eye, but this only 

occur during the ‚sensitive period‘ (the nervous system is 

especially sensitive to certain environmental stimuli) 

 

 

 

 

 

7.2 Paper: “Wiring Mechanisms for Olfaction and Vision – Not Completely 

Different after All” – Stoeckli 
 

Gradients of repulsive EphrinAs in the target were thought to repel temporal retinal ganglion cell (RGC) axons 

expressing high levels of EphA receptors.  

According to Sperry (chemoaffinity hypothesis), two perpendicular molecular gradients are necessary to 

identify each cell in a two dimensional target. By expressing the appropriate combination of receptors for these 
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labels, RGC axons would be guided exactly to their target cells, resulting in the topographic map of the visual 

system that maintains the spatial information of the sensory input.  

Specific targeting of projection neurons from the olfactory epithelium to the glomeruli in the olfactory bulb is 

of course also needed but in the olfactory system encoding of spatial information is not required. Olfactory 

sensory neurons (OSN) in the olfactory epithelium that respond to the same odorant converge in the same 

glomerulus of the olfactory bulb.  

  The olfactory and the visual systems are wired fundamentally differently 

 

Bonhoeffer stripe assay 

There exists a gradient of repulsive molecules along the anterior-posterior axis in the chicken tectum as the 

driving force behind the distinct topographic pattern of RGC axon targeting: nasal axons innervate the posterior 

tectum because they are less sensitive to the repellents, whereas temporal axons are restricted to the anterior 

tectum.  

Eph-receptors and Ephrins 

- Eph –receptors and Ephrins can be subdivided into two groups: 

o EphA receptors bind to glycosyl-phosphatidyl-inositol-anchored receptors 

o EphB receptors bind transmembrane EphrinBs 

- EphrinAs and EphA receptors were found to be responsible for the rostrocaudal mapping, whereas 

EphrinBs and EphBs receptors were shown to be required for lateral-medial mapping of RGC axons in 

the tectum. 

- EphrinAs are expressed in an anteriorlow-posteriorhigh gradient in the tectum. Their receptors in 

particular EphA3 are expressed in a nasallow-temporalhigh gradient in the retina. 

- Increasing repulsion of axons expressing higher receptor levels from more repulsive posterior 

areas in the tectum due to higher ligand levels: Nasal axons can extend into the posterior tectum, 

as they express low receptor levels, whereas temporal axons are repelled more strongly from the 

same areas and therefore remain confined to the anterior part of the tectum 

- Cis-interactions between EphA receptors and EphrinA ligands on RGC axons were suggested to fine 

tune their sensitivity to the repulsive environment in the tectum. Absolute levels of EphA receptors 

and EphrinA ligands were not important, as axons were found to be distributed in the tectum based on 

relative levels of Ephrin.  

- Topographic map formation was considered to be the result of RGC axon-target interaction with a 

competition between RGC axons for less repulsive anterior positions in the tectum, later they 

postulated that axon-axon interactions would contribute to topographic mapping. 

The observed axon-axon interaction would require EphrinA expression on RG axons to repel other RGC 

axons expressing EphA receptors by trans-interactions and, thus, compete locally for target cells in the 

tectum or the superior colliculus. 

The olfactory system 

- Axons do not need to maintain any spatial information when innervating their target 

- Cells responding to the same sensory stimulus or odorant innervate the same glomerulus 

- The olfactory receptors themselves were suggested to be responsible for olfactory sensory neuron 

axon guidance to the olfactory bulb 

Summary 

In the olfactory system, axon-axon interaction were found to be important before contact with the target. 

Furthermore, axon-axon interactions in the olfactory system are required for global patterning, whereas 

interaction between RGC axons in the visual system are important locally to sort out axonal topography. 

  



53 
 

8. Neural Crest Stem Cells 
Paper: “Neural crest progenitors and stem cells: From early development to 

adulthood” - Dupin 
 

Stem cell properties 

► Fine-tuned balance between stem cell maintenance, proliferation, and differentiation  generation 

of specialized cell types at correct location, time point, and in appropriate number. 

 

► The Neural Crest are a good model system to 

study stem cell biology. 

 

► Neural crest cells generate most of the peripheral 

nervous system, pigment cells in the skin, smooth 

muscle in the outflow tract of the heart, 

craniofacial bone and cartilage, sensory neurons 

and glia cells, etc.  

 

 

Generation of neural crest cells during neurulation 

Neural crest cells are highly migratory cell population in the 

vertebrate embryo emerging at the dorsal part of the closing 

neural tube during neurulation  change from epithelial to 

mesenchymal structure (Epithelial-to-mesenchymal transition 

(EMT)). 

 

 

 

8.1 In vivo fate mapping using the Cre/loxP system 

 

The Cre/loxP system is a “recombinase-system”. It enables the targeted removal of DNA-sequences. 

Cre is a recombinase enzyme, it catalyse the cleavage and regeneration of specific DNA sequences. The 

recognition site is called loxP, which has to be before and after the sequence of interest that has to be 

removed. Cre recognize loxP and binds it, in doing so it cuts the relevant sequence. The two loxP sites are 

joined together. 

To mark not only the stem cells but also their daughter cells you have to do recombination  markers are also 

expressed in daughter cells. 
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Expression of Wnt1 and in vivo fate mapping of Wnt1-Cre expressing cells 

Wnt1 expression is specifically in the dorsal neural tube and in pre-migratory neural crest population at all axis 

level. 

Example: Mapping cell derivatives with quail chick chimeras: 

You take two identically staged chicks in ovo, one e.g. whose 

embryos have a black coat and one with white coat. Then you 

transplant one little part of the black embryo to the white embryo 

at the same stage. You might then receive a white coated young 

chicken with some parts in black. Like this, you can map the whole 

body and find out which part of the body derive from which cells in 

the embryo. 

 

 

In the quail and mouse the “cardiac” NCCs also include common progenitors for neurons, 

pigments cells, fibroblasts and chondrocytes. They emerge from the posterior 

rhombencephalon and colonize the cardiac outflow tract where they plan an important 

function in heart septation. 

 

 

 

In vivo, the neural crest cells differentiate according to their axial position. If you implant a transplant at 

another location than it originates from it will adapt to the new location and differentiate into cells that belong 

to its new location  

 Fates of neural crest cells influenced by new environmental signals / axial position 

 

8.2 Development of different cell types 
 

 

 

Heterogenous: +1 Faktor  
änder selektiv spezifische 
Subpopulationen 
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The neural crest stem cell (NCSC) culture system 

Clonal analysis revealing multipotency and self-renewal capacity. One look at several individual cells, mark 

them and follow their differentiation  at least an in vitro stem cell is similar to ES cells and others 

   

Identification of cues regulating NCSC differentiation: Instructive growth factors regulate early emigrating 

neural crest cells 

 

Early emigrating neural crest stem cells differentiate to: 

- With Wnt1/BMP2 to NCSC 

- With Wnt1 to sensory neurons 

- With BMP2  to neurons of the autonomous nerve system 

- With TGFβ to smooth muscles  cell cycle exit 

What about in vivo relevance of Multipotency found in cultured NCSCs? 

Are neural Crest cells in vivo a homogeneous population of multipotent cells or a heterogeneous population of 

fate-restricted cells? 

 Clonal analysis of pre-migratory and migratory neural crest cells using a multicolour Cre Reporter “Confetti” 

mouse 

 

There will be different combinations depending on 

how Cre is combined 

 Different colours of the cells 

 

Colour frequencies 

 For very rare colour combinations: Low probability that a cohort of equally coloured cells in a given 

area derive from several distinct mother cells expressing the same colour combinations 

Quantitative analysis of rare colour clones at low clonal density 

 In mice, the vast majority of neural crest cells appear to be multipotent at the stage analysed, with 

very few clones contributing to single derivatives 

 Intriguingly, multipotency appears to be maintained in migratory neural crest cells: Evidence for stem 

cells in vivo 

 Neural crest-derived cells with stem cell features also persist in adult structures: prospectively 

identified p75/Sox10-positive neural crest derived cells in adult skin display self-renewal capacity and 

p75/Sox10-positive neural crest-derived cells in adult skin are multipotent 
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8.3 Paper: “Neural crest progenitors and stem cells: From early development 

to adulthood” – Dupin 
 

In the vertebrate embryo, the neural crest forms transiently in the dorsal neural primordium to yield migratory 

cells that will invade nearly all tissues and later, will differentiate into bones and cartilages, neurons and glia, 

endocrine cells, vascular smooth muscle cells and melanocytes. Due to the amazingly diversified array of cell 

types it produces, the neural crest is an attractive model system in the stem cell field.  

The neural crest (NC) cells (NCS) represent a multi-fated embryonic cell population characteristic of 

Vertebrates. The NCCs emerge in neurulating vertebrate embryo in the neural plate border region, between 

the presumptive neural epithelium and epidermis. The induction and specification of NC depend largely upon a 

set of signaling molecules and transcription factors whose actions are strikingly coordinated in time and space 

during gastrulation and neurulation stages. 

Further neural border genes up-regulate another set of transcription factor genes involved in NC specification 

 control of delamination, cell proliferation, migration and differentiation.  

 

Soon after individualization in the dorsal-most part of the closing neural tube, the NCCs undergo epithelial-to-

mesenchymal transition (EMT), migrate and finally settle and differentiate in various locations  they 

populate all the tissues and generate a wide diversity of cell types: 

 Most of the peripheral nervous system 

 Olfactory unsheathing cells of the olfactory nerve  

 Several types of neuro glandular cells 

 Diverse ocular and dental tissues 

 Cardio-vascular system  pericytes and smooth muscle cells 

 Etc.  

 

Evidence for NCC heterogeneity and multipotency in vivo 

The fate of NCCs was not fixed in the neural primordium and rather depended upon local cues acting on NCCs 

during migration and at their sites of arrest  idea: NCCs are multipotent 

To prove the theory of multipotency some methods to mark single pre-migratory NCCs to follow their fate 

were necessary: NCCs adopted a distinct fate  Multipotency! 

 Some NCCs have multiple fates; others exhibit lineage restriction or differentiation bias already at pre-

migratory stages:  

NCCs could be predicted from both their relative dorsal-ventral position in the neural tube and their 

time of delamination 

When do the NC progenitors become irreversibly fixed? 

 If migratory NCCs are multipotent, challenging them with distinct environments should be able to 

reverse fate restrictions imposed by the local cues 

 Therefore, the progressive ventral-to-dorsal pattern of colonization of the NC targets in normal 

development does not reflect distinct fate determination of early versus late migratory NCCs  

In vitro clonal cultures to characterize NCC developmental potentials  

The in vitro clonal studies also permitted to challenge NCC differentiation options in order to characterize the 

influences of extracellular factors on the behaviour of specific sets of NC progenitors. 
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- Classical in vitro clonal analysis provided evidence for the presence of several types of multipotent as 

well as more restricted progenitors in the population of early NCCs 

- The majority of clonogenic cranial NCCs generated a progeny with diverse combinations of two to four 

distinct cell phenotypes. 

- Precursors isolated in the rodent NC by means of expression of p75 receptor, gave rise to autonomic 

neurons, glial cells and myofibroblasts and exhibited self-renewal in vitro, thus deserving to be 

considered as NCSCs 

- NCSCs are not only found in the early NCC population  also in several NC derivatives including 

peripheral nerves, gut and DRG (adult tissue!) 

 

Melanocytic, neural and mesenchymal derivatives of the cephalic NC arise from common progenitors 

- Mesenchymal lineages can be segregated from the other, trunk NC-like, lineages in the pre-migratory 

cranial NC  the mesenchymal cranial NC derivatives arise either from multipotent NCCs or from 

distinct, independent NC progenitors 

- In vivo, cephalic NCCs yield the craniofacial bones that differentiate along either endochondral or 

dermal ossification 

- A highly multipotent NCC show the ability to generate different phenotypes (glia, autonomic nerves, 

melanocytes, myofibroblasts, chondrocytes and osteocytes)  NCCs are endowed with more 

restricted developmental options, which environmental signals impart progressive fate restrictions to 

multipotent stem cells 

 

Mesenchymal differentiation capacities in the trunk NC 

The fate repertoire of trunk NCCs in amniote vertebrates seemed to be limited to PNS cells, melanocytes and 

adrenomedullary cells. Recent data shows that trunk NCCs in amniotes do have also the capacity to give rise to 

skeletal cells, adipocytes, and chondrocytes  Chondrogenesis increased following exposure to sonic 

hedgehog 

But in higher vertebrates, NC skeletogenic fate has been retrained only in the cranio-facial region, whereas it 

vanished, but did not completely disappear in the trunk. 

Environmental cues regulating lineage diversification of NC progenitors in vitro 

Several pathways involved in the differentiation choice of trunk NCSCs: 

- BMP: neuronal autonomic outcome at the expense of glial cell fate 

- Delta-mediated Notch receptor activation and Neuregulin-1: triggered acquisition of a glial fate 

- TGFβ: myofibroblasts fate  suppressing neurogenic potential of early NCCs 

- Wnt/β-catenin: sensory neurons 

- Wnt + BMP: ensure the maintenance of multipotent mouse NCSCs 

- Sonic hedgehog: development of cephalic NC progenitors  promoted NCC chondrocytic gate and 

enhanced the development of multipotent progenitors endowed with both neural-melanocytic and 

mesenchymal differentiation potentials 

- Endothelin-3: melanocytic differentiation and enteric neurogenesis 

 

The dual origin of melanocytes and NC glial-melanocytes lineage relationships 

When does lineage segregation occur in vivo?  

Melanocyte lineage segregates at early stages of NC development. Melanocyte progenitor cells engage in a 

dorsolateral pathway. 
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 early emigrating NCCs are restricted to neural lineages, while late-migrating NCCs only produce 

melanocytes, but no neural cells 

 some pigment cells do not originate from lineage-restricted but rather from multipotent NCCs 

Is there a temporal control mechanism too? 

 β-catenin inactivation in pre-migratory NCCs abolishes both sensory neuron and melanocyte 

formations 

 Activation of β-catenin in the pre-migratory NC promotes sensory neurogenesis 

 Sensory lineage choice occurs before Wnt/β-catenin – dependent melanocyte generation 

Melanocyte formation from nerve cells appears to be restricted normally to early developmental stages, cells 

present in nerves have the potential to produce melanocytes also after birth: Schwann cells de-differentiate 

into a glial-melanocytic progenitor able to give rise to a pigmented cell (observed in injuries). 

Post-migratory NCSCs 

Not only fetal but also adult tissues appear to contain NC-derived cells, which express NSCS markers, are 

multipotent, and are able to self-renew, very much like their embryonic counterparts.  

At early developmental stages, combinatorial Wnt and BMP signaling regulates self-renewal of migratory 

NCSCs. Once reached their targets, responsiveness to Wnt/BMP is lost and proliferation is regulated by an 

EGF/small RhoGTPase signaling cascade  adopt to a dynamically changing microenvironment 

Multipotent cells with self-renewal capacity were also isolated from rodent dorsal root ganglia during fetal 

development and from adult tissue, although cells derived from adult DRG exhibited only a limited self-renewal 

potential. 

For many other NC target tissues, the functional role of resident cells with NCSC potential remains to be 

elucidated. This is the case, for instance, for cells isolated from the adult cornea. Cornea-derived cells 

expressing carious NC markers can differentiate into neurons, adipocytes, chondrocytes and osteoblasts. 

The potential of bone marrow stromal cells (BMSCs) to differentiate into mesenchymal cell types, such as 

osteoblasts, chondrocytes, adipocytes and myoblasts, has been known for a long time. Surprisingly, BMSCs 

were also reported to generate neurons and glia in cell culture and upon transplantation into the CNS. The 

neural potential of BMSCs is due to the presence of a NC-derived cell subpopulation in bone marrow. 

Multipotent NC-like progenitors in the skin 

The skin is another organ harbouring multiple stem cell types. Hair follicles and closely associated structures 

contain epidermal stem cells. The NCC lineages have multiple origins of multipotent skin cells. 

In the facial skin, the mesenchyme derives from the NC and in the trunk skin, the mesenchyme originates from 

the mesoderm rather than the NC. 

In sum, the skin appears to harbour different cell types displaying multipotency and self-renewal capacity upon 

isolation. 

Conclusive remarks and perspective 

Although debate still exists as to whether most individual NCCs or only a small subset of them are multipotent 

after emigration from the neural primordium. The analysis of NC clonal progeny in vivo and in vitro has 

disclosed certain heterogeneity of the early NCCs with respect to their developmental potentials, with the 

presence of both multipotent cells and more restricted progenitors. 

Because of their broad potential and accessibility, NCSC-like cells from adult tissues have also been implicated 

as potential sources for future cell and tissue replacement therapies. 
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9.  Synapse Formation 
Paper: “Assembling the presynaptic active zone” - Owald  

 

Synapses can only form when they communicate to each other (in a chemical way). A synapse consists of a pre- 

and a postsynaptic compartment. Vesicles fuse with the presynaptic membrane, release their cargo, which 

binds the receptors in the postsynaptic membrane.   

- Presynaptic: 

o Vesicle Fusion  synaptic transmission: vesicles with transmitters lead to a depolarization of 

the synaptic membranes  

o Active Zone 

- Postsynaptic density 

 

The key requirements of a synapse are: 

- Flexibility: a lot of proteins modulate the activity at the synaptic gap 

- Speed: Rapid AP-triggered vesicle fusion requires a short distance (< 100 nm) between Ca2+ channels 

and synaptic vesicles (due to low Ca2+ affinity of vesicular protein that triggers fusion, synaptotagmin-

1/-2). 

- Repetitive use: after the release of the transmitters, the vesicles can be used again 

 

9.1 Presynaptic: Vesicle Fusion 
 

Vesicle fusion occurs by the SNARE proteins. SNAREs are soluble NSF 

attachment protein receptors, which mediates vesicle fusion with their 

target membrane. 

Synaptobrevin is the most important v-SNARE (vesicular SNARE) and is 

incorporated in the membrane of the vesicles. Syntaxin and SNAP-25 are the 

most important t-SNAREs (target-SNARE) located in the target membrane. 

 

 

FRET (Fluorescence Resonance Energy Transfer):  

Mechanisms describing energy transfer between two light-sensitive 

molecules. A donor chromophore, initially in its electronic excited 

state, may transfer energy to an acceptor chromophore through 

non-radiative dipole-dipole coupling (emission and absoption of 

light) 

 Decrease in donor fluorescence/increase in acceptor 

fluorescence 

Efficiency of this energy transfer is inversely proportional to the sixth 

power of the distance between donor and acceptor.  

It can be used to measure membrane fusion, to probe fusion/lipid mixing of artificial target membrane with 

synaptic vesicle or it can be employed to probe intermolecular distance. 
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 Vesicle fusion can be reconstituted in vitro, in 

the absence of active zone components or Ca2+    

 Vesicle fusion can happen without calcium 

 However, vesicle fusion at synapses is 

accelerated by an increase in the presynaptic 

free calcium concentration. Without calcium: 

lower rate  

 However,  Ca2+ is required to efficiently trigger 

AP-evoked vesicle fusion 

 

9.2 Presynaptic: Active Zone Assembly 
 

Active zone (AZ):  

- Platform for rapid fusion of synaptic vesicles after Ca2+ influx into the cell.  

- AZ-membrane is decorated by a proteinaceous cytomatrix (a set of specialized proteins) 

Is during the assembly a contact with a postsynaptic partner required? 

- Presynaptic differentiation can be induced by expression of a single 

postsynaptic cell adhesion protein (Neuroligin) on non-neuronal cells  

 one neuron and one postsynaptic protein can build a synapse! 

- Active-zone formation after contact with (charged) polylysine-coated 

beads which were injected in the rat’s brain.  

- Active-zone assembly does not require a postsynaptic partner: 

 

MAP2 is a dendritic protein, 

Bassoon and VAMP are AZ 

proteins and FM1-43 is a dye 

internalized in synaptic vesicle 

protein  Dye internalized in SV. 

 

When all of the proteins are available, there will be a synapse formation, but synapse formation also 

occurs when there are only the AZ proteins and the synaptic vesicle proteins  no postsynaptic 

proteins are needed for active-zone formation! 

Building of an “orphan” active zone (= lack of a postsynaptic partner). 

Are those “orphan” active zones functional? 

 Probing Exocytosis using a FM Destaining:  The dye (FM-43 (styryl dye)) is a lipophilic membrane probe 

and an excellent reagent both for identifying actively firing neurons and for investigating the 

mechanisms of activity-dependent vesicle cycling. This water-soluble dye, which is nontoxic to cells 

and virtually non-fluorescent in aqueous medium, is believed to insert into the outer leaflet of the cell 

membrane where it becomes intensely fluorescent. In a neuron that is actively releasing 

neurotransmitters, the dye becomes internalized within the recycled synaptic vesicles and the nerve 

terminals become brightly stained.  

 

 “Orphan synapses” can undergo exocytosis! 

 Vesicle clusters are mobile and can undergo fusion. 

 Self-Assembly of active zones: Functional synapses can form without postsynaptic partner! 

 



61 
 

9.2.1 Delivery of active zone components 
 

Are the proteins for the active zone delivered as one (digital) or all the single proteins, one after the other?   

 Most active zone components and synaptic vesicle proteins are delivered in preassembled multi-

vesicle transport aggregates (“Digital”) 

 Microtubule (MT) polarity and specific MT-associated proteins specifically target synaptic components 

to synapses in axons or dendrites. 

 

 

 

 

 

 

 

 

 

 

Which molecules are involved in AZ assembly? 

Genes that regulate/are required for AZ assembly and synaptic function: 

- Synapse Defective-1 (dsyd-1) is required for normal synaptic vesicle targeting in the Drosophila PNS 

and CNS, as well as in the mouse CNS 

- The small GTPase Rab3 is required for normal AZ distribution, and pre/post matching (loss of small 

Rab3: Ca2+ channels are dislocated  on average, three AZ cluster together  they aren’t normally 

distributed over the synapse and postsynaptic glutamate receptors lack a presynaptic partner in rab3 

mutants)   

Rab3: 15 copies per vesicle, newly endocytosed vesicles lack Rab3. Rab3-GTPase activating protein accelerates 

the intrinsically very low GTPase activity of Rab3, thereby converting Rab3-GTP into Rab3-GDP, which no longer 

associates with the vesicle. Rab3 mutants don’t have a strong defect in synaptic transmission, those synapses 

have a normal function. 

Without Rab3: clustering of AZ 

 

9.3 Postsynaptic density (PSD) 
 

Postsynaptic density: Proteins that accumulate at the postsynaptic side of a synapse. 

Assembly: is a contact with presynaptic partner required? 

- Neurexin expression in non-neuronal cells clusters glutamate- and GABA postsynaptic scaffolding 

proteins in dendrites  Neurexin expression in non-neuronal cells induces accumulation of  

postsynaptic scaffolding proteins  Neurexin is able to form a postsynaptic site 

- Neuroligin expression in non-neuronal cells clusters glutamate and GABA synaptic vesicles 

- Neuroligin isoforms are involved in determining the sign of a synapse 
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9.3.1. PSD Assembly 
 

Preformed scaffold protein complexes serve as 

predetermined postsynaptic hotspots for establishment 

of new functional excitatory synapses: 

 Non-synaptic clusters of postsynaptic 

scaffolding proteins (Nicht in der Nähe einer 

Präsynapse) 

 Mobile and stationary non-synaptic clusters of 

postsynaptic scaffolding proteins: AMPA and 

NMDA receptors are shipped in different 

vesicles; PSD-95 and SAP-90 are recruited to 

synapses from the cytoplasm 

Sites opposed to stationary non-synaptic scaffold 

clusters are readily transformed to active presynaptic terminals. 

 

Is the Postsynaptic Density Activity-dependent? 

2-Photon glutamate uncaging can be employed to mimic neurotransmitter release 

at individual synapses  put a photon close to the dendrite, where is no evidence 

of a postsynaptic spine 

Glutamate uncaging can be used to “grow” a postsynaptic structure (spine) within 

seconds/Spinogenesis can be rapidly induced by presynaptic activity! 

Neuroligin-1 is required for glutamate uncaging induced spinogenesis. 

Glutamate uncaging induces spine growth and accumulation of the postsynaptic 

density protein PSD-95 in mature synapses  Plasticity! 
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9.3.2 Postsynaptic and transsynaptic molecules 
 

 

 

 

Excitatory synapses are characterized by specific pre- and postsynaptic 

proteins: NMDA, MDMA etc. 

 

 

 

 

Inhibitory synapses are characterized by specific pre- and 

postsynaptic proteins: Gephyrin, GABA etc. 

 

 

 

 

Transsynaptic molecules 

There are homophilic and heterophilic interaction between cell adhesion molecules at synapses, what 

determines the specificity of the pre- and postsynapse. 

 Cell adhesion molecules play specific roles in synapse formation, and in synaptic plasticity at mature 

synapses: e.g. SynCAM is a brain-specific immunoglobulin domain, containing protein that binds to 

intracellular PDZ-domain proteins and functions as a homophilic cell adhesion molecule at the synapse 

  

 Cell adhesion molecules have been linked to autism-spectrum disorders 
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Synaptogenesis: Stabilization of contacts between neurons 

- Recruitment of specific presynaptic proteins 

- Recruitment of specific postsynaptic proteins 

- Signalling to actin cytoskeleton in the post synapse 

Mature synapse: Modulation of synaptic function 

- Modulation of presynaptic protein function 

- Activation of intracellular signaling (presynapse) 

- Modulation of postsynaptic protein function 

- Regulation of synaptic strength (postsynapse) 

 

Timing of Synaptogenesis  

Synaptogenesis at CNS glutamatergic synapse. This is thought to be a multi-step process initiated at, or shortly 

after, initial axo-dendritic contact. 

(a)The first step involves the activation of ‘classical’ cell adhesion molecules (CAMs), such as cadherins, or 

specific pairs of CAMs such as neuroligin-neurexin. 

(b) Pleomorphic vesicular clouds become clustered pre-and postsynaptically at sites of cell-cell contact. 

(c) The electron-dense core of the 80 nm vesicles suggests that these might also deliver synaptogenic factors 

that could help drive postsynaptic differentiation.  

(d) Differentiation of the postsynaptic cell appears to occur by the sequential, in situ, recruitment of PSD 

scaffolding molecules followed by glutamate receptors and PSD signaling molecules. Whether vesicular 

trafficking also plays a role in delivering PSD scaffold proteins is not known. The time points (t) represent the 

approximate time-course of these processes in minutes after axo-dendritic contact. 

Note: (d) is outdated, postsynaptic proteins are also delivered in packets/preformed complexes, so the 

postsynaptic picture is old!  
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9.4 Maturation: Elimination & Competition 

 
Synaptic [transmission] strength: Degree of postsynaptic voltage/current change in response to action-

potential stimulation 

 Differences in neurotransmitter release probability affect synaptic strength 

 Neurotransmitter release probability (and thus synaptic strength) depends on the number of synapses 

per dendritic branch: low number of synapses per dendritic branch means a high release probability 

 

Many synapses are eliminated during maturation. There is an elimination of multiple innervations during 

maturation. 

 

Synapse elimination results in monosynaptic innervation (neuromuscular junction (NMJ): one Motoneuron 

innervates one muscle fiber):  

- Input segregation precedes terminal withdrawal from the NMJ  There is a competition ongoing, 

those axons that lose, withdraw   

- Patterns of Motoneuron activity modulate synapse elimination at the NMJ 

 

9.5 Competition 
 

All synapses but one are eliminated during development 

of climbing fiber-cerebellar Purkinje synapses. 

 

 

 

 

Activity-dependent synapse elimination of cerebellar 

climbing fiber; Purkinje cell synapses requires PQ-type Ca2+ 

channels and Arc. 
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 Only the “largest” climbing fiber input becomes stronger! 

 Synchronous activation of climbing fiber (CF) and purkinje cell (PC) is commonly used to 

induce long-term increases in synaptic strength (long-term potentiation, LTP) 

 Long-term potentiation can be only induced at large inputs through an increase in 

conductance of AMPA-type glutamate receptors 

 The “winner synapse” undergoes LTP (becomes stronger), and eliminates the other synapses 

through postsynaptic Ca2+/Arc signaling 

 

9.6 Paper: “Assembling the presynaptic active zone” – Owald 
 

During nervous system development, synaptic circuitry must be defined by forming synaptic connections with 

high spatio-temporal precision. Synapse formation seems to proceed properly in the absence of 

neurotransmission, neuronal activity can trigger changes in the molecular composition and functional status of 

synapses. 

9.6.1 Synaptic modules 
 

At the presynaptic site, there is the active zone (AZ): 

- The AZ provides the platform for rapid fusion of neurotransmitter-filled synaptic vesicles (SVs) after 

calcium influx 

- It is decorated with a proteinaceous cytomatrix (CAZ): a set of specialized proteins  critical for 

effective organisation of the associated SV exo/endo-cycle machinery 

At the postsynaptic site, there is the postsynaptic density (PSD): 

- Accumulation of neurotransmitter receptors 

- Stability and dynamic regulation of neurotransmitter receptor population 

In between of the pre- and postsynapse, there is the synaptic cleft: it is characterized by the presence of 

transsynaptic pairs of cell adhesion molecules 

 

9.6.2 Modularity of synapse assembly 
 

Are the synaptic modules independent units of assembly, or does their formation require the presence of a 

synaptic site assembling the other modules in parallel? 

- Vesicle fusion can be reconstituted in vitro, in the absence of cytomatrix scaffolds and even of calcium 

- In immature neurons, mobile moving clusters of SVs have been observed exchanging with the 

neuronal plasma membrane in the absence of postsynaptic differentiation 

- Presynaptic AZs can form in the complete absence of postsynaptic partner cells (no postsynaptic 

specialization) 

- Formation of AZs can be induced by the presentation of a single postsynaptic cell adhesion protein 

(Neuroligin) expressed from non-neuronal cells 

- Postsynaptic differentiation is inducible by Neurexin 

So, vesicle release machinery, AZ matrix and to some degree the postsynaptic specialization can display 

intrinsic assembly propensities  this intrinsic assembly become dominating when physiological signals from 

other modules are missing. 



67 
 

Under physiological conditions, it is expected, that synaptic modules communicate to fine tune the synapse 

assembly process. 

 

9.6.3 Active zone assembly 
 

 

Proteins implicated in active zone assembly. A summary of 

proteins considered as important players of AZ assembly. 

Results from different model organisms are depicted in 

separated panels. SYD-2/DLiprin-α/ Liprin-α family proteins are 

highlighted in blue, ELKS/BRP/CAST in red and UNC-10/RIM in 

yellow. Type of interactions are indicated by letters above the 

arrows: I = direct physical interaction, G = genetic interaction/ 

regulation inferred from genetic findings. Dashed lines indicate 

indirect evidence of interaction from imaging data. Proteins 

spelt out in grey have not been studied in the respective 

systems (e.g. the mammalian and Drosophila SYD-1 orthologues 

RhoGap100F/DSyd-1 and mSyde), but would be of major 

interest in the authors’ eyes. 

 

 

 

 

Defining the Location 

Cell adhesion molecules might coordinate the formation of postsynaptic structures. 

Downstream of cell adhesion molecules, SYD-2/Liprin-α was found to be crucial for AZ assembly and SV 

clustering (C. el & Dros). The SYD-2/Liprin-α family is characterized by coild coil- and SAM domains 

 pre-and postsynaptic assembly by recruiting and interacting with a multitude of synaptic proteins and 

by regulating synaptic cargo transport 

 SYD-2/Liprin-α might guide transport of further components to AZs 

In addition, SYD-1 (C2-domain and putative Rho-GAP- domain containing) was found to be essential for AZ 

assembly; SYD-1 helps the functional recruitment of SYD-2/Liprin-α. 

Continuing towards maturation 

Which other AZ proteins functionally interact with SYD-2/Liprin-α within AZ assembly? 

Notably, the activity of SYD-2(gf) in C. elegans does not depend on RIM/UNC-10 or calcium channels (UNC-2), 

but instead requires ELKS-1, a member of the CAST/ ERC family. CAST (CAZ-associated structural protein) 

originally was identified biochemically as an AZ associated coiled coil domain protein, which interacts with 

Bassoon, Piccolo, RIM-1 and Liprin-α.  Drosophila Bruchpilot (BRP), whose N-terminal half encodes the 

Drosophila CAST homologue, proved to be crucial for proper clustering of calcium channels within AZs, CAZ 

formation and efficient neurotransmitter release. Thus, this protein which in addition to the CAST/ELKS 

domains contains long additional coiled domains at its C-terminus, seems to provide a large scaffold involved in 

assembly as well as functional maturation of Drosophila AZs. 
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 While Piccolo seems dispensable for principal AZ assembly at glutamatergic synapses (however 

important for function), Bassoon is reported to play an important role in the assembly and functioning 

of various types of synapses, and to be amongst the first proteins that appear at newly forming AZs. 

 

A digital nature of AZ assembly and structure? 

Are preassembled units of AZ proteins shipped to prospective AZs, or are AZs assemble de novo from diffuse 

pools of the relevant proteins? 

Presynaptic proteins have been suggested to be transported in specialized transport vesicles positive for the 

mammalian AZ markers Piccolo and Bassoon  Piccolo/Bassoon transport vesicles (PTV) are suggested to carry 

a comprehensive set of AZ materials, providing unitary building blocks of AZs. 

 it is more complicated: both PTV and SVs seem to be transported in a preassembled multi-vesicle 

transport aggregate, with the potential to form rapidly functional presynaptic sites 

Interestingly, at mammalian ribbon synapses, AZ components seem to assemble to electron-dense precursors, 

instead of being transported to AZs by membranous compartments. Here, Bassoon and Piccolo assemble early 

together with RIBEYE and RIM, whereas other synaptic players such as Munc-13, calcium channels or CAST 

accumulate late during synapse assembly, probably demarking a later maturation process.  

 At least at this specialized synapse not all players seem preassembled but rather arrive in a sequential 

fashion 

 

Providing the back bone 

Mammalian CNS boutons persist for long periods and apparently do not eventually equilibrate and become 

identical in size, composition, or function. 

- At drosophila NMJ synapses, two different glutamate receptor complexes are co-expressed within 

individual PSD (GluRIIA or GluRIIB). Thus, GluIIA in fact is a good candidate to confer persistence to 

postsynaptic assemblies in Drosophila. 

It appears that such cooperative protein scaffolds with stable interactions provide nucleation zones for the 

clustering of less static synaptic proteins in a dynamic equilibrium. Final proof whether a low turnover of a 

given synaptic protein contributes to structural stability of synaptic specializations might be provided by an 

acute, externally triggered degradation of genetically modified proteins. 

 

9.6.4 Synapse assembly in vivo: sequence and timing? 
 

A rapid assembly leading to mature synapses in one to two hours or less, in vivo synapse assembly has recently 

been suggested to protract over many hours. 

 The adult rodent neocortex showed that spine growth precedes the growth of synapses in vivo 

 Synapses form within hours after spontaneous spine formation 
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10. Sleep and Development 
 

Endpoints 

- Invention of Electroencephalography EEG 

o Measures potential differences in large cortical networks 

- Discovery of REM sleep 

o Discovered first in humans, later in cats 

o Started golden years of sleep research 

- Sleep stages and sleep depth  

- Neuronal correlates 

 

Vigilance states 

N1: If you wake them up, about 50% says that they were 

still awake 

N2: Slow, large amplitude K- complexes in EEG, also 

spindles 

N3: Large amplitude slow waves (1-4Hz), absence of eye 

movements (electrodes for eye movement sometimes 

also register brain waves, that’s why the line is not 

completely zero)  

REM: Fast frequency, low amplitude as in wakefulness, 

but eye movements, complete absence of any muscle 

activity 

 

Sleep architecture 

There are 4-5 sleep circles per night  it cycles 

between REM and non-REM.  

In the first part of the night are lot of deep sleep, 

(almost) no sleep in the second half.  

Number of slow waves and measures of sleep depth 

decrease in parallel across a sleep period. Sleep depth 

and number of slow waves correlate.  

Duration of REM phases increases during the night. 

 

 Sleep is a regulated process 

 EEG slow wave activity reflects sleep homeostasis: Sleep pressure increases whenever you are 

awake, the longer you are awake the greater the sleep pressure. When you enter sleep, sleep pressure 

will decrease. Slow wave activity correlates with it, the decrease during night reflects recovery 

process. If you stay awake for one day and night and go to sleep again the next night, the amount of 

slow waves increases very strongly. 
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Sleep slow oscillations (deep sleep) 

On the neuronal level EEG slow waves are reflected by an alternation 

between ON (spiking activity) and OFF (no activity) periods. Firstly, there 

is an Off periode where the neocortical neurons are able to rest. Then 

there is a On wave, where the neurons fire briefly at a high rate. 

In the wakeful phases, the membrane potential is very stable, at sleep 

there are greater differences. In early sleep, all the units start and stop at 

the same time. At late night, the units still perform ON-OFF periods, but 

the units are not synchronized.  

What causes changes in synchronization? 

 Changes in synaptic strength (and other factors), long term potentiation! The higher the synaptic 

strength, the better the synchronization. The greater the differences in local field potential between 

on and off phases, the faster it can synchronize its activity and the higher the synaptic strength is. 

 

 On the neuronal level slow waves are reflected by ON and OFF periods  

 The level of synchronization is determining the size of slow waves 

 

10.1 Development of Sleep 
 

In the beginning of the first 1 – 2 years of a baby, its rest-activity pattern is very irregular. The older it gets, the 

more rhythm is in it. A newborn has many short phases of sleep, in between it is awake. The older it gets, the 

number of sleep phases decreases, but the duration of one phase increase. But the inter-individual differences 

in sleep duration are huge, especially in the first year of life! While getting older, the total sleep time decreases 

and the amount of REM sleep decreases as well during the first year. Slow wave activity first increases a little 

bit (peak around 5 – 10 years), but then decreases the older we get.  
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10.2 Similar trajectories 
 

There is a very close relationship between synapse density and energy 

consumption (low in the beginning, peak around 6 years, then again 

decreasing). More synapses need more energy. Accordingly, the 

responsiveness on stimulation is quite small in newborn, but then increases 

dramatically as more synapses are built and has its peak before puberty, 

when they have a very densely connected network. Then it decreases again, 

as also the number of synapses decreases. 

  

  More synapses use more energy  

More synapses lead to increased network synchronization and larger slow 

waves. 

 

 Increased cortical excitability in pre-pubertal children 

 

 

Pruning: Refining process during adolescence 

During adolescence more synapses are eliminated than newly formed. 

In MRI images we can see that an adult person has a thinner cortex 

than a young pre-puberty girl.  

Cortical grey matter maturation starts in the back and ends in the 

front. The ages of peak cortical thickness are between 7 and 13 years, 

depending on the location. The topography of slow waves reflects this 

maturation:  

Young children have highest activity in the dorsal part of the brain, the older they get, the more this activation 

is translocated to the front. Accordingly, the visual cortex for example develops first and the children have a lot 

of slow waves there. The frontal cortex develops later and also has the peak in  slow waves later. This also 

correlates with the performance of correlating tasks (visual acuity, anti-saccade task), performance of the tasks 

get better when this part of the cortex is maturated. 

 

 Grey matter maturation parallels changes in slow wave activity 

 Predominance of slow wave activity shifts from back to front. 

 Parallel anatomical and behavioural maturation  

 In opposite to that, white matter maturation increases linearly up to about 30 years. 
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Synaptic homeostasis hypothesis 

When you are awake, you learn things, you 

strengthen the synapses. Overall synaptic strength 

is increased over the day. But at one point, the 

membrane is saturated, you cannot add more. It 

also costs more energy. There is a need of counter 

activity. If you have a stronger, denser network, the 

slow wave activity is increased. 

Hypothesis: The slow waves are responsible for 

synaptic downscale (Synaptic strength and density 

decrease). It brings overall synaptic strength down 

to the baseline. Therefore, only the strongest 

synapses survive and important things are selected 

from the unimportant things.  

You reduce synchronization, it reduces slow waves  self-regulation 

 

Synaptic homeostasis in this case means, that synaptic strength is balanced across 24 hours. Wakefulness 

favours synaptic potentiation, sleep favours synaptic depression. There is some evidence for that, and not only 

the overall synaptic strength seem to increase, but also the number of connections.  

 Slow waves seem to be related to sleep dependent performance changes. 

 

Conclusion 

 Sleep quantity and quality changes during development  

 Sleep slow waves mirror cortical maturation  

 Synaptic homeostasis may play a role during development 
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11. Developmental Diseases 
          Paper: “What does the developing brain tell us about neural diseases?” - Stoeckli 

 

The prevalence of mental disorders in the US: 

 Schizophrenia         1.3 %   

Major depression       5.3 %   

Autism Spectrum Disorders     0.1-0.2 %   

Panic disorders        1.6%   

OCD (obsessive, compulsive disorder)   2.4 %   

Bipolar disorder        1.1 %   

Posttraumatic stress disorder     3.6 %   

Anorexia nervosa      0.1 %   

 

11.1 Schizophrenia 
 

Schizophrenia was firstly described by Emil Kraepelin in 1919, who called it Dementia Praecox because of 

patients showing symptoms of dementia, and by Eugen Bleuler, who called it Schizophrenia, in 1911. Bleuler 

hold that patients with Schizophrenia show a split personality and the cognitive defects are not the main 

symptoms. 

 

Schizophrenia is a brain disorder that is characterized by abnormal mental functions and (resulting) disturbed 

behaviour: 

- Cognitive symptoms: impaired attention, memory, and executive function 

- Positive symptoms/Psychosis: hallucinations, delusions, thought disorder 

- Negative Symptoms: asociality, alogia, anhedonia 

- Disturbances in basic cognitive functions: attention, executive functions, specific forms of memory 

- In addition many patients have concomitant mood symptoms including depression and anxiety 

 It is difficult to detect if they cannot or will not do some task 

 

Vulnerability to schizophrenia is clearly related to genetic factors (based on evidence from family, twin, and 

adoption studies). 

Lifetime risk: 

 1% in general population   

 50% in monozygotic twins (if one twin is affected, the other twin has a 50% probability to develop the 

disease) 

 ~17% in dizygotic twins  there have to be environmental factors as well! 
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Genetics alone cannot explain the occurrence of schizophrenia, there must be environmental factors. 

Identified environmental risk factors: 

 viral infection during fetal or infant development 

 exposure to toxic, traumatic, or autoimmune insults 

 poor maternal nutrition  

 problems during gestation (e.g. problems during labour/birth) 

 

Schizophrenia can be associated with physical changes in the brain, but it is difficult to connect it to one single 

brain area and to determine a threshold when the disease begun:  

 enlarged ventricles in schizophrenic sibling  indicating shrinkage 

of the brain tissue (Very difficult to determine, ventricle size 

varies with gender and age anyway)  

 changes in fine structure and function of cortical connections 

dopamine and glutamate transmission  

 reduced size of hippocampus and amygdala 

 Spine density on apical dendrites of pyramidal cells is reduced 

in schizophrenic patients: more dendritic spines and smoother 

surface of dendrites in healthy people 

 

Dopamine hypothesis  

Antipsychotic drugs that act on D2 receptors are effective in some patients. Consistent with the hypothesis that 

positive symptoms of schizophrenia are due to an excess of Dopamine signaling in the striatal and/or 

mesolimbic areas of the brain. 

However, negative symptoms are thought to be due to deficits in DA signaling in the prefrontal cortex probably 

mediated by D1 receptors. 

NMDAR hypofunction hypothesis: In addition to the dopamine system, there is a lot of evidence for a 

contribution of the glutamate system. Morphological changes in SCZ patient’s brains and evidence that NMDA 

agonists/antagonists affect symptoms/cause symptoms in healthy subjects. 

 

In some patients suffering from schizophrenia, cell polarity 

is disturbed in the brain  disorganized pyramidal cells.  

 

 

 

Schizophrenia is sometimes also associated with functional changes, e.g. reduced activity in the frontal cortex 

in patients compared to unaffected sibling. During a task, the activity in healthy people is increased, but not in 

schizophrenia patients. 

 

Manifestations supporting neurodevelopmental background of schizophrenia 

In Patients, maturational processes – like myelination, apoptosis, synaptic pruning - are perturbed. Synaptic 

pruning and myelination are late events in the development, that’s why schizophrenia occurs in adolescents. 

Schizophrenia occurs mainly at the time periods, where in healthy people synapses are reduced to organize the 

connections.  
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Symptoms in childhood 

Schizophrenic symptoms already are present in childhood, but they are not that abnormal that we would 

recognize and diagnose it: 

- impaired cognitive skills  

- attention deficits  

- irritability  

- delayed gross motor development 

 

 similar neurological deficits are evident in the non-schizophrenic relatives of patients 

During adolescence, they start to show anxiety and depressive symptoms. They withdraw themselves from 

society and as a consequence of that, the depression gets even worse. At that time it often gets obvious and 

the patients get diagnosed. The depression and anxiety symptoms are followed by prodromal symptoms and 

psychosis in early adulthood. 

 

Concept: aetiology of schizophrenia involves multiple hits:    

- genes conferring vulnerability and environmental insults  

Difference to other neurological diseases:  

- manifestation not immediate but only during second or third decade of life  

   

Model by Mirsky and Duncan   

 

Schizophrenia emerges when the combination of stress and brain 

abnormalities exceeds a threshold value. 

 

If you have stronger genetic factors, less environmental factors are 

needed to “cross the border” and get diagnosed with schizophrenia 

and vice versa. 

 

Neuropsychological characteristics differ between schizophrenics 

and non-affected twin siblings: schizophrenic patients are unable to 

follow the movements of a pendulum with their eyes smoothly. 

 

 

Therapies 

About 25% of all patients recover completely and show no obvious signs of having had the disease.  

 

Schizophrenia is not just one disease it’s a combination of diseases, the reasons are not the same for all 

patients. Depending on what the cause in the specific patient is, different medications will help (e.g. 

dopamine). 

More than half of the remainder substantially improve but nevertheless show some residual signs, such as 

occasional memory or sleep problems, not feeling exactly ‚right‘ or just not being able to tolerate tension and 

stress. About 75% of those that do improve do so within the first 3 years of diagnosis. 
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11.2 Mental Retardation 
 

Significantly sub-average intellectual functioning: IQ < 70  

profound: IQ < 20  

severe:  IQ 20 -35  

moderate:  IQ 35-50  

mild:   IQ 50-70  

borderline: IQ 70-85 

Patients with mental retardation show significant limitations in adaptive functioning in at least two of the 

following skill areas:   

- communication, self-care, ability to live independently, social and interpersonal skills, work, leisure, 

health and safety  

- onset before the age of 18 years  

- Syndromic (All people have similar features, phenotypes that go hand in hand with the disease, e.g. 

face phenotypes) or non-syndromic forms (no common features) 

Male to female ratio for moderate to severe MR (IQ<50) is 1.4 and 1.9 for mild MR (IQ 50-70) ~0.4% of the 

general population are mentally retarded. 

XLMR (X-linked mental retardation) accounts for 10-16 % of all severely retarded patients; 20-25 % of all levels 

of MR. XLMR is 6-8 times more prevalent than expected when compared to the ~3% of gene contribution by 

the X chromosome.   

 ~40% of the 885 protein-coding genes identified on X are expressed in the brain! 

 2/3 of XLMR are non-syndromic  

 ~ 100 genes associated with XLMR have been described so far  

Non-syndromic autosomal MR is much more difficult to study only 2 families with a mutation in Neurotrypsin 

identified in 2002. There, a frameshift took place in the genome, which resulted in a stop codon, the rest 

behind that stop codon was then a non-sense sequence. Neurotrypsin is involved in synaptic plasticity, 

Neurotrypsin release depends on synaptic activity. 

 

Agrin  

Agrin is a motoneuron-derived organizer of the NMJ and involved in CNS synaptogenesis. Agrin cleavage 

depends on the presence of Neurotrypsin and is stimulated by synaptic activity. 

Healthy: synaptic activity  Neurotrypsin  NT 

cleaves agrin at two sites  agrin 22  filopodia 

formation (needed for new synapse formation) 

 

NT-knockout mice: No filopodia formed, LTP is 

intact (strengthening of synapses), but LTP – 

associated formation of filopodia is abolished ( 

no new synapses are formed). But filopodia 

formation can be induced by injection of agrin22. 

Neurotrypsin is released from synapses in an inactive form. Activation requires postsynaptic activity, has to be 

depolarized at the same time as NT is release. Coincidence is important  Neurotrypsin acts as a coincidence 

detector (is the pre- and postsynapse active? If yes, activation of NMDA receptor) 
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Many of the genes implicated in MR are involved in:      

- neurite outgrowth (regulation of actin cytoskeleton)   

- axon guidance   

- synapse formation and plasticity   

- neurotransmitter release 

 

MR can be caused by exposure to drugs during pregnancy: about 40% of children born to alcoholic mothers 

show a distinctive profile of anatomical, physiological, and behavioural impairments known as Fetal Alcohol 

Syndrome (FAS) or Fetal Alcohol Spectrum Disorders (FASD)  corpus callosum not recognizable, changes in 

the nasal parts and the cerebellum. 

Children born with FAS show: 

- low birth weight   

- small head circumference   

- failure to thrive   

- developmental delay   

- organ dysfunction   

- facial abnormalities (including smaller eye openings, flattened cheekbones, and indistinct philtrum) 

- epilepsy   

- poor coordination/fine motor skills   

- poor socialization skills (such as difficulty building and maintaining friendships)  

- lack of imagination or curiosity   

- learning difficulties, including poor memory, inability to understand concepts such as time and money, 

poor language comprehension, poor problem-solving skills   

- behavioural problems (including hyperactivity, inability to concentrate, social withdrawal, 

stubbornness, impulsiveness, and anxiety) 

 

11.3 Autism 
 

Autism is a neurodevelopmental disorder that is defined by deficits in social interaction, impaired 

communication, and by unusual restricted, repetitive behaviours. It manifests itself much earlier than 

schizophrenia. 

Autism begins in infancy, before three years of age. Often diagnosis of autism is preceeded by observations of 

“abnormal” behaviour of a child, e.g. parents are concerned because child does not interact or communicate 

(they use single words and pointing instead of whole sentences). Young children with autism often do not 

interact with peers, do not share happiness, and do not interact with parents  limited perception because 

overload of stimuli.  

 Repetitive behaviours begin to develop in preschool years 

 Signs of sensory overload; avoidance of novel stimuli 

 Intelligence can be impaired, normal or even superb (Asperger) 

Diagnostic criteria for autistic disorder: 

Social interaction: Qualitative impairment in social interactions, as manifested by at least two of the     

following:   

1. marked impairment in the use of multiple nonverbal behaviours, e.g. eye-to-eye gaze 

2. failure to develop peer relationships 

3. lack of spontaneous seeking to share enjoyment with other people 

4. lack of social or emotional reciprocity 
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Communication: Qualitative impairments of communication, as manifested by at least one of the following: 

1. delay in, or total lack of, the development of spoken language 

2. marked impairment in initiating or sustaining a conversation with others 

3. stereotyped and repetitive use of language 

4. lack of varied, spontaneous make-believe or imitative play  

Behaviour: Restricted, repetitive, and stereotyped patterns of behaviour, as manifested by at least one of the   

following: 

1. preoccupation with one or more stereotyped or restricted patterns of interest 

2. adherence to non-functional routines or rituals 

3. stereotyped and repetitive motor mannerisms  flapping with their hands 

4. persistent preoccupation with parts of objects 

Autistic children    

- avoid eye contact with parents when held   

- push away from close contact   

- severely impaired language acquisition   

- automatic acts (e.g. incessant rocking)   

- may or may not be mentally retarded   

- up to a third of individuals with ASD report epilepsy 

Conceptualization of a spectrum of autism-related disorders:   

- Childhood Disintegrative Disorder   

- Asperger‘s Disorder   

- Pervasive Developmental Disorder-Not otherwise specified (PDD-NOS) 

- Rett syndrome 

 

 common theme: qualitative deficits in social behaviour and communication 

 

Rett syndrome:  

- Loss of muscle tone   

- Loss of purposeful use of hands, instead habit to wring or rub hands together   

- Deterioration of social and language skills   

- social anxiety develops, withdrawal or disinterest in other people   

- may have uncoordinated breathing and seizures 

Autism spectrum disorders ASD: 

- sibling recurrence risk is approx. 4.5%   

- population incidence 3-6/1000 (for full spectrum  of autistic disorders)   

- concordance rate for monozygotic twins: ~60% for classical autism, up to 92% for full spectrum 

(autism is the most heritable psychiatric disorder)   

- concordance rate for dizygotic twins: ~3-10%     

- autism is 4-5 times more prevalent among males 
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Many genes are linked to synaptogenesis and axon guidance; Autism as an “under-connectivity” syndrome. 

But it cannot be explained by a single mutation. Genes associated with neurodevelopmental diseases affect 

more than one step in neural circuit formation. There are many suggested environmental factors, but 

association is not unequivocally proven for any factor: 

- thalidomide use   

- certain viral infections (rubella, influenza, cytomegalovirus)   

- maternal anticonvulsants 

Problems to be solved: 

- definition of brain regions that are most severely affected   

- types of alterations (structural versus neurochemical)   

- biochemical tools for diagnosis   

- overcome problems with diagnosis due to heterogeneity 

 

Most prevalent abnormalities found in autistic brains are a reduced corpus callosum (sometimes totally 

missing) and changes in the cerebellar structure. A loss of Purkinje cells and loss of cells in deep cerebellar 

nuclei has been commonly found in several studies: Number and location of Purkinje cells are reduced or 

aberrant. 

Additional anatomical/morphological findings: 

- changes in synapse formation and elimination   

- cells more densely packed, smaller cells   

- reduced complexity of dendritic arbours 

- Disturbance of the Mirror Neuron System in patients with autism  The MNS helps to understand 

intentions 

Common to all autism spectrum disorders:   

- Disturbance of normal social behaviour   

- Ranging from subtle abnormalities in social reciprocity, particularly with peers, to much more obvious 

difficulties in the use of eye contact, facial expression, and social motivation.   

- Interpretation of facial expressions are markedly impaired in autistic subjects. 

 

11.4 Paper: “What does the developing brain tell us about neural 

diseases?” – Stoeckli 
 

Neurodegenerative diseases are the most expensive brain disorders when only direct costs are compared. 

Autism spectrum disorders (ASDs) and intellectual disability or mental retardation, are chronic diseases that 

require lifelong treatment and medical care. The currently available drugs can mostly delay disease onset or 

alleviate symptoms. One of the major problems is the absence of identified drug targets, as the molecular and 

cellular mechanisms underlying neuronal diseases are not understood: Whereas aberrant formation of neural 

circuits is linked to neurodevelopmental diseases, neurodegenerative diseases are associated with a problem in 

the maintenance of neural circuits. 
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11.4.1 Defective synaptogenesis in schizophrenia 
 

Schizophrenia affects ~1% of the population worldwide. Schizophrenia manifests with so-called positive and 

negative symptoms, as well as cognitive deficits. Positive symptoms include thought disorders, delusions, 

hallucinations, and paranoia. Social withdrawal, anhedonia, apathy and paucity of speech are summarized as 

negative symptoms. Cognitive impairments have gained increasing recognition as a central feature of 

schizophrenia. They consist of deficits in perception, attention, learning, short-term and long-term memory, 

and executive functions. 

The dominant hypothesis suggested excessive dopaminergic transmission in the forebrain as a key factor in 

the pathogenesis of schizophrenia. This hypothesis was based on the observation that antagonists of dopamine 

D2 receptors were clinically effective antipsychotic drugs. Indirectly, this hypothesis was supported by the 

psychomimetic properties of dopamine agonists and alterations in striatal dopamine release observed in 

schizophrenic patients. Alternatively, dysfunction of glutamatergic neurotransmission was suggested as an 

explanation for the symptoms of schizophrenia. 

More recently, an imbalance between inhibition and excitation in neural circuits was postulated as the basis of 

schizophrenia. In addition to physiological disturbances, structural changes in the brains of schizophrenic 

patients have been identified: communication between different brain areas is more affected than the function 

of individual brain areas, consistent with the idea that schizophrenia is caused by defective neural circuits. 

The genetic pathways  

Many of the genes that have been linked to schizophrenia are involved in synaptic structure and function and 

to an overrepresentation of genes known to affect neural circuit formation (axon guidance, integrin signaling, 

ephrin receptor signaling, and Shh signaling).  

A small cohort of patients with schizophrenia also identified a number of polymorphisms in genes linked to 

early neural development and axon guidance, such as those involved in the Notch pathway, the Wnt pathway, 

and semaphorin and neuropilin signaling. 

- DISC1: has a role in early neural development and it is suggesting that neuronal migration is affected in 

patients suffering from schizophrenia. Disc1 was shown to interact with Fez1 during neurite outgrowth 

and an interaction with Trio and the Rac–Pak pathway was linked to axon guidance defects. 

- NRG1 and ERBB4: have been linked to schizophrenia, affect the early stages of neural development. 

The number of parvalbumin-expressing GABAergic interneurons depends on Nrg1–ErbB4 interaction, 

as the migration of interneuron precursors from the medial ganglionic eminence to their final 

destination in the cortex fails in its absence. 

These findings are consistent with the hypothesis that schizophrenia is the result of an imbalance between 

excitation and inhibition, but they also point to contributions of early developmental events to the 

pathogenesis of the disease. 

 

11.4.2 ASDs result from aberrant neural circuit formation 
 

Rett syndrome is a monogenetic form of autism 

Rett syndrome is an X-linked developmental disease. Mutations in the gene for methyl-CpG-binding protein 2 

(MECP2) have been identified as underlying cause of the disease. Mecp2 binds to methylated DNA and 

represses the expression of many different target genes. 

Females affected show a loss of acquired motor and language skills. The disease is accompanied by repetitive 

hand-wringing, abnormal breathing patterns, and autistic traits. Boys with MECP2 mutations rarely survive the 

first year of life. Distinct brain areas are affected differently. 
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Duplication of MECP2 was also found in patients with mental retardation, seizures, respiratory problems, and 

progressive spasticity, along with features of autism and Rett syndrome. 

In mice, reduced level of GABA and, as a consequence, higher excitability of cortical neurons. In contrast, mice 

with a global deficiency of Mecp2 in all neurons show reduced cortical excitability. The phenotype of Mecp2 

null mice manifests with uncoordinated gait, tremor, hind limb clasping, and breathing problems. Symptoms 

worsen until mice die as young adults. The brains of Mecp2 knockout mice are smaller in size and weight than 

those of normal mice. 

 

ASDs are highly heritable but the genetics are still poorly understood 

Patients with ASD have problems in social interactions and communication, as well as stereotypic, repetitive 

behaviours. In most types of autism, language deficits are found, and ~50% of patients are mildly to severely 

mentally retarded. Motor disturbances, such as gait abnormalities and incoordination of upper body 

movements, sleep disruption, and epilepsy, are common co-morbidities of autism. 

Processes such as cell migration, axon pathfinding, and synapse formation, that is, the initial wiring of brain, are 

affected, although late developmental events such as synaptic pruning may also be involved. In addition to the 

functional disturbances, transient macrocephaly is seen in a subpopulation of ASD patients (postnatal event).  

Post mortem analysis showed aberrant positions of Purkinje cells and decreased connectivity of the two 

hemispheres, as concluded from the smaller size of the corpus callosum. 

 

Joubert syndrome is a rare autosomal recessive disorder. Patients suffer from hypotonia, ataxia, abnormal 

breathing patterns, mental retardation, and autism. Aberrant axonal connectivity and underdevelopment of 

the cerebellar vermis, and an aberrant development of the cerebellar peduncles. Axon tracts differ so strongly 

from those in normal brains.  

- The common denominator appears to be the cilium. Primary cilia are signaling centres of cells during 

development: cilia have been linked to Wnt and Shh signaling during patterning and differentiation. 

Reduced proliferation rates, in turn, result in hypoplasia, failure of foliation, and reduced size of the 

cerebellar lobes. 

- NLGN3 (encoding neuroligin-3) and NLGN4 (encoding neuroligin-4) are involved in synapse formation. 

The genes encoding the presynaptic binding partners of neuroligin-3 and neuroligin-4, neurexin-1 and 

neurexin-3, were also identified as ASD susceptibility genes. 

- Contactin-associated protein-like 2 (CNTNAP2), which encodes a protein that is structurally related to 

neurexins, has also been characterized as an ASD susceptibility gene. CNTNAP2 binds to contactin 2 

(Cntn2): the accumulation of potassium channels was perturbed in the absence of Cntnap2⁄Caspr2.  

 

11.4.3 Axon guidance molecules as candidate disease genes 
 

Axon guidance molecules have been identified as candidate disease genes in both neurodevelopmental and 

neurodegenerative disorders. 

- L1CAM, Robo1, semaphorins, plexins, and neuropilins have all been found in GWASs (Genome wide 

association studies) for ASD, schizophrenia, and mental retardation 

- CNT4: Deletions and chromosomal abnormalities affecting CNTN3 and CNTN4 have been linked to ASD 

and intellectual disability. CNTN5 has been linked to schizophrenia. 

- Contactins are involved in cerebellar development both as axon guidance molecules and in synapse 

formation: Contactin 1 and Cntn2 were shown to interact directly with L1CAM, a gene product linked 

to intellectual disability, schizophrenia and depression. 
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11.4.4 Wnt signaling affects neurodevelopment and neurodegeneration 
 

Wnt is a molecule required for differentiation and patterning (morphogen) but there is also an involvement of 

Wnt signaling in axon guidance and synapse formation and in contribution of synaptic plasticity. Wnt signaling 

was segregated into three distinct pathways, the canonical or β-catenin-dependent pathway, the planar cell 

polarity pathway, and the calcium pathway. 

Components of the Wnt signaling pathway, that is, Wnts themselves, their receptors, the frizzleds, or 

intracellular components of the signal transduction cascade downstream of Wnts have been linked to 

intellectual disability, autism, schizophrenia, depression, and Alzheimer’s disease. 

In addition, DISC1 variants had distinct effects on Wnt-dependent proliferation of precursor cells. 

 

11.4.5 A call for more basic research addressing the development and function of the 

brain 
 

Reduced efficiency of a particular circuit can be the result of a decreased number of cells, aberrant cell 

migration and therefore mislocalization of neurons in the mature nervous system, aberrant axonal connectivity 

caused by guidance defects or axonal degeneration, altered synapse formation, and reduced synaptic efficiency 

and plasticity. 

Axons that fail to establish synapses with their target cells will not contribute to neural circuit function, or may 

even have detrimental consequences. Most likely, they will not persist and will degenerate. Aberrant synapse 

formation will cause disturbances in neural activity and prevent the establishment of the proper balance 

between excitation and inhibition in the brain. 

Viral infections or substance abuse during pregnancy have distinct consequences for the foetus, depending on 

the time of gestation. So far, the impact of environmental factors on the molecular mechanisms of neural 

development has not been extensively analysed. 

 

 Learn more about brain development to improve therapy 
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12. Exam questions 2015 
 

1. What is the role of BMP during Gastrulation? (1pkt.) 

2. What is the difference between discrete & topographic map. Give an example for each (6pkt.) 

3. What are the symptoms & differences between Schizophrenia & Autism? (10pkt.) 

4. Describe roughly the FM43 dye method. Do synaptic vesicles need a postsynaptic partner for 

exocytosis? 

5. True/False MCs to sleep 

6. Name 2 neurotrophic factors. What are their functions? (4pkt.) 

7. MC to Cre/Lox System 

8. Mechanism of Midline crossing from commissural axons 

9. What is the difference of differentiation & patterning? 

10. What is the difference between intermediate target & final target? Describe the mechanism how an 

axon reaches its target. 

11. Describe the origin, migration pathways of derivatives of trunk NCC 

12. MC: true/false 

a. Diffusion barrier in ER leads to asymmetric division 

b. CreErk 

c. Babies show small inter-individual differences in total sleep duration 


