
Fine-tuning of synaptic connections (Chapter 56) 

The axons of the mammalian retinal ganglion neurons are directed in the optic 

nerve to their target cells in the LGN, and the axons of the LGN in turn are projected 

to specific layers of the visual cortex. 

 

Once formed, however, these visual circuits are refined by interactions between the 

organism and its environment, which is more pronounced at the early stages of 

postnatal life than at later stages in the adult….  



DEVELOPMENT OF THE 

NERVOUS SYSTEM 



"It is not birth, marriage, or death, but gastrulation, which is truly the most important time in your life."  

            Lewis Wolpert (1986)  

Although the details of gastrulation differ between various groups of animals, the cellular mechanisms 

involved in gastrulation are common to all animals. Gastrulation involves changes in cell motility, cell 

shape, and cell adhesion.  

 

Below are schematic diagrams of the major types of cell movements that occur during gastrulation.  

 

Invagination: a sheet of cells (called an epithelial sheet) bends inward.   

Ingression: individual cells leave an epithelial sheet and become freely migrating mesenchyme cells.   

Involution: an epithelial sheet rolls inward to form an underlying layer 





Show below are images of human embryos during gastrulation,13 - 19 days post ovulation. Notice the primitive streak…  

Neurulation  

 

Neurulation in vertebrates results in the formation of the 

neural tube, which gives rise to both the spinal cord 

and the brain. Neural crest cells are also created 

during neurulation.  Neural crest cells migrate away 

from the neural tube and give rise to a variety of cell 

types, including pigment cells and neurons.  



The CNS (central nervous system) comprises the brain and spinal cord. A primitive 

CNS appears early on in the development of the embryo and originates from 

EMBRYONIC ECTODERM.  

 

Its development is as follows:  

 

The NOTOCHORD, a cellular rod derived from MESODERM, develops from the 

notochordal process.  

The notochord defines the primitive midline axis of the embryo and forms the basis 

of the axial skeleton.  

 

The notochord lies ventral to the ectoderm and INDUCES a thickening of the 

ectoderm - the NEURAL PLATE.  

 

The ectoderm in the neural plate is now known as neuroectoderm and gives rise to 

the CNS (and other structures).  

 

A shallow depression appears in the neural plate as it continues to thicken and this 

is termed the NEURAL GROOVE. As the neural plate thickens, the groove 

deepens and the neural plate becomes defined from the adjacent ectoderm 

(NEURO-ECTODERMAL JUNCTION).  

 

The neural plate starts to fold at the edges along the length of the embryo to form 

the NEURAL TUBE. This process starts about a third of the way down the length 

of the plate (from the rostral end), but fusion continues both cranially and caudally 

along the plate until the neural tube is complete.  





Fusion of the neural plates to form the neural tube 

The walls of the neural tube thicken to form the brain and 

spinal cord.  

 

The lumen of the neural tube is the precursor of the ventricles 

of the brain and the central canal of the spinal cord.  

 

At this stage, the rostral two thirds of the neural plate and 

tube (i.e. everything rostral to the 4th pair of somites) are the 

primordium of the future brain.  

 

The distal third represents the upper cervical region of the 

future spinal cord. The part of the neural plate from which the 

rest of the spinal cord will develop has not yet appeared.  

 

At first, the neural tube is open at both ends - the ROSTRAL 

and CAUDAL NEUROPORES. The neuropores communicate 

freely with the amniotic cavity. The rostral pore closes quickly 

as the brain develops rapidly but the caudal pore closes later.  

 

 

Failure of the rostral pore to close leads to a condition known 

as ANENCEPHALY where neural tissue is exposed on the 

skull suface. It is uncommon and is invariably fatal.  

 

If the caudal neuropore fails to close, it leads to malformation 

and non-fusion of the vertebral arches - a condition known as 

SPINA BIFIDA. This condition can be seen in ruminants, 

horses, cats and dogs.  



Along the line where the folds of the neural plate fuse, neuroectodermal cells migrate ventrolaterally to form 

the NEURAL CREST between the surface ectoderm and the neural tube. When tubulation is complete, the 

neural crest cells lie close to the dorsal lateral margins of the neural tube.  

 

The adult derivatives of the neural crest cells are:  

• dorsal root and cranial nerve ganglia  

• ganglia of the autonomic nervous system  

• the adrenal medulla  

• SCHWANN CELLS which form the myelin sheaths around peripheral nerves  

• neuroendocrine cells of the gastrointestinal tract 

 



Differentiation of the neural tube     

After the neural tube has formed, the walls of the tube divide into three 

layers.  

 

Adjacent to the neural canal is the GERMINAL LAYER containing 

proliferative neuroepithelial cells.  

Some of these cells differentiate into NEUROBLASTS (immature nerve 

cells) and GLIOBLASTS (precursors of glial cells).  

 

Eventually, this layer is exhausted to leave only a single layer of 

EPENDYMAL cells around the lumen. These cells line all the cavities of the 

CNS i.e. the ventricles and the central canal.  

 

The MANTLE LAYER is formed from the neuroproliferative cells that 

migrated from the germinal layer and will form the grey matter in the adult. In 

this layer, the axons of developing neuroblasts become formed into bundles 

(TRACTS) and together with glial cells make the outer MARGINAL LAYER 

that develops into the white matter of the adult.  

 

Neuroblasts become neurones as their axons develop.  

 

In the cerebellum and cerebral cortices, neuroblasts migrate to the outside 

of the neural tube, thus in the adult, the grey matter of these areas is 

peripheral to the white matter.  



Figure 27-10. Neuropoietic model of neural crest cell lineage. Analogous to the process of hemopoiesis, early 

multipotent neuropoietic stem cells undergo extensive migration along complex pathways to different embryonic 

environments. Committed progenitor cells, including enteric, parasympathetic and others as listed, generate restricted 

sublineages under the influence of environmental growth factors. These cell populations expand in number and undergo 

terminal differentiation to the final adult phenotypes. SIF, small, intensely fluorescent cells. (Modified from [ 35], with 

permission.)  

 

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



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).  

Specification of cell identity in the nervous system 

 

Neurons in Drosophila arise from proneural clusters.  

 

The neurogenic zone or neurectoderm consisting of cells that can 

become either neural cells or epidermis form on either side of the ventral 

mesoderm in the early embryo. 

 

Proneural gene expression, such as the transcription factor genes of 

the achaete-scute complex gives the potential to become neural 

precursors.  

 

This complex encodes a number of basic helix-loop-helix transcription 

factors that form homodimers and heterodimers that bind to genes that 

initiate neural specification.  





Proneural clusters form within the neurectoderm 

 

Pair-rule genes, D/V genes and wingless (a segment polarity gene) pattern the proneural clusters.  

 

One cell of a proneural cluster begins to express achaete at a high level to become the neuroblast which then 

leaves the ectoderm to move inside the neurula (and stops expressing achaete).  

 

The achaete-scute complex also specifies the sensory nervous system and bristle formation.  



Lateral inhibition through Notch signaling allocates neuronal 

precursors. 

  

One cell become the neural cell while lateral inhibition prevents 

surrounding cells from do so. 

 

When Delta (the ligand) and Notch (the receptor) interact, 

activation of Notch leads to inhibition of the proneural genes and 

shutting down that program.  

 

Initially all cells of the cluster express both Notch and Delta by one 

cell wins out (by expressing more Delta).  



Development of Drosophila sensory organ and asymmetric cell divisions.  

 

Most adult sensory organs (external sensory organs and internal chordotonal) arise 

from a single neuroblast. 

 

Achaete-scute is required for external but not internal organs which requires the 

expression of the bHLH factor atonal. 

 

A sensory mother cells undergoes two cell divisions to generate a sensory bristle 

organ (a sensory neuron, a sheath cell and two support cells).  

 

Numb is asymmetrically localized (before 1st division) and is required in the neuron & 

sheath precursor cell.  



The Vertebrate nervous system 

  

Most of the vertebrate CNS comes from the neural plate.  

In addition sensory placoids in the head region give rise to the 

cranial nerves. 

 

Specification of vertebrate neuronal precursors also involves 

lateral inhibition.  

 

Delta activates Notch which inhibits synthesis of neurogenin 

(related to the achaete-scute proteins).  

 

The one cell expressing neurogenin then expresses neuroD (a 

transcription factor required for neuronal differentiation).  



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

dorsal signals.  

The spinal cord depends upon D/V patterning.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

During early development, motor neuron are ventral, commissural neurons (along spinal cord) are dorsal.  

Sensory neurons (from neural crest cells) arise laterally and dorsally.  

 



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 



Ectoderm 

BMP4 signaling Blockade of 

BMP4 signaling 

Blockade of BMP4 signaling 

+ FGF 

Epidermal ectoderm Neural plate (anterior) Neural plate (posterior) 

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

dorsal signals.  

 

Epidermal ectoderm sends dorsal signals (BMP4 & BMP7) to the closing neural tube which is propagated 

by expression BMP4 & dorsalin (TGF-beta family  - like all other signals, these too are context-dependent).  





Tanabe and Jessell, Science, 1996 







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.  

 



Neurons in the mammalian central nervous system arise from asymmetric cell divisions, then migrate 

away from the proliferative zone.  

 



In both the brain and spinal cord, the neurons and glia arise from the a layer of epithelial cells lining 

the lumen of the neural tube (ventricular proliferative zone, VPZ)... Once formed the neuron does 

not divide again (?? SVZ ??) 

 

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.  



http://www.nature.com/nrn/journal/v3/n5/fig_tab/nrn812_F4.html 

Shown is a schematic comparison of  

a | the sympathetic superior cervical (SCG) and  

b | the parasympathetic sphenopalatine ganglion 

(SPG) during development.  

 

In early embryos, neuronal precursors in the SCG 

require artemin (ARTN) for migration, proliferation 

and subsequent initial neurite outgrowth.  

 

SPG precursors require glial cell line-derived 

neurotrophic factor (GDNF), primarily for migration 

and proliferation.  

 

In late embryos and perinatally, sympathetic 

neurons require neurotrophins — nerve growth 

factor (NGF) and neurotrophin 3 (NT-3) — for 

survival, whereas parasympathetic neurons 

undergo a switch to require neurturin (NRTN) for 

target innervation and maintenance.  

 

In contrast to SCG sympathetic neurons, SPG 

parasympathetic neurons do not die in the 

absence of target-derived NRTN support. Note 

that non-myelinating glial support cells, which 

surround the neuron cell bodies and fibres, are 

thought to arise from the same autonomic 

neuronal precursors. In parasympathetic target 

tissue at least, the terminal Schwann cells express 

GDNF-family receptor-2 (GFR2) but not GFR1. 

TrkA, tyrosine kinase A receptor. 





The neural tube generates a large number of different neuronal and glial cell types. 



But ......  A neuron is not just a neuron..... 

There are 22 types of Retinal Ganglion Cells (RGCs) in the mammalian retina, for example !!! 



Defining neuronal identity is a complex procedure.... 

http://www.cell.com/neuron/fulltext/S0896-6273(11)00384-9 



http://www.cell.com/neuron/fulltext/S0896-6273(11)00384-9 

Defining neuronal identity is a complex procedure.... 



.... and is temporally regulated  

http://www.sitemaker.umich.edu/kwanlab/background 



http://www.cell.com/fulltext/S0896-6273(01)00260-4 

To sum up..... 
A wide range of positional information, transcriptional regulation, signaling 

events spatially and temporally regulate neuronal identity ... 


