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From the retina to the cortex Visual system

Glickstein, Sci. Am. 1988



Studies of wounded soldiers revealed 
topographic visual deficits

Holmes, Br. J. Ophthalmol. 1918

Russo-Japanese War of 1904–5



Acuity is much higher near the fovea 

Brown, Vision and Visual Perception (eds: Graham et al.) 1965

Vision is deceptively unlike
camera photography



Anatomy and physiologyThe complex circuitry of the cortex

Ramón y Cajal (1852–1934)
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Nissl stain of V1



Spatial scales of the nervous system

Churchland and Sejnowski, 1992



1 mm

Physiological access using the microelectrode

Hubel Wiesel



Hubel & Wiesel, J. Physiol., 1959

Electrophysiological recordings from V1

Orientation selectivity of simple fields



Selectivity and tolerance of complex fields

Hubel & Wiesel, J. Physiol., 1962



Hubel and Wiesel mapping V1 neurons

www.youtube.com/watch?v=8VdFf3egwfg



Retinotopical map in the cortex Functional organization

Tootell et al., J. Neurosci., 1988

Left hemisphere V1

1 cm

*

*



Ocular dominance columns

1 mm

Hubel & Wiesel, Proc. R. Soc. Lond. B, 1977



Visual orientation columns

1 mm

Hubel & Wiesel, Proc. R. Soc. Lond. B, 1977 Horton & Adams, Phil. Trans. R. Soc. B, 2005



Putting it all* together: the “hypercolumn”

~2 mm

Hubel & Wiesel, Proc. R. Soc. Lond. B, 1977

*all is more than ocularity and 
orientation. Many V1 neurons 
are also selective for:
- Direction & speed
- Depth
- Color



Receptive field modelsMathematical description of a
receptive field



[ Time permitting ]



[ Time permitting ]



Stimulus “selectivity” and “tolerance”

Orientation selectivity
of a simple cell:
boolean ‘AND’ operation
over circular ON fields 
with different positions

Position tolerance
of a complex cell:
boolean ‘OR’ operation
over simple fields with 
same orientation preference

Question: The circuits are essentially identical, so why call one ‘AND’ and the other ‘OR’?

Hubel & Wiesel, J. Physiol., 1962



Summation Gain Normalization

Cavanaugh et al., J. Neurophysiol., 2002

Nassi et al., Front. Syst. Neurosci., 2014

More is not always better: the surround can 
suppress the responses of neurons in V1



Neural populationsNeurons “work” together!

Maunsell & Van Essen, J. Neurosci., 1983 Felleman & Van Essen, Cereb. Cortex, 1991

Cortical areas are hierarchically organized



Feedforward connectivity can enable highly 
selective (and tolerant) neurons

?



So, what does cortical feedback do?

Markov et al., Cereb. Cortex, 2014



Two basic things we’ve learned about feedback:

Cortical feedback increases surround suppression to V1 neurons

Cortical feedback increases the trial-to-trial variability of V1 neurons

Gómez-Laberge et al., Neuron, 2016

Contrast (%)

Nassi et al., Front. Syst. Neurosci., 2014

Inactivate

Record



Four orders of magnitude:
from neuron to organism

Neural correlates of 
behavior

Motter, J. Neurophysiol., 1993

attend toward (●)
attend away    (◦)

Nienborg & Cumming, J. Neurosci., 2014

Albright & Stoner, Annu. Rev. Neurosci., 2002



Behavioral context is also related to neural co-variability...

1 mm

10 x 10 multi-electrode array receptive field and preferred orientation
array placement in brain

correlated activity between neurons is prevalent in cortex

Cohen & Maunsell, Nat. Neurosci., 2009



... which leads us to a unifying hypothesis (to be tested): 
feedback provides behavioral context to visual cortex

[ Some unpublished work will appear on this slide during the lecture ]



A grain (perhaps a block) of salt:
But do we even really know what V1 does?

What we currently understand is 
subject to important limitations:
• Biased sampling of neurons
• Biased visual stimuli
• Biased theories
• Contextual effects
• Internal connections and 

feedback

The Unknown
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