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How the brain works

~1010neurons      ~1014synapses 3









Q2: How can genetic information 
be combined with experience-
dependent network plasticity? 

Q1: What are the rules for genes to 
specify connections?
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Brain regions
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Cortical maps: topography

Kalatsky and Stryker, 2003

Many visual areas represent world topographycally
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Maps = connections
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Topographic map

Eye Superior colliculus

How does a neuron know its position and know where to go?

axons
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Chemoaffinity hypothesis 

Roger Sperry
Nobel Prize in Medicine 1981

It seems a necessary conclusion … that the cells and fibers of the brain 
and cord must carry some kind of individual identification tags, by which 
they are distinguished one from another …

—Roger Sperry, 1963 12



Molecules define neuron’s 
position

Brown et al Cell (2000)
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Horizontal direction is imprinted in the 
eye and in the target by molecules
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EphA/ephrin-A chemorepulsion
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Vertical axis
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A1: Genetic information is 
converted into connectivity patterns 
by virtue of molecular tags (Sperry)

Q2: How can genetic information 
be combined with experience 
dependent network plasticity? 
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Data courtesy David Feldheim (UCSC)

Activity of neurons during topography 
formation: retinal waves
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Test of the model: 
maps is ephrin knockout mice 
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Maps in ephrin knockouts

r c

Feldheim, Kim, Bergemann, Frise, Barbacid, and Flanagan, 2000

Mutant ephrinA -/- mouse

Normal mouse

Tracer injection 
in the eye

Superior colliculus

28



We have plenty of intuition about 
systems with attraction - gravity

Collapse induced by gravity

Collapse induced by 
attraction between axons
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Topographic maps in ephrin triple-knockout 
(ephrin-A2/3/5 -/-) mice

retina Superior colliculus

Data from 
David Feldheim (UCSC) and 
Jianhua Cang (Northwestern) 
(2007)
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Ocular dominance patterns
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Ocular Dominance Pattern 

Horton and Hocking, 1996

Left eye
Right eye
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3-eyed frog

Cline, Debski, Constantine-Paton (1987) 

1 2 1 2
3

Normal frog 3-eyed frog

Each eye completely 
crosses over to the other 
side
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Conclusions: 
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“Nothing in biology makes sense except in the light of evolution”
- Theodosius Dobzhansky

Nothing in intelligent behavior makes sense except in the light of biology

Genomic bottleneck principle #1: information about brain’s capacity for 
general intelligence is compressed into < 1GB of mammalian genome

Genomic bottleneck principle #2: The need to compress information 
about brain architecture into a small volume (<1GB) endowed 
mammalian brain with general intelligence. 

- Tony Zador, Nature Communications (2019)

- Wei, Tsigankov, Koulakov, Annals of NYAS (2013)



Neurotheory Lab is hiring! 

37koulakov@cshl.edu
darkstar.cshl.edu
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