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This cross-sectional microscopic drawing of the nerve cells in the retina was made by Santiago Ramon y Cajal, the 
greatest neuroanatomist of all time. From the top, where the slender rods and fatter cones are shown, to the bottom, 
where optic nerve fibers lead off to the right, the retina measures one-quarter millimeter.  
 

THE MEMBRANE POTENTIAL 
 

What happens when information is transferred from one cell to another at the synapse? In 
the first cell, an electrical signal, or impulse, is initiated on the part of an axon closest to 
the cell body. The impulse travels down the axon to its terminals. At each terminal, as a 
result of the impulse, a chemical is released into the narrow, fluid-filled gap between one 
cell and the next—the synaptic cleft—and diffuses across this 0.02-micrometer gap to the 
second, postsynaptic, cell. There it affects the membrane of the second cell in such a way 
as to make the second cell either more or less likely to fire impulses. That is quite a 
mouthful, but let's go back and examine the process in detail. The nerve cell is bathed in 
and contains salt water. The salt consists not only of sodium chloride, but also of 
potassium chloride, calcium chloride, and a few less common salts. Because most of the 
salt molecules are ionized, the fluids both inside and outside the cell will contain 
chloride, potassium, sodium, and calcium ions (Cl , K+, Na+ and Ca 2+. In the resting 
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structures, whose functions are still a partial or complete mystery. Our ignorance of these 
regions is of course graded. For example, we know a fair amount about the region of 
brain called the motor cortex and have a rough idea of its function: it subserves voluntary 
movement; destroy it on one side and the hand and face and leg on the opposite side 
become clumsy and weak. Our knowledge of the motor cortex lies midway along a 
continuum of relative knowledge that ranges all the way from utter ignorance of the 
functions of some brain structures to incisive understanding of a few—like the 
understanding we have of the functions of a computer, printing press, internal combustion 
engine, or anything else we invented ourselves.  
The visual pathway, in particular the primary visual cortex, or striate cortex, lies near the 
bone or heart end of this continuum. The visual cortex is perhaps the best-understood part 
of the brain today and is certainly the best-known part of the cerebral cortex. We know 
reasonably well what it is "for", which is to say that we know what its nerve cells are 
doing most of the time in a person's everyday life and roughly what it contributes to the 
analysis of the visual information. This state of knowledge is quite recent, and I can well 
remember, in the 1950s, looking at a microscopic slide of visual cortex, showing the 
millions of cells packed like eggs in a crate, and wondering what they all could 
conceivably be doing, and whether one would ever be able to find out.  
 

 
 
This view of a human brain seen from the left and slightly behind shows the cerebral cortex and 
cerebellum. A small part of the brainstem can be seen just in front of the cerebellum. 
 
How should we set about finding out? Our first thought might be that a detailed 
understanding of the connections, from the eye to the brain and within the brain, should 
be enough to allow us to deduce how it works. Unfortunately, that is only true to a 
limited extent. The regions of cortex at the back of the human brain were long known to 
be important for vision partly because around the turn of the century the eyes were 
discovered to make connections, through an intermediate way station, to this part of the 
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brain. But to deduce from the structure alone what the cells in the visual cortex are doing 
when an animal or person looks at the sky or a tree would require a knowledge of 
anatomy far exceeding what we possess even now. And we would have trouble even if 
we did have a complete circuit diagram, just as we would if we tried to understand a 
computer or radar set from their circuit diagrams alone—especially if we did not know 
what the computer or radar set was for.  
Our increasing knowledge of the working of the visual cortex has come from a 
combination of strategies. Even in the late 1950s, the physiological method of recording 
from single cells was starting to tell us roughly what the cells were doing in the daily life 
of an animal, at a time when little progress was being made in the detailed wiring 
diagram. In the past few decades both fields, physiology and anatomy, have gone ahead 
in parallel, each borrowing techniques and using new information from the other.  
I have sometimes heard it said that the nervous system consists of huge numbers of 
random connections. Although its orderliness is indeed not always obvious, I 
nevertheless suspect that those who speak of random networks in the nervous system are 
not constrained by any previous exposure to neuroanatomy. Even a glance at a book such 
as Cajal's Histologie du Systeme Nerveux should be enough to convince anyone that the 
enormous complexity of the nervous system is almost always accompanied by a 
compelling degree of orderliness. When we look at the orderly arrays of cells in the brain, 
the impression is the same as when we look at a telephone exchange, a printing press, or 
the inside of a TV set—that the orderliness surely serves some purpose. When confronted 
with a human invention, we have little doubt that the whole machine and its separate 
parts have understandable functions. To understand them we need only read a set of 
instructions. In biology we develop a similar faith in the functional validity and even 
ultimately in the understandability of structures that were not invented, but were 
perfected through millions of years of evolution. The problem of the neurobiologist (to be 
sure, not the only problem) is to learn how the order and complexity relate to the 
function.  
 

 
The principal parts of the nerve cell are the cell body containing the nucleus and other organelles; the single 
axon, which conveys impulses from the cell; and the dendrites, which receive impulses from other cells.  
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Left: The cerebellar Purkinje cell, shown in a drawing by Santiago Ramon y Cajal, presents an extreme in neuronal 
specialization. The dense dendritic arborization is not bushlike in shape, but is flat, in the plane of the paper, like a 
cedar frond. Through the holelike spaces in this arborization pass millions of tiny axons, which run like telegraph wires 
perpendicular to the plane of the paper. The Purkinje cell's axon gives off a few initial branches close to the cell body 
and then descends to cell clusters deep in the cerebellum some centimeters away, where it breaks up into nu- 
merous terminal branches. At life size, the total height of the cell (cell body plus dendrites) is about 1 millimeter. 
Middle: Ramon y Cajal made this drawing of a pyramidal cell in the cerebral cortex stained The cell body is the small 
black blob. Right: This drawing by Jennifer Lund shows a cortical cell that would be classed as "stellate". The dark 
blob in the center is the cell body. Both axons (fine) and dendrites (coarse) branch and extend up and down for distance 
of 1 millimeter.           

  

 This Golgi stain, in a drawing by Ramon y Cajal, shows a few cells in the upper layers of cerebral cortex 
in a onc-month-old human baby. Only a tiny fraction of a percent of the  cells in the area have stained. 
 

            
 The connections within and between cells or groups of cells in the brain are 
usually not obvious, and it has taken centuries to work out the most prominent pathways. 
Because several bundles of fibers often streak through each other in dense meshworks, 
we need special methods to reveal each bundle separately. Any piece of brain we choose 
to examine can be packed to an incredible degree with cell bodies, dendrites, and axons, 
with little space between. As a result, methods of staining cells that can resolve and 
reveal the organization of a more loosely packed structure, such as the liver or kidney, 
produce only a dense black smear in the brain. But neuroanatomists have devised 
powerful new ways of revealing both the separate cells in a single structure and the 
connections between different structures.       
 As you might expect, neurons having similar or related functions are often 
interconnected. Richly interconnected cells are often grouped together in the nervous 
system, for the obvious reason that short axons are more efficient: they are cheaper to 
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This talk: effort to address

1) Constraining parameters from data (anatomy + physiology)?


2) Making sense of parameter space structure



This talk: effort to address

1) Constraining parameters from data (anatomy + physiology)?


2) Making sense of parameter space structure

Setting
- Primary visual cortex (V1)

- Build on recent experimental + modeling advances in 

V1 neurobiology, esp. realistic but expensive model 
[Chariker-Hawken-Shapley-Young]


- Coarse grain while preserving biological interpretability



Visual pathway

Wikimedia Commons  (Miquel Perello Nieto)

ON center OFF center

https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg


Visual pathway

Wikimedia Commons  (Miquel Perello Nieto)

Retinal Ganglion Cells 
(RGC)

ON center OFF center

https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg
https://en.wikipedia.org/wiki/File:Human_visual_pathway.svg


Visual pathway

Wikimedia Commons  (Miquel Perello Nieto)

Retinal Ganglion Cells 
(RGC)

Illuminating all the receptors, as a flashlight surely does, might have been expected to be 
the most effective stimulus, not the least. The mistake is to forget how important 
inhibitory synapses are in the nervous system. With nothing more than a wiring diagram 
such as the one on page 12 in Chapter 2, we cannot begin to predict the effects of a given 
stimulus on any given cell if we do not know which synapses are excitatory and which 
are inhibitory. In the early 1950s, when Kuffler was recording from ganglion cells, the 
importance of inhibition in the nervous system was just beginning to be realized.  
 

      

Left: The two main types of retinal-ganglion-cell receptive fields are on center, with inhibitory surround, and off center, 
with excitatory surround. "+" stands for regions giving on responses, "-" for regions giving off responses. Right:  As we 
stimulate a single on-center retinal ganglion cell with ever larger spots, the response becomes more powerful, up to a 
spot size that depends on the cell—at most about 1 degree. This is the center size. Further enlargement of the spot 
causes a decline, because now the spot invades the antagonistic surround. Beyond about 3 degrees there is no further 
decline, so that 3 degrees represents the total receptive field, center plus surround. 
 

Before I go on to describe the receptors and other retinal cells, I want to make three 
additional comments about receptive fields. The first is a general comment about 
receptive fields as a concept; the other two comments are specifically about the receptive 
fields of retinal ganglion cells: their overlap and their dimensions. 

THE CONCEPT OF A RECEPTIVE FIELD 

Narrowly defined, the term receptive field refers simply to the specific receptors that feed 
into a given cell in the nervous system, with one or more synapses intervening. In this 
narrower sense, and for vision, it thus refers simply to a region on the retina, but since 
Kuffler's time and because of his work the term has gradually come to be used in a far 
broader way. Retinal ganglion cells were historically the first example of cells whose 
receptive fields had a substructure: stimulating different parts of the receptive fields gave 
qualitatively different responses, and stimulating a large area resulted in cancellation of 
the effects of the subdivisions rather than addition. As presently used, receptive field 
tends to include a description of the substructure, or if you prefer, an account of how you 
have to stimulate an area to make the cell respond. When we speak of "mapping out a 
cell's receptive field", we often mean not simply demarcating its boundaries on the retina 
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RGC receptive field

Retina

ON center OFF center
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Visual pathway

Wikimedia Commons  (Miquel Perello Nieto)

Retinal Ganglion Cells 
(RGC)

Illuminating all the receptors, as a flashlight surely does, might have been expected to be 
the most effective stimulus, not the least. The mistake is to forget how important 
inhibitory synapses are in the nervous system. With nothing more than a wiring diagram 
such as the one on page 12 in Chapter 2, we cannot begin to predict the effects of a given 
stimulus on any given cell if we do not know which synapses are excitatory and which 
are inhibitory. In the early 1950s, when Kuffler was recording from ganglion cells, the 
importance of inhibition in the nervous system was just beginning to be realized.  
 

      

Left: The two main types of retinal-ganglion-cell receptive fields are on center, with inhibitory surround, and off center, 
with excitatory surround. "+" stands for regions giving on responses, "-" for regions giving off responses. Right:  As we 
stimulate a single on-center retinal ganglion cell with ever larger spots, the response becomes more powerful, up to a 
spot size that depends on the cell—at most about 1 degree. This is the center size. Further enlargement of the spot 
causes a decline, because now the spot invades the antagonistic surround. Beyond about 3 degrees there is no further 
decline, so that 3 degrees represents the total receptive field, center plus surround. 
 

Before I go on to describe the receptors and other retinal cells, I want to make three 
additional comments about receptive fields. The first is a general comment about 
receptive fields as a concept; the other two comments are specifically about the receptive 
fields of retinal ganglion cells: their overlap and their dimensions. 

THE CONCEPT OF A RECEPTIVE FIELD 

Narrowly defined, the term receptive field refers simply to the specific receptors that feed 
into a given cell in the nervous system, with one or more synapses intervening. In this 
narrower sense, and for vision, it thus refers simply to a region on the retina, but since 
Kuffler's time and because of his work the term has gradually come to be used in a far 
broader way. Retinal ganglion cells were historically the first example of cells whose 
receptive fields had a substructure: stimulating different parts of the receptive fields gave 
qualitatively different responses, and stimulating a large area resulted in cancellation of 
the effects of the subdivisions rather than addition. As presently used, receptive field 
tends to include a description of the substructure, or if you prefer, an account of how you 
have to stimulate an area to make the cell respond. When we speak of "mapping out a 
cell's receptive field", we often mean not simply demarcating its boundaries on the retina 
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RGC receptive field

Retina

LGN: “similar”

ON center OFF center
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Visual pathway

Wikimedia Commons  (Miquel Perello Nieto)

Kandel, Schwartz, et al

Wiesel and I made one of our first technically successful recordings from the cortex of a cat. The 
position of microelectrode tip, relative to the cortex, was unusually stable, so much so that we 
were able to listen in on one cell for a period of about nine hours. We tried everything short of 
standing on our heads to get it to fire. (It did fire spontaneously from time to time, as most cortical 
cells do, but we had a hard time convincing ourselves that our stimuli had caused any of that 
activity.) After some hours we began to have a vague feeling that shining light in one particular 
part of the retina was evoking some response, so we tried concentrating our efforts there. To 
stimulate, we were using mostly white circular spots and black spots. For black spots, we would 
take a 1-by-2-inch glass microscope slide, onto which we had glued an opaque black dot, and 
shove it into a slot in the optical instrument Samuel Talbot had designed to project images on the 
retina. For white spots, we used a slide of the same size made of brass with a small hole drilled 
through it. (Research was cheaper in those days.) After about five hours of struggle, we suddenly 
had the impression that the glass with the dot was occasionally producing a response, but the 
response seemed to have little to do with the dot. Eventually we caught on: it was the sharp but 
faint shadow cast by the edge of the glass as we slid it into the slot that was doing the trick. We 
soon convinced ourselves that the edge worked only when its shadow was swept across one small 
part of the retina and that the sweeping had to be done with the edge in one particular orientation. 
Most amazing was the contrast between the machine-gun discharge when the orientation of the 
stimulus was just right and the utter lack of a response if we changed the orientation or simply 
shined a bright flashlight into the cat's eyes. 

 
 
Responses of one of the first orientation-specific cells.  Torsten Wiesel and I recorded, from a cat striate cortex in 
1958. This cell not only responds exclusively to a moving slit in an eleven o'clock orientation but also responds to 
movement right and up, but hardly at all to movement left and down. 
 
The discovery was just the beginning, and for some time we were very confused because, as luck 
would have it, the cell was of a type that we came later to call complex, and it lay two stages 
beyond the initial, center-surround cortical stage. Although complex cells are the commonest type 
in the striate cortex, they are hard to comprehend if you haven't seen the intervening type. Beyond 
the first, center-surround stage, cells in the monkey cortex indeed respond in a radically different 
way. Small spots generally produce weak responses or none. To evoke a response, we first have to 
find the appropriate part of the visual field to stimulate, that is, the appropriate part of the screen 
that the animal is facing: we have to find the receptive field of the cell. It then turns out that the 
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Retinal Ganglion Cells 
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Illuminating all the receptors, as a flashlight surely does, might have been expected to be 
the most effective stimulus, not the least. The mistake is to forget how important 
inhibitory synapses are in the nervous system. With nothing more than a wiring diagram 
such as the one on page 12 in Chapter 2, we cannot begin to predict the effects of a given 
stimulus on any given cell if we do not know which synapses are excitatory and which 
are inhibitory. In the early 1950s, when Kuffler was recording from ganglion cells, the 
importance of inhibition in the nervous system was just beginning to be realized.  
 

      

Left: The two main types of retinal-ganglion-cell receptive fields are on center, with inhibitory surround, and off center, 
with excitatory surround. "+" stands for regions giving on responses, "-" for regions giving off responses. Right:  As we 
stimulate a single on-center retinal ganglion cell with ever larger spots, the response becomes more powerful, up to a 
spot size that depends on the cell—at most about 1 degree. This is the center size. Further enlargement of the spot 
causes a decline, because now the spot invades the antagonistic surround. Beyond about 3 degrees there is no further 
decline, so that 3 degrees represents the total receptive field, center plus surround. 
 

Before I go on to describe the receptors and other retinal cells, I want to make three 
additional comments about receptive fields. The first is a general comment about 
receptive fields as a concept; the other two comments are specifically about the receptive 
fields of retinal ganglion cells: their overlap and their dimensions. 

THE CONCEPT OF A RECEPTIVE FIELD 

Narrowly defined, the term receptive field refers simply to the specific receptors that feed 
into a given cell in the nervous system, with one or more synapses intervening. In this 
narrower sense, and for vision, it thus refers simply to a region on the retina, but since 
Kuffler's time and because of his work the term has gradually come to be used in a far 
broader way. Retinal ganglion cells were historically the first example of cells whose 
receptive fields had a substructure: stimulating different parts of the receptive fields gave 
qualitatively different responses, and stimulating a large area resulted in cancellation of 
the effects of the subdivisions rather than addition. As presently used, receptive field 
tends to include a description of the substructure, or if you prefer, an account of how you 
have to stimulate an area to make the cell respond. When we speak of "mapping out a 
cell's receptive field", we often mean not simply demarcating its boundaries on the retina 
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frequency and phase of gamma-band
fluctuations were not constant over time.
The SD plots in Figure 1, B and C, support
the statement that gamma-band activity is
episodic in the CSY model. Further proof
was obtained by time-frequency analysis
of the SD plots, by computing the PSD
over a 200 ms window every 2.5 ms. The
spectrogram was smoothed by averag-
ing each time bin with the 8 adjacent
earlier and later time bins (!20 ms) and
by plotting the smoothed spectra versus
time as a spectrogram as was done pre-
viously for the LFP (Burns et al., 2011;
Xing et al., 2012). A representative spec-
trogram of the CSY model’s SD is plot-
ted in Figure 1F, and it offers a vivid
illustration of amplitude and frequency
variability that has been observed in V1
spectrograms, with bursts of high am-
plitude gamma interrupted by periods
of lower amplitude, and variability in
the locus in frequency of highest ampli-
tude. The similarity of the model’s spec-
trogram with data can be seen by
comparing the model’s spectrogram in
Figure 1F with a spectrogram of LFP
data (Xing et al., 2012) from macaque
V1 cortex, in Figure 1G. Data and model
agree that gamma activity is episodic (cf.
Cardin, 2016).

It is worth stating that the CSY model
was not tuned to produce gamma band
activity, but rather gamma was an emer-
gent property of the model. Chariker and
Young, (2015) demonstrated in detail and
explicitly that many different parameter
choices in recurrent networks produce
gamma band activity. Synchronous firing
in the gamma band range in the CSY
model relied on our use of biophysical
time constants but was not caused by the
tuning of parameters in a narrow range.

Membrane conductance, currents, and spike firing in model
simple and complex cells
In the CSY model, as in other conductance-based neural models,
intracellular conductances and currents determined the mem-
brane potential and spike firing. Figure 2 describes the intracel-
lular dynamics for a simple E-cell (A–C) and a complex E-cell
(D–F) from the population of neurons represented in Figure 1.
We present model data separately for simple and complex excit-
atory cells because the simple/complex dichotomy is of func-
tional importance for the visual cortex (Hubel and Wiesel, 1962;
De Valois et al., 1982) and because simple and complex cells have
different spike firing patterns. Spiking in simple cells in the CSY
model followed more faithfully the luminance variation in the
visual image, whereas spiking in model complex cells was in-
creased but not modulated much or at all by the passage of the
bars in gratings, as in the real cortex (Maffei and Fiorentini, 1973;
De Valois et al., 1982). The CSY model produced simple and
complex cells because of differential amounts of connectivity to
LGN feedforward inputs (Chariker et al., 2016).

Dynamics of membrane potentials, currents, and conductances
One crucial prediction of the CSY model is that E- and
I-conductances and currents should covary in detail in time. Figure
2 shows the waveforms of membrane potentials, conductances, and
currents in two representative model neurons over the same stretch
of time during a period of visual stimulation. E-conductance (red)
describes the summed excitatory synaptic drive from all E-synapses
on the neurons, whereas I-conductance (blue) is the summed inhib-
itory synaptic bombardment (Fig. 2B,E). I-conductance was signif-
icantly larger than E-conductance, but both conductances had very
similar temporal structure in each neuron.

The membrane potentials, currents, and conductances were
related to gamma-band activity in the spike rasters (Fig. 1A). The
time series of the currents in Figure 2C, F together with the PSD of
the currents in Figure 2H show that (1) membrane current fluc-
tuations were in the gamma-band, (2) the membrane potentials
rose and fell in irregular ways, and (3) there were more peaks in
the membrane potentials than there were spikes. As expected
from the LIF equations that govern the time evolution of mem-
brane potentials in neurons in the CSY model (see Materials and
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Figure 2. Intracellular voltages and conductances of visually driven E- and I-cells in the CSY model. A, Membrane potential of a
model simple cell that is part of the population in Figure 1A, driven by an optimal stimulus. B, C, Membrane conductance and
currents, respectively, for the same simple cell. D–F, Corresponding plots (voltage, conductance, current) for a complex E-cell.
E-conductance is drawn in red and I-conductance in blue. Notice that E- and I-currents are almost balanced almost all the time. G,
Cross-correlation between the E- and I-currents in F and C, respectively. H, Average PSD of the E and I currents of 32 randomly
chosen simple cells and 32 complex cells in the same population as in Figure 1A. PSDs were computed for each cell and the PSDs
were averaged. Error bars mark 1 standard deviation.
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It is worth stating that the CSY model
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gent property of the model. Chariker and
Young, (2015) demonstrated in detail and
explicitly that many different parameter
choices in recurrent networks produce
gamma band activity. Synchronous firing
in the gamma band range in the CSY
model relied on our use of biophysical
time constants but was not caused by the
tuning of parameters in a narrow range.

Membrane conductance, currents, and spike firing in model
simple and complex cells
In the CSY model, as in other conductance-based neural models,
intracellular conductances and currents determined the mem-
brane potential and spike firing. Figure 2 describes the intracel-
lular dynamics for a simple E-cell (A–C) and a complex E-cell
(D–F) from the population of neurons represented in Figure 1.
We present model data separately for simple and complex excit-
atory cells because the simple/complex dichotomy is of func-
tional importance for the visual cortex (Hubel and Wiesel, 1962;
De Valois et al., 1982) and because simple and complex cells have
different spike firing patterns. Spiking in simple cells in the CSY
model followed more faithfully the luminance variation in the
visual image, whereas spiking in model complex cells was in-
creased but not modulated much or at all by the passage of the
bars in gratings, as in the real cortex (Maffei and Fiorentini, 1973;
De Valois et al., 1982). The CSY model produced simple and
complex cells because of differential amounts of connectivity to
LGN feedforward inputs (Chariker et al., 2016).

Dynamics of membrane potentials, currents, and conductances
One crucial prediction of the CSY model is that E- and
I-conductances and currents should covary in detail in time. Figure
2 shows the waveforms of membrane potentials, conductances, and
currents in two representative model neurons over the same stretch
of time during a period of visual stimulation. E-conductance (red)
describes the summed excitatory synaptic drive from all E-synapses
on the neurons, whereas I-conductance (blue) is the summed inhib-
itory synaptic bombardment (Fig. 2B,E). I-conductance was signif-
icantly larger than E-conductance, but both conductances had very
similar temporal structure in each neuron.

The membrane potentials, currents, and conductances were
related to gamma-band activity in the spike rasters (Fig. 1A). The
time series of the currents in Figure 2C, F together with the PSD of
the currents in Figure 2H show that (1) membrane current fluc-
tuations were in the gamma-band, (2) the membrane potentials
rose and fell in irregular ways, and (3) there were more peaks in
the membrane potentials than there were spikes. As expected
from the LIF equations that govern the time evolution of mem-
brane potentials in neurons in the CSY model (see Materials and
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Figure 2. Intracellular voltages and conductances of visually driven E- and I-cells in the CSY model. A, Membrane potential of a
model simple cell that is part of the population in Figure 1A, driven by an optimal stimulus. B, C, Membrane conductance and
currents, respectively, for the same simple cell. D–F, Corresponding plots (voltage, conductance, current) for a complex E-cell.
E-conductance is drawn in red and I-conductance in blue. Notice that E- and I-currents are almost balanced almost all the time. G,
Cross-correlation between the E- and I-currents in F and C, respectively. H, Average PSD of the E and I currents of 32 randomly
chosen simple cells and 32 complex cells in the same population as in Figure 1A. PSDs were computed for each cell and the PSDs
were averaged. Error bars mark 1 standard deviation.
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entation selectivity is passed to cortex, with a great deal of help
from recurrent cortical interactions. As shown in Results, our
model exhibits the full range of orientation and spatial frequency
selectivity found in V1. It takes weakly tuned inputs from sparse
LGN afferents, and, via recurrent inhibitory and excitatory syn-
aptic interaction, sharpens them and smoothes out the discrete
set of orientations from LGN into a continuous map.

Our model goes far beyond accounting for OS and orientation
maps. It shows that many V1 functions are linked. These include,
in addition to OS, the bimodal distribution of modulation ratio
(MR) that is an index of the simple/complex classification (see
Fig. 4; Skottun et al., 1991), the wide diversity in selectivity and
neuronal response magnitudes (see Figs. 6, 8; Ringach et al.,
2002), as well as the emergence of gamma rhythms when driven
by optimal gratings (see Fig. 9; Volgushev et al., 2002; Kayser and
König, 2004).

Our analysis shows that dynamic interactions among cortical
neurons are the single most important factor that binds together
these different functions of V1. Recurrent excitation, indirect
suppression, and the competition and balancing between the ex-
citatory and inhibitory populations shape neuronal responses to
stimuli. These interactions give rise to many emergent phenom-
ena, i.e., phenomena that cannot be predicted from the behaviors
of single neurons alone.

We propose that the model presented here can serve as a start-
ing point in the creation of a larger dynamic picture, one that
connects anatomical structures, dynamics, and cortical func-
tions, and extends to the rest of cerebral cortex.

Materials and Methods
We will discuss in separate sections the general
layout, or architecture, of our network model,
the equations of neuronal dynamics, and pa-
rameter determination. For readers who wish
to bypass model details, we recommend pro-
ceeding directly to Results.

Model layout
The main component of our model is that of a
small piece of layer 4C! of the macaque V1
cortex located at !5° eccentricity. Also mod-
eled are the two sheets of LGN cells that project
to this region of 4C!, as well as outputs of layer
6, the feedback layer to 4C!.

Magnocellular LGN layers. The input to layer
4C! in our model consists of regions of the
magnocellular layers of the LGN. Data from
the studies by Connolly and Van Essen (1984)
and Silveira and Perry (1991) indicate that
there are on average !10 LGN cells (5 ON and
5 OFF) that project to each hypercolumn
(HC); see Results, Input patterns of LGN to V1.
In the model, we started modeling the LGN
with a (regular) triangular lattice on the plane,
which we identified with visual space. Assum-
ing that the centers of the receptive fields of ON
LGN cells correspond to points in this lattice,
we placed the OFF cells at the barycenters of the
triangles defined by the ON lattice. Lattice
spacing was chosen so that neighboring ON
(or, respectively, OFF) cells are !0.125° apart,
resulting in 10 cells/HC. We then perturbed
randomly and independently each lattice point
to match the retinal mosaics of M retinal gan-
glion cells.

Figure 1A shows the distribution of recep-
tive field centers of ON and OFF LGN cells in

the lattice, together with the scale of one HC in visual space. Determining
plausible input patterns of LGN cells to cortex based on anatomical and
physiological data is a major part of the present modeling effort. Our
choices of LGN input patterns are reported in Results.

Layer 4C!. We modeled nine HCs of 4C! arranged in three ocular
dominance columns (Fig. 1B). Each HC measures 0.5 " 0.5 mm 2 and is
divided into regions where cells are intended to have similar orientation
preferences, following the pinwheel pattern of orientation selectivity seen
in experiments (Obermayer and Blasdel, 1993). Following Beaulieu et al.
(1992), we used cell densities of !4000 neurons/HC, three-quarters of
which are E cells and the rest are I cells. The I neurons are assumed to be
a homogeneous population of local-circuit basket cells, a reasonable ap-
proximation for layer 4C! (Defelipe et al., 1999). E and I neurons are
uniformly distributed in the model cortex.

The probability of connection among model cells is dependent on
distance and cell types (E or I), while the strength of connection is inde-
pendent of distance. This approach is based on intracellular data (Oswald
and Reyes, 2008) and is more realistic than all-to-all coupling with syn-
aptic strength decreasing with distance, as was done in some previous
large-scale models of V1 (McLaughlin et al., 2000; Tao et al., 2004, 2006).
As discussed in Results (see Fig. 6), the observed diversity in OS and other
cortical properties depended on the probabilistic connectivity used here.
For presynaptic E neurons, connection probabilities are given by Gauss-
ians with SD # 200/$2 "m; and for presynaptic I cells, SD # 125/$2
"m (Fitzpatrick et al., 1985; Yoshioka et al., 1994). Peak connection
probability among E cells is !15% on average (i.e., we scaled the Gauss-
ian describing the spatial dependence of connection probability to have a
peak of 0.15). According to Holmgren et al. (2003) and Oswald and Reyes
(2008), I cell connections are much denser (from 50% to 100%); we set
the peak connection probabilities for E ¡ I, I ¡ E, and I ¡ I to be 60%
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Figure 1. LGN input and corticocortical coupling of E and I cells. A, Receptive field centers of M retinal ganglion cells or
magnocellular LGN cells in the locations of their projections to V1 cortex. ON cells are indicated by white, and OFF cells by black,
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orientation map drawn in. C–E, Connectivity examples: presynaptic E input (red) to an E cell (black dot; C); presynaptic E inputs
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entation selectivity is passed to cortex, with a great deal of help
from recurrent cortical interactions. As shown in Results, our
model exhibits the full range of orientation and spatial frequency
selectivity found in V1. It takes weakly tuned inputs from sparse
LGN afferents, and, via recurrent inhibitory and excitatory syn-
aptic interaction, sharpens them and smoothes out the discrete
set of orientations from LGN into a continuous map.

Our model goes far beyond accounting for OS and orientation
maps. It shows that many V1 functions are linked. These include,
in addition to OS, the bimodal distribution of modulation ratio
(MR) that is an index of the simple/complex classification (see
Fig. 4; Skottun et al., 1991), the wide diversity in selectivity and
neuronal response magnitudes (see Figs. 6, 8; Ringach et al.,
2002), as well as the emergence of gamma rhythms when driven
by optimal gratings (see Fig. 9; Volgushev et al., 2002; Kayser and
König, 2004).

Our analysis shows that dynamic interactions among cortical
neurons are the single most important factor that binds together
these different functions of V1. Recurrent excitation, indirect
suppression, and the competition and balancing between the ex-
citatory and inhibitory populations shape neuronal responses to
stimuli. These interactions give rise to many emergent phenom-
ena, i.e., phenomena that cannot be predicted from the behaviors
of single neurons alone.

We propose that the model presented here can serve as a start-
ing point in the creation of a larger dynamic picture, one that
connects anatomical structures, dynamics, and cortical func-
tions, and extends to the rest of cerebral cortex.

Materials and Methods
We will discuss in separate sections the general
layout, or architecture, of our network model,
the equations of neuronal dynamics, and pa-
rameter determination. For readers who wish
to bypass model details, we recommend pro-
ceeding directly to Results.

Model layout
The main component of our model is that of a
small piece of layer 4C! of the macaque V1
cortex located at !5° eccentricity. Also mod-
eled are the two sheets of LGN cells that project
to this region of 4C!, as well as outputs of layer
6, the feedback layer to 4C!.

Magnocellular LGN layers. The input to layer
4C! in our model consists of regions of the
magnocellular layers of the LGN. Data from
the studies by Connolly and Van Essen (1984)
and Silveira and Perry (1991) indicate that
there are on average !10 LGN cells (5 ON and
5 OFF) that project to each hypercolumn
(HC); see Results, Input patterns of LGN to V1.
In the model, we started modeling the LGN
with a (regular) triangular lattice on the plane,
which we identified with visual space. Assum-
ing that the centers of the receptive fields of ON
LGN cells correspond to points in this lattice,
we placed the OFF cells at the barycenters of the
triangles defined by the ON lattice. Lattice
spacing was chosen so that neighboring ON
(or, respectively, OFF) cells are !0.125° apart,
resulting in 10 cells/HC. We then perturbed
randomly and independently each lattice point
to match the retinal mosaics of M retinal gan-
glion cells.

Figure 1A shows the distribution of recep-
tive field centers of ON and OFF LGN cells in

the lattice, together with the scale of one HC in visual space. Determining
plausible input patterns of LGN cells to cortex based on anatomical and
physiological data is a major part of the present modeling effort. Our
choices of LGN input patterns are reported in Results.

Layer 4C!. We modeled nine HCs of 4C! arranged in three ocular
dominance columns (Fig. 1B). Each HC measures 0.5 " 0.5 mm 2 and is
divided into regions where cells are intended to have similar orientation
preferences, following the pinwheel pattern of orientation selectivity seen
in experiments (Obermayer and Blasdel, 1993). Following Beaulieu et al.
(1992), we used cell densities of !4000 neurons/HC, three-quarters of
which are E cells and the rest are I cells. The I neurons are assumed to be
a homogeneous population of local-circuit basket cells, a reasonable ap-
proximation for layer 4C! (Defelipe et al., 1999). E and I neurons are
uniformly distributed in the model cortex.

The probability of connection among model cells is dependent on
distance and cell types (E or I), while the strength of connection is inde-
pendent of distance. This approach is based on intracellular data (Oswald
and Reyes, 2008) and is more realistic than all-to-all coupling with syn-
aptic strength decreasing with distance, as was done in some previous
large-scale models of V1 (McLaughlin et al., 2000; Tao et al., 2004, 2006).
As discussed in Results (see Fig. 6), the observed diversity in OS and other
cortical properties depended on the probabilistic connectivity used here.
For presynaptic E neurons, connection probabilities are given by Gauss-
ians with SD # 200/$2 "m; and for presynaptic I cells, SD # 125/$2
"m (Fitzpatrick et al., 1985; Yoshioka et al., 1994). Peak connection
probability among E cells is !15% on average (i.e., we scaled the Gauss-
ian describing the spatial dependence of connection probability to have a
peak of 0.15). According to Holmgren et al. (2003) and Oswald and Reyes
(2008), I cell connections are much denser (from 50% to 100%); we set
the peak connection probabilities for E ¡ I, I ¡ E, and I ¡ I to be 60%
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Figure 1. LGN input and corticocortical coupling of E and I cells. A, Receptive field centers of M retinal ganglion cells or
magnocellular LGN cells in the locations of their projections to V1 cortex. ON cells are indicated by white, and OFF cells by black,
against a gray background. The ganglion cell density is from the study by Silveira and Perry (1991). The square drawn in the center
corresponds to the retinal region that projects to a single hypercolumn (HC). B, The nine HCs of the model with the intended
orientation map drawn in. C–E, Connectivity examples: presynaptic E input (red) to an E cell (black dot; C); presynaptic E inputs
(red) to an I cell (D); and presynaptic I inputs (blue) to an E (or I) cell (E). The square in each plot represents an HC.
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In our model, synchronization of spike firing in the gamma
band is graded and depends on stimulus orientation. These
results are consistent with experimental data (Eckhorn et al.,
1988; Gray and Singer, 1989; Volgushev et al., 2002; Kayser
and König, 2004; Henrie and Shapley, 2005; Womelsdorf et al.,
2012). The Fourier transform of the summed spike density of
the neurons (data not shown) has a gamma peak that was high
and narrow for the optimal stimulus, weaker and broader for
the nonpreferred stimulus, and low and very broad under
background conditions. Not only is the greater synchroniza-
tion at the preferred orientation an orientation-specific re-
sponse, it contributes to OS by amplifying the effect of
recurrent excitation locally.

It is important to emphasize that, unlike the PING model
(Whittington et al., 2000), synchronization events in our model
involve only fractions of the population, and participation varies
widely from neuron to neuron. The wide distribution of model
firing rates shown in Figure 9E does not support synchronous
spiking involving the full population. Notice in fact that most
model neurons fire at rates too low to follow the gamma-band
fluctuations. In this respect, the firing rate distributions of the
model resemble many experimental datasets (for review, see
Roxin et al., 2011; Buzsáki and Mizuseki, 2014; M. J. Hawken and
R. Shapley, unpublished V1 observations). Even though it may
appear from the raster plot in Figure 9C that the population firing
is highly synchronous, only a fraction of the population partici-

Figure 9. Dynamics of V1 population impulse trains and mean firing rates. A, Rasters of spikes of a target V1 E cell and its four LGN inputs. These are responses to an optimal drifting grating,
drifting at 4 Hz (250 ms period). White dots, ON center LGN spikes; black dots, OFF center LGN spikes; red dots, V1 spikes. B–D, Rasters of background spike firings in the cortical patch that prefers
vertical gratings in the central HC (B); rasters when the same patch is driven at the optimal (vertical) orientation of the patch (C), driven by the orthogonal orientation (D). B–D, x-axis is time; y-axis
is neuron index within the patch, sorted by number of LGN inputs; lower indices correspond to fewer LGN inputs. E cell spikes are red dots; I cell spikes are blue dots. E, Further information for the
regime depicted in C. Top, Summed spike activity of the E population as a function of time, shown in 5 ms windows. The vertical scale of the plot is the fraction of the total number of cells, illustrating
that, in what may appear to be synchronous spiking events in C, only a small fraction of all E cells are active. Bottom panels, Histograms of mean firing rates in impulses per second for E and I neurons
in the same patch, driven in the optimal orientation.
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entation selectivity is passed to cortex, with a great deal of help
from recurrent cortical interactions. As shown in Results, our
model exhibits the full range of orientation and spatial frequency
selectivity found in V1. It takes weakly tuned inputs from sparse
LGN afferents, and, via recurrent inhibitory and excitatory syn-
aptic interaction, sharpens them and smoothes out the discrete
set of orientations from LGN into a continuous map.

Our model goes far beyond accounting for OS and orientation
maps. It shows that many V1 functions are linked. These include,
in addition to OS, the bimodal distribution of modulation ratio
(MR) that is an index of the simple/complex classification (see
Fig. 4; Skottun et al., 1991), the wide diversity in selectivity and
neuronal response magnitudes (see Figs. 6, 8; Ringach et al.,
2002), as well as the emergence of gamma rhythms when driven
by optimal gratings (see Fig. 9; Volgushev et al., 2002; Kayser and
König, 2004).

Our analysis shows that dynamic interactions among cortical
neurons are the single most important factor that binds together
these different functions of V1. Recurrent excitation, indirect
suppression, and the competition and balancing between the ex-
citatory and inhibitory populations shape neuronal responses to
stimuli. These interactions give rise to many emergent phenom-
ena, i.e., phenomena that cannot be predicted from the behaviors
of single neurons alone.

We propose that the model presented here can serve as a start-
ing point in the creation of a larger dynamic picture, one that
connects anatomical structures, dynamics, and cortical func-
tions, and extends to the rest of cerebral cortex.

Materials and Methods
We will discuss in separate sections the general
layout, or architecture, of our network model,
the equations of neuronal dynamics, and pa-
rameter determination. For readers who wish
to bypass model details, we recommend pro-
ceeding directly to Results.

Model layout
The main component of our model is that of a
small piece of layer 4C! of the macaque V1
cortex located at !5° eccentricity. Also mod-
eled are the two sheets of LGN cells that project
to this region of 4C!, as well as outputs of layer
6, the feedback layer to 4C!.

Magnocellular LGN layers. The input to layer
4C! in our model consists of regions of the
magnocellular layers of the LGN. Data from
the studies by Connolly and Van Essen (1984)
and Silveira and Perry (1991) indicate that
there are on average !10 LGN cells (5 ON and
5 OFF) that project to each hypercolumn
(HC); see Results, Input patterns of LGN to V1.
In the model, we started modeling the LGN
with a (regular) triangular lattice on the plane,
which we identified with visual space. Assum-
ing that the centers of the receptive fields of ON
LGN cells correspond to points in this lattice,
we placed the OFF cells at the barycenters of the
triangles defined by the ON lattice. Lattice
spacing was chosen so that neighboring ON
(or, respectively, OFF) cells are !0.125° apart,
resulting in 10 cells/HC. We then perturbed
randomly and independently each lattice point
to match the retinal mosaics of M retinal gan-
glion cells.

Figure 1A shows the distribution of recep-
tive field centers of ON and OFF LGN cells in

the lattice, together with the scale of one HC in visual space. Determining
plausible input patterns of LGN cells to cortex based on anatomical and
physiological data is a major part of the present modeling effort. Our
choices of LGN input patterns are reported in Results.

Layer 4C!. We modeled nine HCs of 4C! arranged in three ocular
dominance columns (Fig. 1B). Each HC measures 0.5 " 0.5 mm 2 and is
divided into regions where cells are intended to have similar orientation
preferences, following the pinwheel pattern of orientation selectivity seen
in experiments (Obermayer and Blasdel, 1993). Following Beaulieu et al.
(1992), we used cell densities of !4000 neurons/HC, three-quarters of
which are E cells and the rest are I cells. The I neurons are assumed to be
a homogeneous population of local-circuit basket cells, a reasonable ap-
proximation for layer 4C! (Defelipe et al., 1999). E and I neurons are
uniformly distributed in the model cortex.

The probability of connection among model cells is dependent on
distance and cell types (E or I), while the strength of connection is inde-
pendent of distance. This approach is based on intracellular data (Oswald
and Reyes, 2008) and is more realistic than all-to-all coupling with syn-
aptic strength decreasing with distance, as was done in some previous
large-scale models of V1 (McLaughlin et al., 2000; Tao et al., 2004, 2006).
As discussed in Results (see Fig. 6), the observed diversity in OS and other
cortical properties depended on the probabilistic connectivity used here.
For presynaptic E neurons, connection probabilities are given by Gauss-
ians with SD # 200/$2 "m; and for presynaptic I cells, SD # 125/$2
"m (Fitzpatrick et al., 1985; Yoshioka et al., 1994). Peak connection
probability among E cells is !15% on average (i.e., we scaled the Gauss-
ian describing the spatial dependence of connection probability to have a
peak of 0.15). According to Holmgren et al. (2003) and Oswald and Reyes
(2008), I cell connections are much denser (from 50% to 100%); we set
the peak connection probabilities for E ¡ I, I ¡ E, and I ¡ I to be 60%
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Figure 1. LGN input and corticocortical coupling of E and I cells. A, Receptive field centers of M retinal ganglion cells or
magnocellular LGN cells in the locations of their projections to V1 cortex. ON cells are indicated by white, and OFF cells by black,
against a gray background. The ganglion cell density is from the study by Silveira and Perry (1991). The square drawn in the center
corresponds to the retinal region that projects to a single hypercolumn (HC). B, The nine HCs of the model with the intended
orientation map drawn in. C–E, Connectivity examples: presynaptic E input (red) to an E cell (black dot; C); presynaptic E inputs
(red) to an I cell (D); and presynaptic I inputs (blue) to an E (or I) cell (E). The square in each plot represents an HC.
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In our model, synchronization of spike firing in the gamma
band is graded and depends on stimulus orientation. These
results are consistent with experimental data (Eckhorn et al.,
1988; Gray and Singer, 1989; Volgushev et al., 2002; Kayser
and König, 2004; Henrie and Shapley, 2005; Womelsdorf et al.,
2012). The Fourier transform of the summed spike density of
the neurons (data not shown) has a gamma peak that was high
and narrow for the optimal stimulus, weaker and broader for
the nonpreferred stimulus, and low and very broad under
background conditions. Not only is the greater synchroniza-
tion at the preferred orientation an orientation-specific re-
sponse, it contributes to OS by amplifying the effect of
recurrent excitation locally.

It is important to emphasize that, unlike the PING model
(Whittington et al., 2000), synchronization events in our model
involve only fractions of the population, and participation varies
widely from neuron to neuron. The wide distribution of model
firing rates shown in Figure 9E does not support synchronous
spiking involving the full population. Notice in fact that most
model neurons fire at rates too low to follow the gamma-band
fluctuations. In this respect, the firing rate distributions of the
model resemble many experimental datasets (for review, see
Roxin et al., 2011; Buzsáki and Mizuseki, 2014; M. J. Hawken and
R. Shapley, unpublished V1 observations). Even though it may
appear from the raster plot in Figure 9C that the population firing
is highly synchronous, only a fraction of the population partici-

Figure 9. Dynamics of V1 population impulse trains and mean firing rates. A, Rasters of spikes of a target V1 E cell and its four LGN inputs. These are responses to an optimal drifting grating,
drifting at 4 Hz (250 ms period). White dots, ON center LGN spikes; black dots, OFF center LGN spikes; red dots, V1 spikes. B–D, Rasters of background spike firings in the cortical patch that prefers
vertical gratings in the central HC (B); rasters when the same patch is driven at the optimal (vertical) orientation of the patch (C), driven by the orthogonal orientation (D). B–D, x-axis is time; y-axis
is neuron index within the patch, sorted by number of LGN inputs; lower indices correspond to fewer LGN inputs. E cell spikes are red dots; I cell spikes are blue dots. E, Further information for the
regime depicted in C. Top, Summed spike activity of the E population as a function of time, shown in 5 ms windows. The vertical scale of the plot is the fraction of the total number of cells, illustrating
that, in what may appear to be synchronous spiking events in C, only a small fraction of all E cells are active. Bottom panels, Histograms of mean firing rates in impulses per second for E and I neurons
in the same patch, driven in the optimal orientation.
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(ii) Towards V
I = �2/3 due to the inhibitory current �g
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i (t) is determined by the spiking series generated by inhibitory cells presynaptic to neuron

i, i.e.,
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Here, SQI stands for the connectivity from an I-cell to a type-Q cell. Cell j belongs to N4C,I(i),
the collection of all presynaptic I-cells to neuron i, generating a spiking time series {t

j
}. In addi-

tion, Ggaba(t) is a Green’s function modeling the temporal increment of inhibitory conductances
induced by each I-spike through GABA receptors (details provided in Sect. S2).

(iii) Towards V
E = 14/3 due to the excitation current �g
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E). The excitatory conductance
of neuron i, gEi (t), consists of four components:
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.

Terms I-IV represent synaptic conductances induced by LGN, ambient, Layer 6 input, and Layer
4 recurrent excitation, respectively. For each neuron i, the spiking series in terms I-III are modeled
by Poisson processes as described above. For E-spikes from Layer 4 and 6, two di↵erent types of
excitatory synapses (AMPA and NMDA) induce di↵erent temporal increment of gEi (t) (term III
and IV), while only AMPA synapse is involved for LGN and ambient input (term I and II). Here,

⇢
Q
amda,nmda stand for the fractions of synaptic input received by AMPA and NMDA receptors in a

type-Q neuron; (SQlgn, SQamb, and S
QL6

, S
QE) denote the respective synaptic coupling weights

of these sources towards type-Q cells.

For the E-to-E input in Layer 4, two additional biological details are incorporated in the model. First,
we consider a possibility for synaptic failure pfail = 20%, i.e., whether the k-th spike from neuron j

successfully induces a change in g
E
i (t) depends on an independent coin-toss with p = 0.8. Second, if

a spike is “successful”, a random delay is added to t
j(k) to model the fact that E-neurons project to

the dendrites of other E-cells, instead of the soma. In all, when neuron i is an E-neuron, the term IV
in Eq. (14) is replaced by

S
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i
,

where �
j(k) stands for the coin-toss, and the ⌧

j(k) are independent, identically distributed random
delay times uniformly distributed on [0, 1] ms.

S2 Parameters

We now list the specific parameter values used. We remark that while EPSC and IPSCs have been
measured in the laboratory and so can be assumed to be known, the coupling weights — which
involve how one neuron a↵ects another — cannot be measured directly. This is the main reason we
mostly regard the coupling weights as free parameters to be investigated in this paper, in spite of
experimental evidence that may provide certain ranges for them.



frequency and phase of gamma-band
fluctuations were not constant over time.
The SD plots in Figure 1, B and C, support
the statement that gamma-band activity is
episodic in the CSY model. Further proof
was obtained by time-frequency analysis
of the SD plots, by computing the PSD
over a 200 ms window every 2.5 ms. The
spectrogram was smoothed by averag-
ing each time bin with the 8 adjacent
earlier and later time bins (!20 ms) and
by plotting the smoothed spectra versus
time as a spectrogram as was done pre-
viously for the LFP (Burns et al., 2011;
Xing et al., 2012). A representative spec-
trogram of the CSY model’s SD is plot-
ted in Figure 1F, and it offers a vivid
illustration of amplitude and frequency
variability that has been observed in V1
spectrograms, with bursts of high am-
plitude gamma interrupted by periods
of lower amplitude, and variability in
the locus in frequency of highest ampli-
tude. The similarity of the model’s spec-
trogram with data can be seen by
comparing the model’s spectrogram in
Figure 1F with a spectrogram of LFP
data (Xing et al., 2012) from macaque
V1 cortex, in Figure 1G. Data and model
agree that gamma activity is episodic (cf.
Cardin, 2016).

It is worth stating that the CSY model
was not tuned to produce gamma band
activity, but rather gamma was an emer-
gent property of the model. Chariker and
Young, (2015) demonstrated in detail and
explicitly that many different parameter
choices in recurrent networks produce
gamma band activity. Synchronous firing
in the gamma band range in the CSY
model relied on our use of biophysical
time constants but was not caused by the
tuning of parameters in a narrow range.

Membrane conductance, currents, and spike firing in model
simple and complex cells
In the CSY model, as in other conductance-based neural models,
intracellular conductances and currents determined the mem-
brane potential and spike firing. Figure 2 describes the intracel-
lular dynamics for a simple E-cell (A–C) and a complex E-cell
(D–F) from the population of neurons represented in Figure 1.
We present model data separately for simple and complex excit-
atory cells because the simple/complex dichotomy is of func-
tional importance for the visual cortex (Hubel and Wiesel, 1962;
De Valois et al., 1982) and because simple and complex cells have
different spike firing patterns. Spiking in simple cells in the CSY
model followed more faithfully the luminance variation in the
visual image, whereas spiking in model complex cells was in-
creased but not modulated much or at all by the passage of the
bars in gratings, as in the real cortex (Maffei and Fiorentini, 1973;
De Valois et al., 1982). The CSY model produced simple and
complex cells because of differential amounts of connectivity to
LGN feedforward inputs (Chariker et al., 2016).

Dynamics of membrane potentials, currents, and conductances
One crucial prediction of the CSY model is that E- and
I-conductances and currents should covary in detail in time. Figure
2 shows the waveforms of membrane potentials, conductances, and
currents in two representative model neurons over the same stretch
of time during a period of visual stimulation. E-conductance (red)
describes the summed excitatory synaptic drive from all E-synapses
on the neurons, whereas I-conductance (blue) is the summed inhib-
itory synaptic bombardment (Fig. 2B,E). I-conductance was signif-
icantly larger than E-conductance, but both conductances had very
similar temporal structure in each neuron.

The membrane potentials, currents, and conductances were
related to gamma-band activity in the spike rasters (Fig. 1A). The
time series of the currents in Figure 2C, F together with the PSD of
the currents in Figure 2H show that (1) membrane current fluc-
tuations were in the gamma-band, (2) the membrane potentials
rose and fell in irregular ways, and (3) there were more peaks in
the membrane potentials than there were spikes. As expected
from the LIF equations that govern the time evolution of mem-
brane potentials in neurons in the CSY model (see Materials and
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Figure 2. Intracellular voltages and conductances of visually driven E- and I-cells in the CSY model. A, Membrane potential of a
model simple cell that is part of the population in Figure 1A, driven by an optimal stimulus. B, C, Membrane conductance and
currents, respectively, for the same simple cell. D–F, Corresponding plots (voltage, conductance, current) for a complex E-cell.
E-conductance is drawn in red and I-conductance in blue. Notice that E- and I-currents are almost balanced almost all the time. G,
Cross-correlation between the E- and I-currents in F and C, respectively. H, Average PSD of the E and I currents of 32 randomly
chosen simple cells and 32 complex cells in the same population as in Figure 1A. PSDs were computed for each cell and the PSDs
were averaged. Error bars mark 1 standard deviation.
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(ii) Towards V
I = �2/3 due to the inhibitory current �g
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i (t)(vi � V

I), where the inhibitory conduc-
tance g
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i (t) is determined by the spiking series generated by inhibitory cells presynaptic to neuron

i, i.e.,
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Here, SQI stands for the connectivity from an I-cell to a type-Q cell. Cell j belongs to N4C,I(i),
the collection of all presynaptic I-cells to neuron i, generating a spiking time series {t

j
}. In addi-

tion, Ggaba(t) is a Green’s function modeling the temporal increment of inhibitory conductances
induced by each I-spike through GABA receptors (details provided in Sect. S2).

(iii) Towards V
E = 14/3 due to the excitation current �g
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i (t)(vi � V

E). The excitatory conductance
of neuron i, gEi (t), consists of four components:
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(IV) Layer 4

.

Terms I-IV represent synaptic conductances induced by LGN, ambient, Layer 6 input, and Layer
4 recurrent excitation, respectively. For each neuron i, the spiking series in terms I-III are modeled
by Poisson processes as described above. For E-spikes from Layer 4 and 6, two di↵erent types of
excitatory synapses (AMPA and NMDA) induce di↵erent temporal increment of gEi (t) (term III
and IV), while only AMPA synapse is involved for LGN and ambient input (term I and II). Here,

⇢
Q
amda,nmda stand for the fractions of synaptic input received by AMPA and NMDA receptors in a

type-Q neuron; (SQlgn, SQamb, and S
QL6

, S
QE) denote the respective synaptic coupling weights

of these sources towards type-Q cells.

For the E-to-E input in Layer 4, two additional biological details are incorporated in the model. First,
we consider a possibility for synaptic failure pfail = 20%, i.e., whether the k-th spike from neuron j

successfully induces a change in g
E
i (t) depends on an independent coin-toss with p = 0.8. Second, if

a spike is “successful”, a random delay is added to t
j(k) to model the fact that E-neurons project to

the dendrites of other E-cells, instead of the soma. In all, when neuron i is an E-neuron, the term IV
in Eq. (14) is replaced by
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j(k)))
i
,

where �
j(k) stands for the coin-toss, and the ⌧

j(k) are independent, identically distributed random
delay times uniformly distributed on [0, 1] ms.

S2 Parameters

We now list the specific parameter values used. We remark that while EPSC and IPSCs have been
measured in the laboratory and so can be assumed to be known, the coupling weights — which
involve how one neuron a↵ects another — cannot be measured directly. This is the main reason we
mostly regard the coupling weights as free parameters to be investigated in this paper, in spite of
experimental evidence that may provide certain ranges for them.



frequency and phase of gamma-band
fluctuations were not constant over time.
The SD plots in Figure 1, B and C, support
the statement that gamma-band activity is
episodic in the CSY model. Further proof
was obtained by time-frequency analysis
of the SD plots, by computing the PSD
over a 200 ms window every 2.5 ms. The
spectrogram was smoothed by averag-
ing each time bin with the 8 adjacent
earlier and later time bins (!20 ms) and
by plotting the smoothed spectra versus
time as a spectrogram as was done pre-
viously for the LFP (Burns et al., 2011;
Xing et al., 2012). A representative spec-
trogram of the CSY model’s SD is plot-
ted in Figure 1F, and it offers a vivid
illustration of amplitude and frequency
variability that has been observed in V1
spectrograms, with bursts of high am-
plitude gamma interrupted by periods
of lower amplitude, and variability in
the locus in frequency of highest ampli-
tude. The similarity of the model’s spec-
trogram with data can be seen by
comparing the model’s spectrogram in
Figure 1F with a spectrogram of LFP
data (Xing et al., 2012) from macaque
V1 cortex, in Figure 1G. Data and model
agree that gamma activity is episodic (cf.
Cardin, 2016).

It is worth stating that the CSY model
was not tuned to produce gamma band
activity, but rather gamma was an emer-
gent property of the model. Chariker and
Young, (2015) demonstrated in detail and
explicitly that many different parameter
choices in recurrent networks produce
gamma band activity. Synchronous firing
in the gamma band range in the CSY
model relied on our use of biophysical
time constants but was not caused by the
tuning of parameters in a narrow range.

Membrane conductance, currents, and spike firing in model
simple and complex cells
In the CSY model, as in other conductance-based neural models,
intracellular conductances and currents determined the mem-
brane potential and spike firing. Figure 2 describes the intracel-
lular dynamics for a simple E-cell (A–C) and a complex E-cell
(D–F) from the population of neurons represented in Figure 1.
We present model data separately for simple and complex excit-
atory cells because the simple/complex dichotomy is of func-
tional importance for the visual cortex (Hubel and Wiesel, 1962;
De Valois et al., 1982) and because simple and complex cells have
different spike firing patterns. Spiking in simple cells in the CSY
model followed more faithfully the luminance variation in the
visual image, whereas spiking in model complex cells was in-
creased but not modulated much or at all by the passage of the
bars in gratings, as in the real cortex (Maffei and Fiorentini, 1973;
De Valois et al., 1982). The CSY model produced simple and
complex cells because of differential amounts of connectivity to
LGN feedforward inputs (Chariker et al., 2016).

Dynamics of membrane potentials, currents, and conductances
One crucial prediction of the CSY model is that E- and
I-conductances and currents should covary in detail in time. Figure
2 shows the waveforms of membrane potentials, conductances, and
currents in two representative model neurons over the same stretch
of time during a period of visual stimulation. E-conductance (red)
describes the summed excitatory synaptic drive from all E-synapses
on the neurons, whereas I-conductance (blue) is the summed inhib-
itory synaptic bombardment (Fig. 2B,E). I-conductance was signif-
icantly larger than E-conductance, but both conductances had very
similar temporal structure in each neuron.

The membrane potentials, currents, and conductances were
related to gamma-band activity in the spike rasters (Fig. 1A). The
time series of the currents in Figure 2C, F together with the PSD of
the currents in Figure 2H show that (1) membrane current fluc-
tuations were in the gamma-band, (2) the membrane potentials
rose and fell in irregular ways, and (3) there were more peaks in
the membrane potentials than there were spikes. As expected
from the LIF equations that govern the time evolution of mem-
brane potentials in neurons in the CSY model (see Materials and

0

0.5

1

V
 (

no
rm

al
iz

ed
) Complex cell membrane potential

500 600 700 800 900 1000
Time (ms)

0

500

1000

se
c-1

Current
0

500

se
c-1

Conductance

-10 10

Time delay (ms)

-1

1

C
or

re
la

tio
n

EI
Simple
Complex

0

0.5

1

V
 (

no
rm

al
iz

ed
) Simple cell membrane potential

500 600 700 800 900 1000
0

500

1000

se
c-1

Current
0

500

se
c-1

Conductance E
I

20 40 60 80 100
Frequency (Hz)

0

200

400

600

se
c-2

/H
z

Current PSD

E
I

F

E

D

C

B

G

A

H

Figure 2. Intracellular voltages and conductances of visually driven E- and I-cells in the CSY model. A, Membrane potential of a
model simple cell that is part of the population in Figure 1A, driven by an optimal stimulus. B, C, Membrane conductance and
currents, respectively, for the same simple cell. D–F, Corresponding plots (voltage, conductance, current) for a complex E-cell.
E-conductance is drawn in red and I-conductance in blue. Notice that E- and I-currents are almost balanced almost all the time. G,
Cross-correlation between the E- and I-currents in F and C, respectively. H, Average PSD of the E and I currents of 32 randomly
chosen simple cells and 32 complex cells in the same population as in Figure 1A. PSDs were computed for each cell and the PSDs
were averaged. Error bars mark 1 standard deviation.
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(ii) Towards V
I = �2/3 due to the inhibitory current �g
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I), where the inhibitory conduc-
tance g
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i (t) is determined by the spiking series generated by inhibitory cells presynaptic to neuron

i, i.e.,
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Here, SQI stands for the connectivity from an I-cell to a type-Q cell. Cell j belongs to N4C,I(i),
the collection of all presynaptic I-cells to neuron i, generating a spiking time series {t

j
}. In addi-

tion, Ggaba(t) is a Green’s function modeling the temporal increment of inhibitory conductances
induced by each I-spike through GABA receptors (details provided in Sect. S2).

(iii) Towards V
E = 14/3 due to the excitation current �g

E
i (t)(vi � V

E). The excitatory conductance
of neuron i, gEi (t), consists of four components:
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(IV) Layer 4

.

Terms I-IV represent synaptic conductances induced by LGN, ambient, Layer 6 input, and Layer
4 recurrent excitation, respectively. For each neuron i, the spiking series in terms I-III are modeled
by Poisson processes as described above. For E-spikes from Layer 4 and 6, two di↵erent types of
excitatory synapses (AMPA and NMDA) induce di↵erent temporal increment of gEi (t) (term III
and IV), while only AMPA synapse is involved for LGN and ambient input (term I and II). Here,

⇢
Q
amda,nmda stand for the fractions of synaptic input received by AMPA and NMDA receptors in a

type-Q neuron; (SQlgn, SQamb, and S
QL6

, S
QE) denote the respective synaptic coupling weights

of these sources towards type-Q cells.

For the E-to-E input in Layer 4, two additional biological details are incorporated in the model. First,
we consider a possibility for synaptic failure pfail = 20%, i.e., whether the k-th spike from neuron j

successfully induces a change in g
E
i (t) depends on an independent coin-toss with p = 0.8. Second, if

a spike is “successful”, a random delay is added to t
j(k) to model the fact that E-neurons project to

the dendrites of other E-cells, instead of the soma. In all, when neuron i is an E-neuron, the term IV
in Eq. (14) is replaced by

S
EE

X

j2N4C,E(i)
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j(k)
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⇢
E
ampaGampa(t� (tj(k) + ⌧
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E
nmdaGnmda(t� (tj(k) + ⌧

j(k)))
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,

where �
j(k) stands for the coin-toss, and the ⌧

j(k) are independent, identically distributed random
delay times uniformly distributed on [0, 1] ms.

S2 Parameters

We now list the specific parameter values used. We remark that while EPSC and IPSCs have been
measured in the laboratory and so can be assumed to be known, the coupling weights — which
involve how one neuron a↵ects another — cannot be measured directly. This is the main reason we
mostly regard the coupling weights as free parameters to be investigated in this paper, in spite of
experimental evidence that may provide certain ranges for them.

In our model, synchronization of spike firing in the gamma
band is graded and depends on stimulus orientation. These
results are consistent with experimental data (Eckhorn et al.,
1988; Gray and Singer, 1989; Volgushev et al., 2002; Kayser
and König, 2004; Henrie and Shapley, 2005; Womelsdorf et al.,
2012). The Fourier transform of the summed spike density of
the neurons (data not shown) has a gamma peak that was high
and narrow for the optimal stimulus, weaker and broader for
the nonpreferred stimulus, and low and very broad under
background conditions. Not only is the greater synchroniza-
tion at the preferred orientation an orientation-specific re-
sponse, it contributes to OS by amplifying the effect of
recurrent excitation locally.

It is important to emphasize that, unlike the PING model
(Whittington et al., 2000), synchronization events in our model
involve only fractions of the population, and participation varies
widely from neuron to neuron. The wide distribution of model
firing rates shown in Figure 9E does not support synchronous
spiking involving the full population. Notice in fact that most
model neurons fire at rates too low to follow the gamma-band
fluctuations. In this respect, the firing rate distributions of the
model resemble many experimental datasets (for review, see
Roxin et al., 2011; Buzsáki and Mizuseki, 2014; M. J. Hawken and
R. Shapley, unpublished V1 observations). Even though it may
appear from the raster plot in Figure 9C that the population firing
is highly synchronous, only a fraction of the population partici-

Figure 9. Dynamics of V1 population impulse trains and mean firing rates. A, Rasters of spikes of a target V1 E cell and its four LGN inputs. These are responses to an optimal drifting grating,
drifting at 4 Hz (250 ms period). White dots, ON center LGN spikes; black dots, OFF center LGN spikes; red dots, V1 spikes. B–D, Rasters of background spike firings in the cortical patch that prefers
vertical gratings in the central HC (B); rasters when the same patch is driven at the optimal (vertical) orientation of the patch (C), driven by the orthogonal orientation (D). B–D, x-axis is time; y-axis
is neuron index within the patch, sorted by number of LGN inputs; lower indices correspond to fewer LGN inputs. E cell spikes are red dots; I cell spikes are blue dots. E, Further information for the
regime depicted in C. Top, Summed spike activity of the E population as a function of time, shown in 5 ms windows. The vertical scale of the plot is the fraction of the total number of cells, illustrating
that, in what may appear to be synchronous spiking events in C, only a small fraction of all E cells are active. Bottom panels, Histograms of mean firing rates in impulses per second for E and I neurons
in the same patch, driven in the optimal orientation.
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Parameters: a conundrum
- Dynamics sensitive: 1-4%  

unrealistic response
⟹

A data-informed mean-field approach to mapping of cortical parameter landscapes 5

1.2 Parameter space to be explored

Network dynamics can be very sensitive – or relatively robust – to parameter changes, and dynamic
regimes can change di↵erently depending on which parameter (or combination of parameters) is
varied. To demonstrate the multiscale and anisotropic nature of the parameter landscape, we study
the e↵ects of parameter perturbations on L4 firing rates, using as reference point a set of biologically
realistic parameters [41]. Specifically, we denote L4 E/I-firing rates at the reference point by (f0

E , f
0
I ),

and fix a region F around (f0
E , f

0
I ) consisting of firing rates (fE , fI) we are willing to tolerate. We

then vary network parameters one at a time, changing it in small steps and computing network firing
rates (f 0E , f

0
I) until they reach the boundary of F , thereby determining the minimum perturbations

needed to force L4 firing rates out of F .

Group Parameter Meaning Value Bounds
within L4 S

EE E-to-E synaptic weight 0.024 (-3%, 1%)
S
II I-to-I synaptic weight 0.120 (-4%, 1%)

S
EI I-to-E synaptic weight 0.0362 (-1%, 3%)

S
IE E-to-I synaptic weight 0.0176 (-1%, 3%)

LGN to L4 S
Elgn lgn-to-E synaptic weight 0.048 (-5%, 3%)

S
Ilgn lgn-to-I synaptic weight 0.096 (-6%, 9%)

F
Elgn total # lgn spikes/s to E 80 Hz (-7%, 4%)

F
Ilgn total # lgn spikes/s to I 80 Hz (-9%, 11%)

L6 to L4 S
EL6 L6-to-E synaptic weight 0.008 (-16%, 11%)

S
IL6 L6-to-I synaptic weight 0.0058 (-19%, 30%)

F
EL6 total # L6 spikes/s to E 250 Hz (-16%, 10%)

F
IL6 total # L6 spikes/s to I 750 Hz (-16%, 29%)

amb to L4 S
amb ambient-to-E/I synaptic wt. 0.01 (-8%, 6%)

F
Eamb rate of ambient to E 500 Hz (-7%, 5%)

F
Iamb rate of ambient to I 500 Hz (-10%, 27%)

Table 1: Network parameters and response. Using the parameters from [41] as a reference point, we
set (f0

E , f
0
I ) = (3.85, 13.32) Hz and F =

�
(fE , fI)

�� fE/f0
E 2 (2/3, 4/3), fI/fE 2 (3, 4.5)

 
and vary one

parameter at a time. We then compute the minimum perturbation needed to force the network firing
rates out of F . Values such as F

EP, where P 2 {lgn,L6, amb}, represent the total number of spikes
per second received by an E-cell in L4 from source P . For example, in the reference set, each L4 cell
has 4 a↵erent LGN cells on average, the mean firing rate of each is assumed to be 20 spikes/s, so
F

Elgn = 80 Hz. Column 5 gives the lower and upper bounds of single-parameter variation (rounded
to the nearest 1%) from the reference point that yield firing rates within F .

Table 1 shows the results. We categorize the parameters according to the aspect of network
dynamics they govern. As can be seen, L4 firing rates show varying degrees of sensitivity to pertur-
bations in di↵erent parameter groups. They are most sensitive to perturbations to synaptic coupling
weights within L4, where deviations as small as 1% can push the firing rates out of F . This likely
reflects the delicate balance between excitation and inhibition, as well as the fact that the bulk of the
synaptic input to a L4 neuron comes from lateral interaction, facts consistent with earlier findings
[41]. With respect to parameters governing inputs from external sources, we find perturbing LGN
parameters to have the most impact, followed by amb and L6, consistent with their net influence on
gE,I in background. We also note that the parameters governing a↵erents to I cells are more tolerant
of perturbations than those for E cells.

These observations suggest that network dynamics depend in a complex and subtle way on pa-
rameters; they underscore the challenges one faces when attempting to tune parameters “by hand.”
We now identify the parameters in the network model description in Sect. 1.1 to be treated as free
parameters in the study to follow.
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realistic parameters [41]. Specifically, we denote L4 E/I-firing rates at the reference point by (f0

E , f
0
I ),

and fix a region F around (f0
E , f

0
I ) consisting of firing rates (fE , fI) we are willing to tolerate. We

then vary network parameters one at a time, changing it in small steps and computing network firing
rates (f 0E , f

0
I) until they reach the boundary of F , thereby determining the minimum perturbations

needed to force L4 firing rates out of F .

Group Parameter Meaning Value Bounds
within L4 S

EE E-to-E synaptic weight 0.024 (-3%, 1%)
S
II I-to-I synaptic weight 0.120 (-4%, 1%)

S
EI I-to-E synaptic weight 0.0362 (-1%, 3%)

S
IE E-to-I synaptic weight 0.0176 (-1%, 3%)

LGN to L4 S
Elgn lgn-to-E synaptic weight 0.048 (-5%, 3%)

S
Ilgn lgn-to-I synaptic weight 0.096 (-6%, 9%)

F
Elgn total # lgn spikes/s to E 80 Hz (-7%, 4%)

F
Ilgn total # lgn spikes/s to I 80 Hz (-9%, 11%)

L6 to L4 S
EL6 L6-to-E synaptic weight 0.008 (-16%, 11%)

S
IL6 L6-to-I synaptic weight 0.0058 (-19%, 30%)

F
EL6 total # L6 spikes/s to E 250 Hz (-16%, 10%)

F
IL6 total # L6 spikes/s to I 750 Hz (-16%, 29%)

amb to L4 S
amb ambient-to-E/I synaptic wt. 0.01 (-8%, 6%)

F
Eamb rate of ambient to E 500 Hz (-7%, 5%)

F
Iamb rate of ambient to I 500 Hz (-10%, 27%)

Table 1: Network parameters and response. Using the parameters from [41] as a reference point, we
set (f0

E , f
0
I ) = (3.85, 13.32) Hz and F =

�
(fE , fI)

�� fE/f0
E 2 (2/3, 4/3), fI/fE 2 (3, 4.5)

 
and vary one

parameter at a time. We then compute the minimum perturbation needed to force the network firing
rates out of F . Values such as F

EP, where P 2 {lgn,L6, amb}, represent the total number of spikes
per second received by an E-cell in L4 from source P . For example, in the reference set, each L4 cell
has 4 a↵erent LGN cells on average, the mean firing rate of each is assumed to be 20 spikes/s, so
F

Elgn = 80 Hz. Column 5 gives the lower and upper bounds of single-parameter variation (rounded
to the nearest 1%) from the reference point that yield firing rates within F .

Table 1 shows the results. We categorize the parameters according to the aspect of network
dynamics they govern. As can be seen, L4 firing rates show varying degrees of sensitivity to pertur-
bations in di↵erent parameter groups. They are most sensitive to perturbations to synaptic coupling
weights within L4, where deviations as small as 1% can push the firing rates out of F . This likely
reflects the delicate balance between excitation and inhibition, as well as the fact that the bulk of the
synaptic input to a L4 neuron comes from lateral interaction, facts consistent with earlier findings
[41]. With respect to parameters governing inputs from external sources, we find perturbing LGN
parameters to have the most impact, followed by amb and L6, consistent with their net influence on
gE,I in background. We also note that the parameters governing a↵erents to I cells are more tolerant
of perturbations than those for E cells.

These observations suggest that network dynamics depend in a complex and subtle way on pa-
rameters; they underscore the challenges one faces when attempting to tune parameters “by hand.”
We now identify the parameters in the network model description in Sect. 1.1 to be treated as free
parameters in the study to follow.
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i (VE−v̄i) + ḡI
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Fig. 9: The MF+v algorithm. A. Schematic of the algorithm. We begin by choosing initial values
f
0
E and f

0
I . These values are used to drive a pair of LIF neurons for 20 seconds (biological time). The

resulting membrane voltages are then fed into the MF equation (8), which gives us firing rates for the
next iteration. This is repeated until certain convergence criteria are met (see text). In the above, all
dashed lines are modeled by Poisson processes. B. 500 training iterations of the MF+v. The means
of every 100 iterations are indicated by green crosses, stability properties of which are quite evident.
C. Comparison of network (black) and MF+v computed (red) firing rates.
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Fig. 1: Canonical structures in an inhibition plane. A. Firing rates contours computed from firing
rate maps on a 480⇥480 grid, showing fE = 1 � 6 Hz (red) and fI = 6 � 24 Hz (blue). The good
area is indicated by the black dash lines (fE 2 (3, 5) Hz and fI/fE 2 (3, 4.25)); the reference point is
indicated by the purple star (?). The MF+v method becomes unstable and fails when the inhibitory
index SIE is too low (the gray region). B. Firing rate maps of fE (upper) and fI (lower), in which
the good areas are indicated by white bands surrounded by black dash lines. The other five free
parameters are as in Table 1: SEE = 0.024, SII = 0.12, SElgn = 2 ⇥ S

EE , SIlgn = 2 ⇥ S
Elgn, and

F
IL6 = 3⇥ F

EL6.

our thinking about parameter space. Fig. 1A shows one such 2D slice. We computed raw contour
curves for fE and fI on a 480⇥ 480 grid using the MF+v algorithm, with red curves for fE and blue
for fI .

A striking feature of Fig. 1A is that the level curves are roughly hyperbolic in shape. We argue
that this is necessarily so. First, note that in Fig. 1A, we used S

IE
/S

II as x-axis and S
EI

/S
EE as

y-axis. The reason for this choice is that S
IE

/S
II can be viewed as the degree of cortical excitation

of I-cells, and S
EI

/S
EE the suppressive power of I-cells from the perspective of E-cells. The product

SIE :=
S
EI

SEE
⇥

S
IE

SII

can therefore be seen as a suppression index for E-cells: the larger this quantity, the smaller fE . This
suggests that the contours for fE should be of the form xy = constant, i.e., they should have the shape
of hyperbolas. As E and I firing rates in local populations are known to covary, these approximately
hyperbolic shapes are passed to contours of fI .

A second feature of Fig. 1A is that fI contours are less steep than those of fE at lower firing rates.
That I-firing covaries with E-firing is due in part to the fact that I-cells receive a large portion of
their excitatory input from E-cells through lateral interaction, at least when E-firing is robust. When
fE is low, fI is lowered as well as I-cells lose their supply of excitation from E-cells, but the drop is
less severe as I-cells also receive excitatory input from external sources. This causes fI contours to
bend upwards relative to the fE-hyperbolas at lower firing rates, a fact quite evident from Fig. 1.
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the good areas are indicated by white bands surrounded by black dash lines. The other five free
parameters are as in Table 1: SEE = 0.024, SII = 0.12, SElgn = 2 ⇥ S
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our thinking about parameter space. Fig. 1A shows one such 2D slice. We computed raw contour
curves for fE and fI on a 480⇥ 480 grid using the MF+v algorithm, with red curves for fE and blue
for fI .

A striking feature of Fig. 1A is that the level curves are roughly hyperbolic in shape. We argue
that this is necessarily so. First, note that in Fig. 1A, we used S

IE
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II as x-axis and S
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/S
EE as

y-axis. The reason for this choice is that S
IE

/S
II can be viewed as the degree of cortical excitation

of I-cells, and S
EI

/S
EE the suppressive power of I-cells from the perspective of E-cells. The product

SIE :=
S
EI

SEE
⇥

S
IE

SII

can therefore be seen as a suppression index for E-cells: the larger this quantity, the smaller fE . This
suggests that the contours for fE should be of the form xy = constant, i.e., they should have the shape
of hyperbolas. As E and I firing rates in local populations are known to covary, these approximately
hyperbolic shapes are passed to contours of fI .

A second feature of Fig. 1A is that fI contours are less steep than those of fE at lower firing rates.
That I-firing covaries with E-firing is due in part to the fact that I-cells receive a large portion of
their excitatory input from E-cells through lateral interaction, at least when E-firing is robust. When
fE is low, fI is lowered as well as I-cells lose their supply of excitation from E-cells, but the drop is
less severe as I-cells also receive excitatory input from external sources. This causes fI contours to
bend upwards relative to the fE-hyperbolas at lower firing rates, a fact quite evident from Fig. 1.

codim-1 • non-generic • sensitivity + robustness∼

Xiao, KL, Young, 
PLoS Computat Biol 2022
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Fig. 2: Dependence of firing rate and good area on LGN synaptic strengths. A 3⇥4 matrix of panels
is shown: each row corresponds to a fixed value of S

Ilgn
/S

Elgn and each column a fixed value of
S
Elgn

/S
EE . Each panel shows a heat map for fE on an inhibition plane (color bar on the right);

x and y-axes are as in Fig. 1. Good areas are in white, and their centers of mass marked by black
crosses. The picture for S

Elgn
/S

EE = 2 and S
Ilgn

/S
Elgn = 2 (row 2, column 2) corresponds to the

fE rate map in Fig. 1. Other free parameters are S
EE = 0.024, SII = 0.12, and F

IL6 = 3⇥ F
EL6.

contours farther apart, stretching out the picture in a northeasterly direction perpendicular to the
hyperbolas and widening the good area.

Going down the columns of the matrix, we observe a compression of the contours along the same
northeasterly axis and a leftward shift of the black crosses. Recall that the only source of excitation
of I-cells counted in the SIE-index is from L4 (hence also L6). When LGN to E is fixed and LGN
to I is increased, the additional external drive to I produces a larger amount of suppression than
the SIE-index would indicate, hence the compression. It also reduces the amount of SIE needed to
produce the same I-firing rate, hence the leftward shift of the good area.

The changes in LGN input to E and to I shown cover nearly all of the biological range. We did
not show the row corresponding to S

Ilgn
/S

Elgn = 3 because the same trend continues and there are
no viable regions. Notice that even though we have only shown a 3⇥ 4 matrix of panels, the trends
are clear and one can easily interpolate between panels.

LGN-to-I versus L6-to-I

Next, we examine the relation between two sources of external drive: LGN and L6. In principle,
this involves a total of 8 quantities: total number of spikes and coupling weights, from LGN and
from L6, received by E and I-neurons in L4. As discussed in Sect. 1.2, enough is known about several
of these quantities for us to treat them as “fixed”, leaving as free parameters the following three:
S
Elgn

, S
Ilgn and F

IL6. Above, we focused on S
Ilgn

/S
Elgn, the impact of LGN on I relative to E. We

now compare S
Ilgn

/S
Elgn to F

IL6
/F

EL6, the corresponding quantity with L6 in the place of LGN.
As there is little experimental guidance with regard to the range of F

IL6, we will explore a
relatively wide region of F IL6: Guided by the fact that

(# presynaptic E to an I-cell) / (# presynaptic E to an E-cell) ⇠ 3.5� 4 ,

Xiao, KL, Young, PLoS Computat Biol 2022
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Conclusions
1. MF+v: efficient & accurate surrogates 

2. Inhibition planes — conceptualize cortical 
viable parameters

Next 
- V1 under drive; larger cortical circuits

- Why does MF work?

- Future: multi-fidelity “biology-preserving” data 

driven models?
References 
- Z-C Xiao, KKL, L-S Young, PLoS Comp. Biol. (2022)
Thanks to NSF, organizers…

Advertising  ⟹



Research Training Group in Data Driven Discovery

Faculty, postdocs, graduate 
& undergrad students

Seeking 2 postdocs* to 
start Fall 2023 

More info: 
klin@math.arizona.edu

Physics-informed ML, turbulence, power systems, NLP, 
medical imaging, biological fluid dynamics, model reduction, …

* US citizenship or permanent 
residency required

Current RTG Faculty

Kevin Lin PI Misha Chertkov co-PI; 
Chair, Applied Mathematics

Dave Glickenstein co-PI; 
Director of Graduate 
Studies in Mathematics

Helen Zhang co-PI; Chair, 
Statistics

Laura Miller co-PI

Ali Bilgin Biomed Engr Ning Hao Mathematics  
Leonid Kunyansky Math

Selena Niu Mathematics

Megha Padi MCB

Marek Rychlik  Math Shankar Venkataramani 


