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• Operation of the brain – why it is important to get it right! 
• Precise interconnections among 100 billion neurons

• Brain development
• Begins as a tube
• Neurogenesis, synaptogenesis, pathway formation, connections 
formed and modified

• Wiring in brain
• Establishing correct pathways and targets
• Fine tuning based on experience 

























































































Embryonic Development

Initially, the embryo has 3 distinct layers of cells

Ectoderm >> Nervous System & Skin  Mesoderm

>> Muscles, Bone  Endoderm

>> Organs
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(See pages 180-184 in Bear et al text)

endoderm
Lining of 

internal organs 
(viscera)

mesoderm Muscles and 
skeletal bones

ectoderm Skin and 
nervous system



The neural folds 
eventually 

come together 
and fuse 

becoming the 
neural tube.



Embryonic Development

Neural Plate Neural Fold

Neural Tube
(CNS)

21 Days 22 Days 28 Days

Neural Crest
(PNS)

Folds seal  
together
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Somitesmuscle and bones
Neural crest  PNS



Spina Bifida

Neural Folds  
fail to join
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The rostral end of 
the neural tube 
differentiates to 
form the three 
vesicles that will 
give rise to the 
entire brain.  

In this figure one 
can see inside the 
neural tube.

Differentiation: 
the process by 

which structures 
become more 
complex and 
functionally 
specialized 

during 
development.





The secondary brain 
vesicles of the forebrain:

The forebrain 
differentiates into 
the paired 
telencephalic
and optic 
vesicles.



will become retina

will become optic nerve





























Neural Tube develops into
Forebrain, Midbrain & Hindbrain

Hollow center becomes
Ventricles and Central Canal
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Proliferation of cells

First 7 weeks: SYMMETRICAL DIVISION

2 Identical  
Daughter  

Cells

Then switch to ASSYMMETRICAL DIVISION

1 Stem Cell

Stem Cell
1 Neuron

or  
1 Glia

Stem Cell
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Migration

Ventricular Zone

Radial Glia
One of the first  

types of Glia cells  
to develop
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Migration

Ventricular Zone

As new cells accumulate in Ventricular Zone,  
the Neurons start to Migrate

Radial Glia
One of the first  

types of Glia cells  
to develop

Newborn Neurons  
"crawl" along  

Radial Glia
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• Brain develops from the 
walls of the five vesicles.
• Early development – there 
are two layers that make 
up the walls of the vesicle:
• Marginal zone
• Ventricular zone





The positions:
First position: Extension
Second position: Migration – DNA replication
Third position: Return to ventricular surface
Fourth position: Retraction
Fifth position: Division (and … stay or go?)

Both daughters 
cells stay…

Top daughter 
migrates…



Both daughters 
cells stay…

Top daughter 
migrates…

Cleavage plane
• Determine distribution of transcription factors 

are passed on to the daughter cells



Depends on 

where they 
were born!



• Pyramidal cells and 
astrocytes migrate 
vertically from 
ventricular zone by 
moving along thin 
radial glial fibers

• Inhibitory 
interneurons and 
oligodendroglia 
generate from a 
different site and 
migrate laterally

•



• First cells to migrate take up residence in 
“subplate” layer which eventually disappears 

• Next cells to divide migrate to the cortical 
plate

• The first to arrive become layer VI, followed 
V, IV, and so on: “inside out” 





Differentiation

Once in place,  
Neurons begin to  

differentiate
into a wide variety  

of cell types

Influenced by
Cell Autonomous

(genetic) and  
Induction  

(environmental)  
factors
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Cell takes the 
appearance and 
characteristics of 
a neuron after 
reaching its 
destination but 
programming is a 
combination of 
genes and 
environment!

Differentiation is the consequence of a specific spatiotemporal pattern of gene expression.

Apical 
dendrite

Basal 
dendrites

Cortical pyramidal cells are pre-programmed for the characteristic 

dendritic architecture – but require intercellular communication 

for the apical dendrite to grow towards the pia.



(A) Pyramidal neurons in 
perinatal wild-type (+/+) mice. 
Their axons extend directly 
toward the deeper white 
matter (bottom) while their 
dendrites stretch toward the 
pial surface (top).

In semaphorin 3A mutant 
mice, pyramidal cells are 
appropriately polarized, 
but their axons and 
dendrites are not oriented 
correctly. 

Semaphorin 3A helps 
guide the initial 

outgrowth of 
pyramidal axons in the 

cortex.

Polleux et al. (1998).



Axon must choose 
the correct PATH

Axon must choose 
the correct 
TARGET to 
innervate

ADDRESS 
selection – axon 
must synapse at 
the right spot!









Watch it in action

https://www.youtube.com/watch?v=HVgOwb9IkMg
https://www.youtube.com/watch?v=HVgOwb9IkMg





4 Types of 
guidance 

mechanisms

Contact 
attraction &

Chemoattraction

Contact 
repulsion & 

Chemorepulsion
Tessier-Lavigne and Goodman (1996).



Synaptogenesis

Glia cells, called "Guidepost Cells",  
ooze neurotrophins that  

attract/repel axon Growth Cones

Time 1 Time 2
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Synaptogenesis

Glia cells, called "Guidepost Cells",  
ooze neurotrophins that  

attract/repel axon Growth Cones

Time 1 Time 2
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Synaptogenesis

Glia cells, called "Guidepost Cells",  
ooze neurotrophins that  

attract/repel axon Growth Cones

Time 1 Time 2 Time 3
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Synaptogenesis
Forming the critical CONNECTIONS between neurons
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Explanted 
sensory 

ganglion in 
culture 

without NGF 
for 24 h.

Experimental 
sensory

ganglion in 
culture after 

24 h NGF 
treatment. 

Nerve Growth Factor

Rita Levi-Montalcini.

NGF, produced and released by the 
target tissue, is taken up by the 
sympathetic axons and transported 
retrogradely where it acts to promote 
neuronal survival. 

http://www.nature.com/news/2009/090401/full/458564a.html


Synaptogenesis

At this stage,
the terminal of the axon  

is a ciliated
Growth Cone

Its cilia are called
Filopodia
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All RGC extend into 
optic nerve

Retina  LGN  V1

Nasal RGC cross

LGN – sorted by RGC 
type, eye of origin, 
retinotopic position 

LGNoptic
radiationsV1

A17; layer IV; cell type; 
retinotopic position



• The site of 
major 
convergence 
of inputs from 
both eyes is in 
the projection 
layer IV cells 
onto  cells of 
layer III.



1. Dendritic filopodium reaches out and contacts the passing axon
2. Synaptic vesicles and active zone proteins recruited to 

presynaptic membrane
3. Receptors accumulate on postsynaptic membrane



• Change from one pattern to another
• Consequence of neural activity/synaptic transmission before 

and after birth
• Critical Period

The target cell receives the 
same number of synapses 
in both cases, but the 
innervation pattern has 
changed.



Retinal ganglion cells 
send their axons to target 
neurons in the lateral 
geniculate nucleus (LGN) 
in such a way that axons 
originating from the two 
eyes terminate in 
adjacent but non-
overlapping eye-specific 
layers. 



Contralateral RGC axons 1st

to reach LGN  they spread 
out over the ENTIRE area

Later, ipsilateral projection 
arrive and 

intermingles with 
axons of contralateral eye.

Axons from both eyes 
segregate into eye-

specific domains.

Silencing 
retinal activity 

with TTX 
prevents this 
process of 

segregation –

Only retinal 
terminals that are 
active at the same 

time as their 
postsynaptic LGN 
target neuron are 

retained.



How can the firing of retinal ganglion cells give rise to a
segregated pattern of eye input within the LGN? 

Shatz, C.J. (1996) PNAS Vol. 93, pp. 602-608



1. Random action potentials 
are not sufficient to 

segregate the retinal axon 
projections in the LGN. 

2. Precise temporal and 
spatial patterning of neural 

activity is required for 
segregation --

3. If the axons from both 
eyes are stimulated 

synchronously –
segregation is prevented  
(same results as with TTX)

4. However, if the two 
nerves are stimulated 
asynchronously, then 

segregation proceeds.

“Cells that fire together wire together.”

Shatz, C.J. (1996) PNAS Vol. 93, pp. 602-608
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