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The pattern of differentiation of cells 
along the D/V axis of the spinal cord 
depends on ventral and dorsal signals. 

Early on Pax gene expression differs 
along the D/V axis of the neural tube. 

Sonic hedgehog (Shh, from the floor plate 
of the neural tube) represses Pax3 & 
Pax7 to induce ventral cell fates. 

Shh
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Like all signals-, Notch is also context-dependent...
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The pattern of differentiation of cells along the D/V axis of the spinal cord depends on ventral and 
dorsal signals. 

Expression of combinations of the LIM family of homeobox genes provide motor neurons with positional 
identities. 

Tanabe and Jessell, Science, 1996
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Axonal pathfinding and axon guidance....
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Neurons in the mammalian central nervous system arise from asymmetric cell divisions, then migrate 
away from the proliferative zone. 

NEURONAL MIGRATION
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Reelin mouse….

Reelin is a protein found mainly in the brain, but also in the spinal cord, blood and other body organs and tissues. It is a 
secreted extracellular matrix glycoprotein composed of 3461 amino acids with a relative molecular mass of 388 kDa. 

In the cortex and hippocampus, reelin is secreted by Cajal-Retzius cells, Cajal cells, and Retzius cells.   In the cerebellum, 
Reelin is expressed first in the external granule cell layer (EGL) before the granule cell migration to the internal granule cell 
layer (IGL). In the adult brain, Reelin is expressed by GABA-ergic interneurons of the cortex and glutamatergic cerebellar 
neurons. 

Its name comes from the abnormal reeling gait of reeler mice, which were found to have a deficiency of this brain protein and 
were homozygous for the RELN gene, which encodes reelin synthesis. The primary phenotype associated with loss of reelin 
function is inverted cortex, a neuroanatomical defect in which the six cortical layers are inverted. 

In the process of neural development, Reelin acts on migrating neuronal precursors and controls correct cell positioning in the 
cortex and other brain structures. The proposed role is one of a dissociation signal for neuronal groups, allowing them to 
separate and go from tangential chain-migration to radial individual migration.  Dissociation displaces migrating neurons 
from the glial cells that are acting as their guides, converting them into individual cells that can strike out alone to find their final 
position.

wild-type mouse cortex                  reelin cortex 

http://en.wikipedia.org/wiki/Image:Corticogenesis_in_a_wild-type_mouse.gif
http://en.wikipedia.org/wiki/Image:Corticogenesis_in_a_reeler_mutant_mouse.gif


In both the brain and spinal cord, the neurons and glia arise from the ventricular proliferative zone 
(VPZ), a layer of epithelial cells lining the lumen of the neural tube. 
Once formed the neuron does not divide again (?)

The mammalian cerebral cortex has 6 layers, each with distinctive cells. 
All originate in the VPZ and migrate out to their final position along the elongated radial glial cells. 

Each cortical neuron is specified before migration starts by the time when it is born (the time of its 
last mitotic division). 
Early neurons migrate to close sites, while later ones travel past them to far locations. 

ASYMMETRICAL CELL DIVISION
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Nervous system development has 4 stages: 

1) specification of the neural cell identity (neural or glial), 
2) neuron migration and axon outgrowth, 
3) synapse formation with target (neurons, muscles or gland cells) 
4) synaptic connection refinement (elimination of axon branches and cell death). 

Axonal Guidance

Motor neurons from the spinal cord make muscle-specific connections. 

The pattern of innervation is precise and depends upon expression of LIM family homeobox genes to provide 
positional identity & selection of a specific pathway. 



Axonal Guidance

In the chick, a bundle of motor axons enter the base of the limb then separate to form specific connections. 
The growth cone (the axon's tip) controls the path taken by the growing axon through 

1) extending filopodia and 
2) increasing its surface area (by fusion of intracellular vesicles). 

Diffusible long & short range cues (attractive & repulsive) bind to receptors in the axon. 



Diffusible long & short range cues (attractive & repulsive) bind to receptors in the axon. 



Neuronal survival, synapse formation and 
refinement 

When axons reach their targets, they form 
synapses.

Junctions between nerve cells and muscle cells in 
vertebrates are neuromuscular junctions. 





Neuronal survival, synapse formation and refinement 

Neurons that do not connect with their target undergo apoptosis. 
20,000 motor neurons are formed in the spinal cord of the chick but ~half die 

Survival may depend upon establishing a functional synapse with a muscle cell. 
Even after neuromuscular connections are made, some are eliminated until each muscle fiber is 
innervated by only one motor neuron. 



Neurotrophic factors promote neuronal survival. 

NGF (nerve growth factor), BDNF (brain-derived neurotrophic factor), 
NT-3 (neurotrophin-3) and NT-4/5 (neurotrophin-4/5) are neurotrophic factors that neuronal survival 
depends upon. 
Trk proteins, receptor tyrosine kinases, are the neurotrophin receptors and act in the specificity of 
neuron type survival. 

Neurotrophic Factors
Schematic representation of a dorsal root ganglion (DRG) 
neuron expressing receptors for the neurotrophin nerve 
growth factor (NGF). Certain DRG neurons bind NGF that is 
synthesized in the skin, internalize the receptor-ligand 
complex, and retrogradely transport both to the cell body 
where it exerts biological actions on the neuron. 





Figure 27-12. The oligodendrocyte (OL) lineage. The figure illustrates the characteristics that accompany the 
sequential differentiation within the oligodendrocyte lineage beginning from very early stem cells to the mature 
oligodendrocyte. This version depicts six cell phenotypes based on morphology, proliferative regulation and 
immunological determinants defined primarily from in vitro data. The various growth factors listed have been shown 
to regulate cell proliferation and/or differentiation. Dashed arrows indicate a possible particular direction, though 
without clear experimental support. The time course of expression of cell type-specific markers is shown at the 
bottom. Note that each main stage of lineage development displays not only a different morphology but also a 
unique antigen profile. Growth factors include basic fibroblast growth factor (bFGF), cAMP, ciliary neurotrophic factor 
(CNTF), hydrocortisone (HC), insulin-like growth factor (IGF), interleukin 2 (IL-2), platelet-poor plasma (PPP), 
platelet-derived growth factor (PDGF), transferrin (Tf), transforming growth factor β (TGFβ) and triiodothyronine (T3). 
Cell markers (dotted lines indicate unresolved expression pattern): ganglioside (A2B5), 2,3-cyclic nucleotide-3-
phosphohydrolase (CNP), ganglioside (GD3), glycerolphosphate dehydrogenase (GPDH), galactocerebroside 
glycolipid (GC), ganglioside (O4), proteolipid protein (PLP), myelin basic protein (MBP), sulfatide (SULF) and 
vimentin (VIM). 

From Basic Neurochemistry, Ed.s Siegel et al, 1998

http://www.ncbi.nlm.nih.gov/books/bv.fcgi?rid=bnchm.glossary.3974#4072
http://www.ncbi.nlm.nih.gov/books/bv.fcgi?rid=bnchm.glossary.3974#4209
http://www.ncbi.nlm.nih.gov/books/bv.fcgi?rid=bnchm.glossary.3974#4237
http://www.ncbi.nlm.nih.gov/books/bv.fcgi?rid=bnchm.glossary.3974#4397
http://www.ncbi.nlm.nih.gov/books/bv.fcgi?rid=bnchm.glossary.3974#4070
http://www.ncbi.nlm.nih.gov/books/bv.fcgi?rid=bnchm.glossary.3974#4175
http://www.ncbi.nlm.nih.gov/books/bv.fcgi?rid=bnchm.glossary.3974#4425
http://www.ncbi.nlm.nih.gov/books/bv.fcgi?rid=bnchm.glossary.3974#4292


Figure 27-15. The Schwann cell lineage. The Schwann cell is the axon-ensheathing cell of the PNS and, thus, displays 
many properties and developmental processes similar to CNS oligodendrocytes. The figure illustrates the sequential 
differentiation of Schwann cells from early, uncharacterized neural crest stem cells to the final two mature phenotypes, 
surrounded by dashed boxes: the nonmyelinating and the myelinating Schwann cells of the adult, based on the size of 
the axons they ensheath. See Figure 27-16 for the developmental anatomy of these two mature phenotypes. Unlike CNS 
oligodendrocytes, the vast majority of Schwann cells do not become myelin-producing. This six-stage version of 
Schwann cell development is based upon cell morphology, proliferative potential and, most importantly, the expression of 
stage-specific antigens, that is, the appearance and/or disappearance of specific markers (bottom), derived from both in 
vivo and in vitro data. It appears that upon reaching the nonmyelinating phenotype (box 4 from left), cells are fated either 
to remain in this state and represent the adult population of nonmyelinating cells or to differentiate further, expressing 
myelin-associated genes. The premyelinating phenotypes then become myelinating cells of the PNS (stage 6). Growth 
factors are fibroblast growth factor (FGF), platelet-derived growth factor (PDGF) and transforming growth factor β 
(TGFβ). Cell markers include nerve growth factor receptor (NGFR), monoclonal antibody against a soluble cytoplasmic 
protein (S100), glial fibrillary acidic protein (GFAP) and suppressed cAMP-inducible POU domain transcription factor 
(SCIP). 

From Basic Neurochemistry, Ed.s Siegel et al, 1998



Neuronal Identification             Axonal Guidance

http://www.nature.com/nrn/journal/v14/n11/full/nrn3586.html
http://journal.frontiersin.org/Journal/10.3389/fnmol.2011.00030/full



Axon Guidance (Chapter 54)

The problem

During development newly generated neurons differentiate into different kinds of neurons and 
take on certain identities before they establish any connections. 

For example sensory neurons "know" that they are sensory neurons and that they have to target 
lets say the skin and not a muscle. 

Thus, based on their identity different neurons will send out processes to their appropriate 
targets as the embryo develops. 

How do these outgrowing processes navigate their way through the embryonic body? Does each 
neuron need to "know" the entire path to the target and how could such an enormous amount of 

information be encoded in the genome?



Axon Guidance (Chapter 54)

1) Intermediate targets:

Growing axons can use intermediate targets (stepping-stones), which they approach by relatively 
simple linear growth. Once they have reached the intermediate target they have to "make a choice" 
before aiming for the next intermediate target. This breaks the entire path into shorter more 
manageable segments.

2) Selective fasciculation:

Most growing axons face an environment already full of other neuronal processes which they can 
simply follow thereby forming axon bundles (fascicles). A developing axon can also switch from 
one fascicle to another at a given choice points. This selective fasciculation simplifies the 
navigational problems a growing axon faces.



However, the basic problem remains: how do the first axons (pioneer axons) find their target, and 
how do axons find their way between intermediate targets?

Growing axons respond to guidance signals present in the embryo. 
These fall into two categories: repulsive and attractive signals. 

The growing tip of the axon is the key structure necessary in interpreting these different signals and 
is called "growth cone". It consists of a central area (c-region), filopodia and lamellopodia and is 
highly motile. Shaped like a hand it "feels" its way trough the embryo laying down the axon in its 
wake. 

Faced with different signals the growth cone will adapt its growth direction (away from or towards a 
signal source) or it may simply collapse upon contact with a repulsive signal. These movements are 
based on actin polymerization and depolymerization.

Through differential stabilization of actin filaments and microtubules growth cones can advance, 
stop, retract or turn. 





How can axon guidance molecules be studied?

Cell culture and genetic studies have so far have been very successful in exploring the 
molecules involved in axon guidance. 

• In culture the reaction of live growth cones can be studied when they are 
confronted with a particular molecule in a defined although somewhat artificial environment. 
• Genetic experiments (e.g. knock out mice) study how a particular gene affects 
axonal pathway finding in a "real environment" but the interpretation of a particular 
phenotype is complicated by many unknown, uncontrollable variables. 

In combination these two approaches have revealed the identity of myriads of axon 
guidance signalling molecules.  They can be grouped into different categories:

1. Cell Adhesion Molecules (e.g. N-CAM, L1 or Fasciclins)
2. ECM molecules and their receptors (e.g. collagen, laminin or integrins)
3. Receptor Tyrosine Kinases and their ligands 

(trk receptors, neurotrophins, Eph-receptors and ephrins)
4. Netrins and their receptors
5. Semaphorins and their receptors



Commissural axons

Neurons connecting the two sides of bilateral animals 
are, in evolutionary terms, an ancient feature. Axons of 
commissural neurons cross through the floor plate (in 
vertebrates) or the midline (in Drosophila embryos) then 
change direction and grow longitudinally (e.g. towards 
the brain). 

 Before commissural axons cross the floor plate/ midline 
they need to be attracted by it. Netrin and its receptor 
(frazzled in flies and DCC in vertebrates) are responsible 
for the initially attractive properties of the midline. In 
mice with a "knocked out" netrin gene commissural 
axons do not cross the floor plate and many 
commissural structures (e.g. corpus callosum) are 
missing. 

After crossing their growth cones need to be repelled 
from the midline to prevent back crossing. Slit and its 
receptor robo (roundabout) are mediating the repulsive 
properties of the midline. In flies missing robo axons 
cross backwards and forwards across the midline going 
"round and round". 

 



Advancing axons correct their course to reach their appropriate targets…..

Target zone

Axonal entry

Target zone

Axonal extension

Target zone

Axonal correction



Retinal Ganglion Cell (RGC) development and axon guidance as a 
model system – role of ephrins and Ephrin Receptors

http://www.ib.cnea.gov.ar/~redneu/2013/BOOKS/Principles%20of%20Neural%20Science%20-%20Kandel/gateway.ut.ovid.com/gw2/
ovidweb.cgisidnjhkoalgmeho00dbookimagebookdb_7c_2fc~63.htm

Normal eyes Inverted eyes



Axons of retinal ganglion cells follow a complex path to the optic tectum. Three axons are shown. One axon 
arises from a neuron carrying information from the nasal half of the retina; the axon crosses the optic chiasm to 
reach the contralateral optic tectum. A second axon also arises in the nasal hemiretina and crosses at the chiasm 
but terminates in the geniculate body. A third axon arises from a neuron carrying information from the temporal 
hemiretina; it remains ipsilateral at the chiasm and terminates in the ipsilateral tectum. The numbers indicate 
important steps in the axon's journey: (1) Directed growth toward the optic nerve head with the retina; (2) Entry 
into the optic nerve; (3) Extension through the optic nerve; (4) Swerving to remain ipsilateral or crossing to the 
con-tralateral side at the optic chiasm; (5) Extension through the optic tract; (6) Entry into the optic tectum or 
lateral geniculate nucleus; (7) Navigation to an appropriate rostrocaudal and dorsoventral position on the tectum; 
(8) Descent from the tectal surface; (9) Stopping at an appropriate layer and formation of a rudimentary terminal 
arbor; and (10) Refinement of the arbor.

Retinal Ganglion Cell (RGC) development and axon guidance as a model system – role of 
ephrins and Ephrin Receptors



http://www.cell.com/trends/neurosciences/fulltext/S0166-2236(00)02093-2
http://www.cell.com/fulltext/S0092-8674(00)80565-6

Retinal Ganglion Cell (RGC) development and axon guidance as a model system 
–ephrin and Ephrin Receptor gradients



RTK Ephrin Receptors and ephrins mediate bidirectional signaling !!!

http://www.nature.com/nrc/journal/v10/n3/fig_tab/nrc2806_F3.html



RTK Ephrin Receptors and ephrins mediate bidirectional signaling !!!

http://www.nature.com/nrc/journal/v10/n3/fig_tab/nrc2806_F3.html





Other molecules involved in axonal outgrowth :

Binding of semaphorins to neuropilins causes growth cones to collapse.
A. The growth cone collapse assay used to isolate the semaphorin collapsin-1. A growth cone was 
imaged live (1), then a brain extract was applied locally. The filopodia and lamellipodia of the growth cone 
collapsed over the next 10 minutes (2) but then recovered over the next hour. If the collapsin is applied to 
only one side of the growth cone, filopodia collapse locally, and the growth cone turns. (Adapted from 
Raper and Kapfhammer 1992.)



DEVELOPMENT OF THE 
NERVOUS SYSTEM – III

review



Superimposing development onto neuroanatomy :





http://www.nature.com/nrn/journal/v6/n7/full/nrn1702.html

Local signaling events define rhombomere boundaries



Brain Development IS NOT JUST neuronal development !!!

Microphages were of immune system origin : 



Brain development continues postnatally and is shaped by learning
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