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Today’s Topic:
Wiring the Nervous 

System 
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How is functional specificity 
established in the nervous system? 
• What is functional specificity?

– The fact that nervous systems in complex multicellular animals 
partition into many separate streams: motor, sensory, autonomic,
enteric; topographic maps, parallel pathways  

• What is the physical basis of this specificity?
– The arrangement of synaptic connections is selective:

• Not random
• Not indiscriminate

– Connections show specificity: neurons innervate some 
postsynaptic targets but not others

• E.g. myotatic reflex

• The question for today: How do these specific 
connections arise?
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Axon Outgrowth: decisions, 
decisions, decisions

• Axons must navigate 
to appropriate targets

• Three phases:
– “Pathway” selection

• E.g.: ipsi or contralateral
at the optic chiasm

– “Target” selection
• E.g.: lateral geniculate

vs medial geniculate
– “Address” selection

• E.g.: layers 2, 3, and 5;
• Dendrites of 

geniculocortical cells 
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The axon growth cone: navigates 
to the target

• Tip of the 
growing 
axon

• Very 
specialized 
structure  



MCB80
Harvard

The axon growth cone: navigates 
to the target

• Tip of the 
growing 
axon

• Very 
specialized 
structure



MCB80
Harvard

The axon growth cone: navigates 
to the target

• Tip of the 
growing 
axon

• Very 
specialized 
structure

Forscher and Smith J. Cell Biol. 107: 1505-1516.
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The axon growth cone: navigates 
to the target

• Tip of the 
growing axon

• Very 
specialized 
structure  

• Seeking 
behavior

• What is it 
looking for?

Jontes, J. D., Buchanan, J. & Smith, S. J. Nat. Neurosci. 3, 231–237 (2000)
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– Mechanical e.g., 
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Axon guidance cues
• Various effects 

– Permissive
– Attractive
– Repulsive

• Many categories of cues
– Mechanical e.g., “glial

tubes”
– Chemical  

• Many sites for cues
– Substrate
– Other axons (axons 

bundle together 
“fasciculation” because of
cell adhesion molecules ; 
1st axon is the    “pioneer”
)

– Guidepost cells guide 
along pathway

– Target as beacon

Nature Reviews Neuroscience April 2009 (vol 10)



MCB80
Harvard

Permissive substrate
• Axon advances along a substrate: usually 

“extracellular matrix”
• “In vivo” permissive substrate typically contains the 

glycoprotein laminin. Integrins on axons bind to them.  
• “In vitro” can test substrates:
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Repulsive cue

• Growth cone “collapse”

Neurons 
extending
“neurites”

Cell expressing
a repellant on its 
surface 

Hattori, Osterfield, and Flanagan,  (2000)  Science 289: 1360-1365 
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Axons crossing the midline: 
attractive and repulsive cues

• Netrin is secreted by ventral 
midline spinal cord cells

• Axons with netrin receptors 
“chemotax” to midline

• Slit is also secreted by 
midline cells

• Axons that approach the 
midline are induced to up-
regulate the slit receptor 
(Robo) on their membranes

• Axons expressing the Robo
receptor are repelled by Slit. 

• Robo thus prevents axons 
that cross the midline from 
being attracted by Netrin to 
cross again.   
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Topographic map formation
• Roger Sperry worked in 

Paul Weiss’ lab – a 
proponent of physical cues 
guiding axons and 
“functional molding” of 
random connections (radio 
model)

• Sperry tested this idea with 
the frog visual system

• Will regenerating axons 
make connections that are 
functionally appropriate? 
(radio transmission model vs
telegraph wire model)

1913-1994
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Chemoaffinity Hypothesis
AA

VV

DD
PP

• Retino-tectal map:
–– PosteriorPosterior retinal axons project to anterioranterior tectum.
– Anterior retinal axons project to posterior tectum
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Retinotectal projections: a fine grain topographic map

HRP anterograde labeling from spots in retina to axon 
terminals in tectum

Fujisawa, 1981

eye
tectum

AA PP
DD

VV

A         PA         P
DD

VV
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Eye rotation experiment
• Sperry knew that axons in the 

frog optic nerve regrew and 
that visual dependent  
functions (including fly-
catching) returned.

• So he did a clever experiment: 
he cut the optic nerve and 
rotated the eye 1800 in the 
socket so that what was up 
was now down & what was 
anterior was now posterior
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Eye rotation experiment
• Sperry knew that axons in the frog 

optic nerve regrew and that visual 
dependent  functions (including 
fly-catching) returned.

• So he did a clever experiment: he 
cut the optic nerve and rotated the 
eye 1800 in the socket so that 
what was up was now down & 
what was anterior was now 
posterior

• The result was clear: once the 
severed axons regrew, the frog 
saw the world upside down and 
did not adapt.

• This result argued that the retinal 
axons were seeking an address in 
the tectum that was related to 
some “identification tag” that 
allowed them to recognize their 
appropriate target region- he 
supposed that the tags were 
chemical in nature and thus 
“recognitionrecognition” molecules. 

• His hypothesis was called the 
“chemoaffinitychemoaffinity” hypothesis
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Molecular basis of chemoaffinity
• Because posterior retina appears 

to have affinity for anterior tectum, 
scientists tested the growth of
posterior retinal ganglion cells on 
a substrate made of cell 
membranes in alternating stripes 
from the posterior and anterior
poles of the tectum

• The result was that posterior
retinal ganglion cell axons 
preferentially grew on membranes 
of anterior tectum and avoided 
posterior tectum membranes
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Gradients of recognition molecules
Locks and Keys? No!

Ephrin-a gradient high 
posterior- low anterior

Gradients seen in retina and tectum
Many gradients of different
molecules (too many!)

Bach et al. (2003) J COMP NEUROL 467:549–565

What are the advantages of gradient cues as opposed to Lock and Key chemoaffinity?
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Selective synapse formation
• How do axonal recognition molecules 

affect synapse formation?
• Insight comes from the sympathetic 

nervous system 
• John Langley at the beginning of the 

20th century noted that sympathetic 
endorgans in the head (activated by 
preganglionic axons from thoracic 
levels 1-6) were selectively activated 
by preganglionic neurons from 
different levels:
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Selective synapse formation
• How do axonal recognition 

molecules affect synapse 
formation?

• Insight comes from the 
sympathetic nervous system 

• John Langley at the beginning of 
the 20th century noted that 
sympathetic endorgans in the 
head (activated by preganglionic
axons from thoracic levels 1-6) 
were selectively activated by 
preganglionic neurons from 
different levels:
– T1 caused eye and snout effects
– T4 caused ear and neck 

responses
• No map within the ganglion 

however.
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A gradient of 
synaptic strength

• Each SCG neuron is innervated by a subset 
of contiguous spinal cord levels that 
innervate the ganglion as a whole

• For each cell, the strongest synapses 
(highest quantal content) generally come 
from the middle of the contiguous set

Cell 1                Cell 2                   Cell 3

Nja & Purves, 1977

c8
T7

Intracellular
recording
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How to make 
a synapse?
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Synapse formation
• Questions:
1. Do specialized regions destined to become 

postsynaptic sites exist on the surface of 
target cells before innervation occurs or do 
nerve terminals induce postsynaptic 
specializations?

2. To what degree do postsynaptic cells induce 
differentiation of presynaptic elements?

3. How does the structure and function of 
synapses change as development 
proceeds? 
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Gradual construction of the neuromuscular  
synapse
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