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Summary-In this paper, we analyze the activity of single fibers
in the optic nerve of a frog. Our method is to find what sort of stimu-
lus causes the largest activity in one nerve fiber and then what is the
exciting aspect of that stimulus such that variations in everything else
cause little change in the response. It has been known for the past
20 years that each fiber is connected not to a few rods and cones in
the retina but to very many over a fair area. Our results show that for
the most part within that area, it is not the light intensity itself but
rather the pattern of local variation of intensity that is the exciting
factor. There are four types of fibers, each type concerned with a dif-
ferent sort of pattern. Each type is uniformly distributed over the
whole retina of the frog. Thus, there are four distinct parallel dis-
tributed channels whereby the frog's eye informs his brain about the
visual image in terms of local pattern independent of average
illumination. We describe the patterns and show the functional and
anatomical separation of the channels. This work has been done on
the frog, and our interpretation applies only to the frog.

INTRODUCTION

Behavior of a Frog
t FROG hunts on land by vision. He escapes

enemies mainly by seeing them. His eyes do not
move, as do ours, to follow prey, attend suspi-

cious events, or search for things of interest. If his body
changes its position with respect to gravity or the whole
visual world is rotated about him, then he shows coin-
pensatory eye movements. These movements enter his
hunting and evading habits only, e.g., as he sits on a
rocking lily pad. Thus his eyes are actively stabilized.
He has no fovea, or region of greatest acuity in vision,
upon which he must ceniter a part of the image. He also
has only a single visual system, retina to colliculus, not
a double one such as ours where the retina send& Thbers
not only to colliculus but to the lateral geniculatt; body
which relays to cerebral cortex. Thus, we chose to work
oni the frog because of the uniformity of his retina, the
normal lack of eye and head movements except for
those which stabilize the retinal image, and the relative
simplicity of the connection of his eye to his brain1.
The frog does not seem to see or, at any rate, is not

conicerned with the detail of stationary parts of the
world around him. He will starve to death surrounided
by food if it is not moving. His choice of food is deter-
mined only by size and movement. He will leap to cap-
ture any object the size of an insect or worm, providing
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it moves like one. He can be fooled easily not only by a
bit of dangled meat but by any moving small object.
His sex life is conducted by sound and touch. His choice
of paths in escaping enemies does not seem to be gov-
erned by anything more devious than leaping to where
it is darker. Since he is equally at home in water and on
lanid, why should it matter where he lights after jumping
or what particular direction he takes? He does remember
a moving thing providing it stays within his field of
vision and he is not distracted.

A natomy of Frog Visual A pparatus
The retina of a frog is shown in Fig. l(a). Between

the rods and cones of the retina and the ganglion cells,
whose axons form the optic nerve, lies a layer of con-
necting neurons (bipolars, horizontals, and amacrines).
In the frog there are about 1 million receptors, 21 to 31
million conniecting neurons, and half a million ganglion
cells [1]. The connections are such that there is a syn-
aptic path from a rod or cone to a great many ganglion
cells, and a ganglion cell receives paths from a great
many thousand receptors. Clearly, such an arrangement
would not allow for good resolution were the retina
meant to map an image in terms of light intensity point
by point inito a distribution of excitement in the optic
nerve.
There is only one layer of ganglion cells in the frog.

These cells are half a million in number (as against one
million rods and cones). The neurons are packed to-
gether tightly in a sheet at the level of the cell bodies.
Their denidrites, which may extend laterally from 50,u to
500 ,u, interlace widely into what is called the inner plexi-
forml layer, which is a close-packed neuropil containing
the terminal arbors of those neurons that lie between re-
ceptors and ganglion cells. Thus, the amount of overlap
of adjacent ganglioni cells is enormous in respect to
what they see. Morphologically, there are several types
of these cells that are as distinct ini their dendritic pat-
terns as different species of trees, from which we infer
that they work in different ways. The anatomy shown
in the figures is that found in standard referenices. Fur-
ther discussion of anatomiiical questionis and additioinal
original work on themn will appear in a later publicationi.
Physiology as Known up to This Stutdy

Hartline [21 first used the term receptive field for the
region of retina within which a local change of bright-
ness would cause the ganglion cell he xwas observing to
discharge. Such a region is sometimes surrounded by ani
annulus, within which changes of brightness affect the
cell's response to what is occurring in the receptive field,
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In 1959, Jerry Lettvin (trained as a psychiatrist, professor of 
“communications physiology” at MIT) and colleagues published an 
influential research article entitled "What the Frog's Eye Tells the 
Frog's Brain."  They recorded from individual fibers (axons) in the 
optic nerve of frogs and discovered that many retinal ganglion cells 
(output layer of retina) were extremely selective for the kinds of 
things that frogs ought to care about.



"A frog hunts on land by vision... The frog does not seem to see or, 
at any rate, is not concerned with the detail of stationary parts of the 
world around him. He will starve to death surrounded by food if it 
is not moving. His choice of food is determined only by size and 
movement. He will leap to capture any object the size of an insect 
or worm, provided it moves like one.”

Neuroethology is an evolutionary and comparative approach that 
focuses on biologically relevant stimuli and how the central 
nervous system translates these stimuli into natural behavior.

neurobiology (the study of the nervous system) 
ethology (the study of animal behavior in natural conditions). 

https://en.wikipedia.org/wiki/Neurobiology
https://en.wikipedia.org/wiki/Ethology
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retinal ganglion cells - whose activity comprises 
the output of the retina - respond selectivity to 

certain aspects of visual stimuli



PROCEEDINGS OF THE IRE

What the Frog's Eye Tells the Frog's Brain *
J. Y. LETTVINt, H. R. MATURANAT, W. S. McCULLOCH||, SENIOR MEMBER, IRE,

AND W. H. PITTS|

Summary-In this paper, we analyze the activity of single fibers
in the optic nerve of a frog. Our method is to find what sort of stimu-
lus causes the largest activity in one nerve fiber and then what is the
exciting aspect of that stimulus such that variations in everything else
cause little change in the response. It has been known for the past
20 years that each fiber is connected not to a few rods and cones in
the retina but to very many over a fair area. Our results show that for
the most part within that area, it is not the light intensity itself but
rather the pattern of local variation of intensity that is the exciting
factor. There are four types of fibers, each type concerned with a dif-
ferent sort of pattern. Each type is uniformly distributed over the
whole retina of the frog. Thus, there are four distinct parallel dis-
tributed channels whereby the frog's eye informs his brain about the
visual image in terms of local pattern independent of average
illumination. We describe the patterns and show the functional and
anatomical separation of the channels. This work has been done on
the frog, and our interpretation applies only to the frog.

INTRODUCTION

Behavior of a Frog
t FROG hunts on land by vision. He escapes

enemies mainly by seeing them. His eyes do not
move, as do ours, to follow prey, attend suspi-

cious events, or search for things of interest. If his body
changes its position with respect to gravity or the whole
visual world is rotated about him, then he shows coin-
pensatory eye movements. These movements enter his
hunting and evading habits only, e.g., as he sits on a
rocking lily pad. Thus his eyes are actively stabilized.
He has no fovea, or region of greatest acuity in vision,
upon which he must ceniter a part of the image. He also
has only a single visual system, retina to colliculus, not
a double one such as ours where the retina send& Thbers
not only to colliculus but to the lateral geniculatt; body
which relays to cerebral cortex. Thus, we chose to work
oni the frog because of the uniformity of his retina, the
normal lack of eye and head movements except for
those which stabilize the retinal image, and the relative
simplicity of the connection of his eye to his brain1.
The frog does not seem to see or, at any rate, is not

conicerned with the detail of stationary parts of the
world around him. He will starve to death surrounided
by food if it is not moving. His choice of food is deter-
mined only by size and movement. He will leap to cap-
ture any object the size of an insect or worm, providing

* Original manuscript received by the IRE, September 3, 1959.
This work was supported in part by the U. S. Army (Signal Corps),

the U. S. Air Force (Office of Sci. Res., Air Res. and Dev. Command),
and the U. S. Navy (Office of Naval Res.); and in part by Bell Tele-
phone Labs., Inc.

t Res. Lab. of Electronics and Dept. of Biology, Mass. Inst. Tech.,
Cambridge, Mass.

$ Res. Lab. of Electronics, Mass. Inst. Tech., Cambridge, Mass.,
on leave from the University of Chile, Santiago, Chile.

11 Res. Lab. of Electronics, Mass. Inst. Tech., Cambridge, Mass.

it moves like one. He can be fooled easily not only by a
bit of dangled meat but by any moving small object.
His sex life is conducted by sound and touch. His choice
of paths in escaping enemies does not seem to be gov-
erned by anything more devious than leaping to where
it is darker. Since he is equally at home in water and on
lanid, why should it matter where he lights after jumping
or what particular direction he takes? He does remember
a moving thing providing it stays within his field of
vision and he is not distracted.

A natomy of Frog Visual A pparatus
The retina of a frog is shown in Fig. l(a). Between

the rods and cones of the retina and the ganglion cells,
whose axons form the optic nerve, lies a layer of con-
necting neurons (bipolars, horizontals, and amacrines).
In the frog there are about 1 million receptors, 21 to 31
million conniecting neurons, and half a million ganglion
cells [1]. The connections are such that there is a syn-
aptic path from a rod or cone to a great many ganglion
cells, and a ganglion cell receives paths from a great
many thousand receptors. Clearly, such an arrangement
would not allow for good resolution were the retina
meant to map an image in terms of light intensity point
by point inito a distribution of excitement in the optic
nerve.
There is only one layer of ganglion cells in the frog.

These cells are half a million in number (as against one
million rods and cones). The neurons are packed to-
gether tightly in a sheet at the level of the cell bodies.
Their denidrites, which may extend laterally from 50,u to
500 ,u, interlace widely into what is called the inner plexi-
forml layer, which is a close-packed neuropil containing
the terminal arbors of those neurons that lie between re-
ceptors and ganglion cells. Thus, the amount of overlap
of adjacent ganglioni cells is enormous in respect to
what they see. Morphologically, there are several types
of these cells that are as distinct ini their dendritic pat-
terns as different species of trees, from which we infer
that they work in different ways. The anatomy shown
in the figures is that found in standard referenices. Fur-
ther discussion of anatomiiical questionis and additioinal
original work on themn will appear in a later publicationi.
Physiology as Known up to This Stutdy

Hartline [21 first used the term receptive field for the
region of retina within which a local change of bright-
ness would cause the ganglion cell he xwas observing to
discharge. Such a region is sometimes surrounded by ani
annulus, within which changes of brightness affect the
cell's response to what is occurring in the receptive field,

Novmber1940

PROCEEDINGS OF THE IRE

What the Frog's Eye Tells the Frog's Brain *
J. Y. LETTVINt, H. R. MATURANAT, W. S. McCULLOCH||, SENIOR MEMBER, IRE,

AND W. H. PITTS|

Summary-In this paper, we analyze the activity of single fibers
in the optic nerve of a frog. Our method is to find what sort of stimu-
lus causes the largest activity in one nerve fiber and then what is the
exciting aspect of that stimulus such that variations in everything else
cause little change in the response. It has been known for the past
20 years that each fiber is connected not to a few rods and cones in
the retina but to very many over a fair area. Our results show that for
the most part within that area, it is not the light intensity itself but
rather the pattern of local variation of intensity that is the exciting
factor. There are four types of fibers, each type concerned with a dif-
ferent sort of pattern. Each type is uniformly distributed over the
whole retina of the frog. Thus, there are four distinct parallel dis-
tributed channels whereby the frog's eye informs his brain about the
visual image in terms of local pattern independent of average
illumination. We describe the patterns and show the functional and
anatomical separation of the channels. This work has been done on
the frog, and our interpretation applies only to the frog.

INTRODUCTION

Behavior of a Frog
t FROG hunts on land by vision. He escapes

enemies mainly by seeing them. His eyes do not
move, as do ours, to follow prey, attend suspi-

cious events, or search for things of interest. If his body
changes its position with respect to gravity or the whole
visual world is rotated about him, then he shows coin-
pensatory eye movements. These movements enter his
hunting and evading habits only, e.g., as he sits on a
rocking lily pad. Thus his eyes are actively stabilized.
He has no fovea, or region of greatest acuity in vision,
upon which he must ceniter a part of the image. He also
has only a single visual system, retina to colliculus, not
a double one such as ours where the retina send& Thbers
not only to colliculus but to the lateral geniculatt; body
which relays to cerebral cortex. Thus, we chose to work
oni the frog because of the uniformity of his retina, the
normal lack of eye and head movements except for
those which stabilize the retinal image, and the relative
simplicity of the connection of his eye to his brain1.
The frog does not seem to see or, at any rate, is not

conicerned with the detail of stationary parts of the
world around him. He will starve to death surrounided
by food if it is not moving. His choice of food is deter-
mined only by size and movement. He will leap to cap-
ture any object the size of an insect or worm, providing

* Original manuscript received by the IRE, September 3, 1959.
This work was supported in part by the U. S. Army (Signal Corps),

the U. S. Air Force (Office of Sci. Res., Air Res. and Dev. Command),
and the U. S. Navy (Office of Naval Res.); and in part by Bell Tele-
phone Labs., Inc.

t Res. Lab. of Electronics and Dept. of Biology, Mass. Inst. Tech.,
Cambridge, Mass.

$ Res. Lab. of Electronics, Mass. Inst. Tech., Cambridge, Mass.,
on leave from the University of Chile, Santiago, Chile.

11 Res. Lab. of Electronics, Mass. Inst. Tech., Cambridge, Mass.

it moves like one. He can be fooled easily not only by a
bit of dangled meat but by any moving small object.
His sex life is conducted by sound and touch. His choice
of paths in escaping enemies does not seem to be gov-
erned by anything more devious than leaping to where
it is darker. Since he is equally at home in water and on
lanid, why should it matter where he lights after jumping
or what particular direction he takes? He does remember
a moving thing providing it stays within his field of
vision and he is not distracted.

A natomy of Frog Visual A pparatus
The retina of a frog is shown in Fig. l(a). Between

the rods and cones of the retina and the ganglion cells,
whose axons form the optic nerve, lies a layer of con-
necting neurons (bipolars, horizontals, and amacrines).
In the frog there are about 1 million receptors, 21 to 31
million conniecting neurons, and half a million ganglion
cells [1]. The connections are such that there is a syn-
aptic path from a rod or cone to a great many ganglion
cells, and a ganglion cell receives paths from a great
many thousand receptors. Clearly, such an arrangement
would not allow for good resolution were the retina
meant to map an image in terms of light intensity point
by point inito a distribution of excitement in the optic
nerve.
There is only one layer of ganglion cells in the frog.

These cells are half a million in number (as against one
million rods and cones). The neurons are packed to-
gether tightly in a sheet at the level of the cell bodies.
Their denidrites, which may extend laterally from 50,u to
500 ,u, interlace widely into what is called the inner plexi-
forml layer, which is a close-packed neuropil containing
the terminal arbors of those neurons that lie between re-
ceptors and ganglion cells. Thus, the amount of overlap
of adjacent ganglioni cells is enormous in respect to
what they see. Morphologically, there are several types
of these cells that are as distinct ini their dendritic pat-
terns as different species of trees, from which we infer
that they work in different ways. The anatomy shown
in the figures is that found in standard referenices. Fur-
ther discussion of anatomiiical questionis and additioinal
original work on themn will appear in a later publicationi.
Physiology as Known up to This Stutdy

Hartline [21 first used the term receptive field for the
region of retina within which a local change of bright-
ness would cause the ganglion cell he xwas observing to
discharge. Such a region is sometimes surrounded by ani
annulus, within which changes of brightness affect the
cell's response to what is occurring in the receptive field,

Novmber1940

activity recorded from axons of the optic tract is 
the final output of many interacting photoreceptors 

and multiple layers of retinal cells

the concept of the receptive field
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exciting aspect of that stimulus such that variations in everything else
cause little change in the response. It has been known for the past
20 years that each fiber is connected not to a few rods and cones in
the retina but to very many over a fair area. Our results show that for
the most part within that area, it is not the light intensity itself but
rather the pattern of local variation of intensity that is the exciting
factor. There are four types of fibers, each type concerned with a dif-
ferent sort of pattern. Each type is uniformly distributed over the
whole retina of the frog. Thus, there are four distinct parallel dis-
tributed channels whereby the frog's eye informs his brain about the
visual image in terms of local pattern independent of average
illumination. We describe the patterns and show the functional and
anatomical separation of the channels. This work has been done on
the frog, and our interpretation applies only to the frog.

INTRODUCTION

Behavior of a Frog
t FROG hunts on land by vision. He escapes

enemies mainly by seeing them. His eyes do not
move, as do ours, to follow prey, attend suspi-

cious events, or search for things of interest. If his body
changes its position with respect to gravity or the whole
visual world is rotated about him, then he shows coin-
pensatory eye movements. These movements enter his
hunting and evading habits only, e.g., as he sits on a
rocking lily pad. Thus his eyes are actively stabilized.
He has no fovea, or region of greatest acuity in vision,
upon which he must ceniter a part of the image. He also
has only a single visual system, retina to colliculus, not
a double one such as ours where the retina send& Thbers
not only to colliculus but to the lateral geniculatt; body
which relays to cerebral cortex. Thus, we chose to work
oni the frog because of the uniformity of his retina, the
normal lack of eye and head movements except for
those which stabilize the retinal image, and the relative
simplicity of the connection of his eye to his brain1.
The frog does not seem to see or, at any rate, is not

conicerned with the detail of stationary parts of the
world around him. He will starve to death surrounided
by food if it is not moving. His choice of food is deter-
mined only by size and movement. He will leap to cap-
ture any object the size of an insect or worm, providing

* Original manuscript received by the IRE, September 3, 1959.
This work was supported in part by the U. S. Army (Signal Corps),

the U. S. Air Force (Office of Sci. Res., Air Res. and Dev. Command),
and the U. S. Navy (Office of Naval Res.); and in part by Bell Tele-
phone Labs., Inc.

t Res. Lab. of Electronics and Dept. of Biology, Mass. Inst. Tech.,
Cambridge, Mass.

$ Res. Lab. of Electronics, Mass. Inst. Tech., Cambridge, Mass.,
on leave from the University of Chile, Santiago, Chile.

11 Res. Lab. of Electronics, Mass. Inst. Tech., Cambridge, Mass.

it moves like one. He can be fooled easily not only by a
bit of dangled meat but by any moving small object.
His sex life is conducted by sound and touch. His choice
of paths in escaping enemies does not seem to be gov-
erned by anything more devious than leaping to where
it is darker. Since he is equally at home in water and on
lanid, why should it matter where he lights after jumping
or what particular direction he takes? He does remember
a moving thing providing it stays within his field of
vision and he is not distracted.

A natomy of Frog Visual A pparatus
The retina of a frog is shown in Fig. l(a). Between

the rods and cones of the retina and the ganglion cells,
whose axons form the optic nerve, lies a layer of con-
necting neurons (bipolars, horizontals, and amacrines).
In the frog there are about 1 million receptors, 21 to 31
million conniecting neurons, and half a million ganglion
cells [1]. The connections are such that there is a syn-
aptic path from a rod or cone to a great many ganglion
cells, and a ganglion cell receives paths from a great
many thousand receptors. Clearly, such an arrangement
would not allow for good resolution were the retina
meant to map an image in terms of light intensity point
by point inito a distribution of excitement in the optic
nerve.
There is only one layer of ganglion cells in the frog.

These cells are half a million in number (as against one
million rods and cones). The neurons are packed to-
gether tightly in a sheet at the level of the cell bodies.
Their denidrites, which may extend laterally from 50,u to
500 ,u, interlace widely into what is called the inner plexi-
forml layer, which is a close-packed neuropil containing
the terminal arbors of those neurons that lie between re-
ceptors and ganglion cells. Thus, the amount of overlap
of adjacent ganglioni cells is enormous in respect to
what they see. Morphologically, there are several types
of these cells that are as distinct ini their dendritic pat-
terns as different species of trees, from which we infer
that they work in different ways. The anatomy shown
in the figures is that found in standard referenices. Fur-
ther discussion of anatomiiical questionis and additioinal
original work on themn will appear in a later publicationi.
Physiology as Known up to This Stutdy

Hartline [21 first used the term receptive field for the
region of retina within which a local change of bright-
ness would cause the ganglion cell he xwas observing to
discharge. Such a region is sometimes surrounded by ani
annulus, within which changes of brightness affect the
cell's response to what is occurring in the receptive field,
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it moves like one. He can be fooled easily not only by a
bit of dangled meat but by any moving small object.
His sex life is conducted by sound and touch. His choice
of paths in escaping enemies does not seem to be gov-
erned by anything more devious than leaping to where
it is darker. Since he is equally at home in water and on
lanid, why should it matter where he lights after jumping
or what particular direction he takes? He does remember
a moving thing providing it stays within his field of
vision and he is not distracted.

A natomy of Frog Visual A pparatus
The retina of a frog is shown in Fig. l(a). Between

the rods and cones of the retina and the ganglion cells,
whose axons form the optic nerve, lies a layer of con-
necting neurons (bipolars, horizontals, and amacrines).
In the frog there are about 1 million receptors, 21 to 31
million conniecting neurons, and half a million ganglion
cells [1]. The connections are such that there is a syn-
aptic path from a rod or cone to a great many ganglion
cells, and a ganglion cell receives paths from a great
many thousand receptors. Clearly, such an arrangement
would not allow for good resolution were the retina
meant to map an image in terms of light intensity point
by point inito a distribution of excitement in the optic
nerve.
There is only one layer of ganglion cells in the frog.

These cells are half a million in number (as against one
million rods and cones). The neurons are packed to-
gether tightly in a sheet at the level of the cell bodies.
Their denidrites, which may extend laterally from 50,u to
500 ,u, interlace widely into what is called the inner plexi-
forml layer, which is a close-packed neuropil containing
the terminal arbors of those neurons that lie between re-
ceptors and ganglion cells. Thus, the amount of overlap
of adjacent ganglioni cells is enormous in respect to
what they see. Morphologically, there are several types
of these cells that are as distinct ini their dendritic pat-
terns as different species of trees, from which we infer
that they work in different ways. The anatomy shown
in the figures is that found in standard referenices. Fur-
ther discussion of anatomiiical questionis and additioinal
original work on themn will appear in a later publicationi.
Physiology as Known up to This Stutdy

Hartline [21 first used the term receptive field for the
region of retina within which a local change of bright-
ness would cause the ganglion cell he xwas observing to
discharge. Such a region is sometimes surrounded by ani
annulus, within which changes of brightness affect the
cell's response to what is occurring in the receptive field,
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His sex life is conducted by sound and touch. His choice
of paths in escaping enemies does not seem to be gov-
erned by anything more devious than leaping to where
it is darker. Since he is equally at home in water and on
lanid, why should it matter where he lights after jumping
or what particular direction he takes? He does remember
a moving thing providing it stays within his field of
vision and he is not distracted.

A natomy of Frog Visual A pparatus
The retina of a frog is shown in Fig. l(a). Between

the rods and cones of the retina and the ganglion cells,
whose axons form the optic nerve, lies a layer of con-
necting neurons (bipolars, horizontals, and amacrines).
In the frog there are about 1 million receptors, 21 to 31
million conniecting neurons, and half a million ganglion
cells [1]. The connections are such that there is a syn-
aptic path from a rod or cone to a great many ganglion
cells, and a ganglion cell receives paths from a great
many thousand receptors. Clearly, such an arrangement
would not allow for good resolution were the retina
meant to map an image in terms of light intensity point
by point inito a distribution of excitement in the optic
nerve.
There is only one layer of ganglion cells in the frog.

These cells are half a million in number (as against one
million rods and cones). The neurons are packed to-
gether tightly in a sheet at the level of the cell bodies.
Their denidrites, which may extend laterally from 50,u to
500 ,u, interlace widely into what is called the inner plexi-
forml layer, which is a close-packed neuropil containing
the terminal arbors of those neurons that lie between re-
ceptors and ganglion cells. Thus, the amount of overlap
of adjacent ganglioni cells is enormous in respect to
what they see. Morphologically, there are several types
of these cells that are as distinct ini their dendritic pat-
terns as different species of trees, from which we infer
that they work in different ways. The anatomy shown
in the figures is that found in standard referenices. Fur-
ther discussion of anatomiiical questionis and additioinal
original work on themn will appear in a later publicationi.
Physiology as Known up to This Stutdy
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it moves like one. He can be fooled easily not only by a
bit of dangled meat but by any moving small object.
His sex life is conducted by sound and touch. His choice
of paths in escaping enemies does not seem to be gov-
erned by anything more devious than leaping to where
it is darker. Since he is equally at home in water and on
lanid, why should it matter where he lights after jumping
or what particular direction he takes? He does remember
a moving thing providing it stays within his field of
vision and he is not distracted.

A natomy of Frog Visual A pparatus
The retina of a frog is shown in Fig. l(a). Between

the rods and cones of the retina and the ganglion cells,
whose axons form the optic nerve, lies a layer of con-
necting neurons (bipolars, horizontals, and amacrines).
In the frog there are about 1 million receptors, 21 to 31
million conniecting neurons, and half a million ganglion
cells [1]. The connections are such that there is a syn-
aptic path from a rod or cone to a great many ganglion
cells, and a ganglion cell receives paths from a great
many thousand receptors. Clearly, such an arrangement
would not allow for good resolution were the retina
meant to map an image in terms of light intensity point
by point inito a distribution of excitement in the optic
nerve.
There is only one layer of ganglion cells in the frog.

These cells are half a million in number (as against one
million rods and cones). The neurons are packed to-
gether tightly in a sheet at the level of the cell bodies.
Their denidrites, which may extend laterally from 50,u to
500 ,u, interlace widely into what is called the inner plexi-
forml layer, which is a close-packed neuropil containing
the terminal arbors of those neurons that lie between re-
ceptors and ganglion cells. Thus, the amount of overlap
of adjacent ganglioni cells is enormous in respect to
what they see. Morphologically, there are several types
of these cells that are as distinct ini their dendritic pat-
terns as different species of trees, from which we infer
that they work in different ways. The anatomy shown
in the figures is that found in standard referenices. Fur-
ther discussion of anatomiiical questionis and additioinal
original work on themn will appear in a later publicationi.
Physiology as Known up to This Stutdy

Hartline [21 first used the term receptive field for the
region of retina within which a local change of bright-
ness would cause the ganglion cell he xwas observing to
discharge. Such a region is sometimes surrounded by ani
annulus, within which changes of brightness affect the
cell's response to what is occurring in the receptive field,
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four (4) different parallel channels of 
information from frog eye to frog brain



"To our minds, this group contains the most remarkable elements 
in the optic nerve... We have been tempted to call them “bug 
detectors”... A delightful exhibit uses a large color photograph of 
the natural habitat of a frog from a frog's eye view [of course, 
with] flowers and grass. We can move this photograph... waving it 
around... and there is no response. If we perch with a magnet a 
fly-sized object on the... picture... and move only the object we 
get an excellent response. If the object is fixed to the picture... and 
the whole moved about, then there is none. Could one better 
describe a system for detecting an accessible bug?

Lettvin describes the 2nd of 4 types of fibers/channels

“bug detectors”
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bit of dangled meat but by any moving small object.
His sex life is conducted by sound and touch. His choice
of paths in escaping enemies does not seem to be gov-
erned by anything more devious than leaping to where
it is darker. Since he is equally at home in water and on
lanid, why should it matter where he lights after jumping
or what particular direction he takes? He does remember
a moving thing providing it stays within his field of
vision and he is not distracted.
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the rods and cones of the retina and the ganglion cells,
whose axons form the optic nerve, lies a layer of con-
necting neurons (bipolars, horizontals, and amacrines).
In the frog there are about 1 million receptors, 21 to 31
million conniecting neurons, and half a million ganglion
cells [1]. The connections are such that there is a syn-
aptic path from a rod or cone to a great many ganglion
cells, and a ganglion cell receives paths from a great
many thousand receptors. Clearly, such an arrangement
would not allow for good resolution were the retina
meant to map an image in terms of light intensity point
by point inito a distribution of excitement in the optic
nerve.
There is only one layer of ganglion cells in the frog.

These cells are half a million in number (as against one
million rods and cones). The neurons are packed to-
gether tightly in a sheet at the level of the cell bodies.
Their denidrites, which may extend laterally from 50,u to
500 ,u, interlace widely into what is called the inner plexi-
forml layer, which is a close-packed neuropil containing
the terminal arbors of those neurons that lie between re-
ceptors and ganglion cells. Thus, the amount of overlap
of adjacent ganglioni cells is enormous in respect to
what they see. Morphologically, there are several types
of these cells that are as distinct ini their dendritic pat-
terns as different species of trees, from which we infer
that they work in different ways. The anatomy shown
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illumination. We describe the patterns and show the functional and
anatomical separation of the channels. This work has been done on
the frog, and our interpretation applies only to the frog.

INTRODUCTION

Behavior of a Frog
t FROG hunts on land by vision. He escapes

enemies mainly by seeing them. His eyes do not
move, as do ours, to follow prey, attend suspi-

cious events, or search for things of interest. If his body
changes its position with respect to gravity or the whole
visual world is rotated about him, then he shows coin-
pensatory eye movements. These movements enter his
hunting and evading habits only, e.g., as he sits on a
rocking lily pad. Thus his eyes are actively stabilized.
He has no fovea, or region of greatest acuity in vision,
upon which he must ceniter a part of the image. He also
has only a single visual system, retina to colliculus, not
a double one such as ours where the retina send& Thbers
not only to colliculus but to the lateral geniculatt; body
which relays to cerebral cortex. Thus, we chose to work
oni the frog because of the uniformity of his retina, the
normal lack of eye and head movements except for
those which stabilize the retinal image, and the relative
simplicity of the connection of his eye to his brain1.
The frog does not seem to see or, at any rate, is not

conicerned with the detail of stationary parts of the
world around him. He will starve to death surrounided
by food if it is not moving. His choice of food is deter-
mined only by size and movement. He will leap to cap-
ture any object the size of an insect or worm, providing
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it moves like one. He can be fooled easily not only by a
bit of dangled meat but by any moving small object.
His sex life is conducted by sound and touch. His choice
of paths in escaping enemies does not seem to be gov-
erned by anything more devious than leaping to where
it is darker. Since he is equally at home in water and on
lanid, why should it matter where he lights after jumping
or what particular direction he takes? He does remember
a moving thing providing it stays within his field of
vision and he is not distracted.

A natomy of Frog Visual A pparatus
The retina of a frog is shown in Fig. l(a). Between

the rods and cones of the retina and the ganglion cells,
whose axons form the optic nerve, lies a layer of con-
necting neurons (bipolars, horizontals, and amacrines).
In the frog there are about 1 million receptors, 21 to 31
million conniecting neurons, and half a million ganglion
cells [1]. The connections are such that there is a syn-
aptic path from a rod or cone to a great many ganglion
cells, and a ganglion cell receives paths from a great
many thousand receptors. Clearly, such an arrangement
would not allow for good resolution were the retina
meant to map an image in terms of light intensity point
by point inito a distribution of excitement in the optic
nerve.
There is only one layer of ganglion cells in the frog.

These cells are half a million in number (as against one
million rods and cones). The neurons are packed to-
gether tightly in a sheet at the level of the cell bodies.
Their denidrites, which may extend laterally from 50,u to
500 ,u, interlace widely into what is called the inner plexi-
forml layer, which is a close-packed neuropil containing
the terminal arbors of those neurons that lie between re-
ceptors and ganglion cells. Thus, the amount of overlap
of adjacent ganglioni cells is enormous in respect to
what they see. Morphologically, there are several types
of these cells that are as distinct ini their dendritic pat-
terns as different species of trees, from which we infer
that they work in different ways. The anatomy shown
in the figures is that found in standard referenices. Fur-
ther discussion of anatomiiical questionis and additioinal
original work on themn will appear in a later publicationi.
Physiology as Known up to This Stutdy

Hartline [21 first used the term receptive field for the
region of retina within which a local change of bright-
ness would cause the ganglion cell he xwas observing to
discharge. Such a region is sometimes surrounded by ani
annulus, within which changes of brightness affect the
cell's response to what is occurring in the receptive field,
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hierarchy. We begin with Background, in which we summarize
some notions that are at the basis of most functional models in
early vision. Demb follows with an evaluation of standard models
of the retina (see below, Understanding the retinal output). Mante
formalizes an extension to the linear model of LGN neurons to
account for luminance and gain control adaptation effects (see
below, Understanding LGN responses). The successes and failures
of cortical models are addressed by Tolhurst (see below, Under-
standing V1 simple cells) and Dan (see below, Understanding V1
complex cells). Gallant discusses novel model characterization
techniques and their degree of success in areas V1 and V4 (see
below, Evaluating what we know about V1 and beyond). Finally,
Olshausen argues that our understanding of V1 is far from com-
plete and proposes future avenues for research (see below, What
we don’t know about V1). In Conclusion, we isolate some of the
common ideas and different viewpoints that have emerged from
these contributions.

Background
At the basis of most current models of neurons in the early visual
system is the concept of linear receptive field. The receptive field
is commonly used to describe the properties of an image that
modulates the responses of a visual neuron. More formally, the
concept of a receptive field is captured in a model that includes
a linear filter as its first stage. Filtering involves multiplying the
intensities at each local region of an image (the value of each
pixel) by the values of a filter and summing the weighted image
intensities. A linear filter describes the stimulus selectivity for a
neuron: images that resemble the filter produce large responses,
whereas images that have only a small resemblance with the filter
produce negligible responses. For example, tuning for the spatial
frequency of a drifting grating is described by the center–sur-
round organization of filters in the retina and LGN (Fig. 1A)
(Enroth-Cugell and Robson, 1966), whereas orientation tuning
in V1 is described by filters that are elongated along one spatial
axis (Fig. 1B) (Hubel and Wiesel, 1962).

Basic models of neurons at the earliest stages of visual process-
ing (retina, LGN, and V1 simple cells) typically include a single
linear filter (Enroth-Cugell and Robson, 1966; Movshon et al.,
1978b), whereas models of neurons at later stages of processing
(V1 complex cells and beyond) require multiple filters (Fig. 1C)
(Movshon et al., 1978b; Adelson and Bergen, 1985; Touryan et
al., 2002).

The second stage of these models describes how the filter out-
puts are transformed into a firing rate response. This transforma-
tion typically takes the form of a static nonlinearity (e.g., half-
wave rectification), a function that depends only on its
instantaneous input. In addition, many models implicitly assume
that firing rate is expressed into spike trains via a Poisson process.

Although the receptive field has been described thus far as a set
of weights arranged in space (Fig. 1), in reality, the concept of
receptive field involves three dimensions: two dimensions of
space and the dimension of time. The full spatiotemporal recep-
tive field of a neuron specifies what weight is given to each loca-
tion in space at each instant in the recent past. When only the
temporal evolution of the response is considered for a given spa-
tial position (Fig. 2), the receptive field is commonly referred to as
a temporal weighting function.

Whether they are specified in space, time, or jointly in space
and time, receptive fields are typically endowed with ON and OFF
subfields (Fig. 1, white and black regions). An ON region is one in
which a bright light evokes a positive response and a dark light
evokes a negative response. An OFF region does the opposite. In

the early days, these regions were called “excitatory” and “inhib-
itory” (Hubel and Wiesel, 1962). However, this name is mislead-
ing: their sign has to do with the relative contrast of light, not to
the operation of synaptic excitation and inhibition. For instance,
an OFF region will deliver substantial excitation in response to a
dark stimulus (Hirsch, 2003).

The advantage of assuming an initial linear processing stage is
that it enables the experimenter to recover a full model of a neu-
ron within the time constraints of an experiment. Recovering the
filter weights involves presenting a sufficiently rich stimulus set to
the cell (e.g., white noise, flashed gratings, or natural images) and
correlating the response of the neuron with the pixel intensities in
the images that immediately preceded spikes. For neurons early
in the visual system, a single linear filter is often extracted by
presenting a random noise stimulus and computing the mean
pixel intensity before each spike, the spike-triggered average

Figure 1. Basic models of neurons involved in early visual processing. In all models, the
response of a neuron is described by passing an image through one or more linear filters (by
taking the dot product or projection of an image and a filter). The outputs of the linear filters are
passed through an instantaneous nonlinear function, plotted here as firing rate on the ordinate
and filter output on the abscissa. A, Simple model of a retinal ganglion cell or of an LGN relay
neuron. The model includes a linear filter (receptive field) with a center–surround organization
and a half-wave rectifying nonlinearity. Images that resemble the filter produce large firing rate
responses, whereas images that resemble the inverse of the filter or have no similarity with the
filter produce no response. B, Model of a V1 simple cell as a filter elongated along one axis and
a half-wave squaring nonlinearity. As in A, only images that resemble the filter produce high
firing rate responses. C, The energy model of a V1 complex cell. The model includes two phase-
shifted linear filters whose outputs are squared before they are summed. In this model, both
images that resemble the filters and their inverses produce high firing rates.
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of the retina (see below, Understanding the retinal output). Mante
formalizes an extension to the linear model of LGN neurons to
account for luminance and gain control adaptation effects (see
below, Understanding LGN responses). The successes and failures
of cortical models are addressed by Tolhurst (see below, Under-
standing V1 simple cells) and Dan (see below, Understanding V1
complex cells). Gallant discusses novel model characterization
techniques and their degree of success in areas V1 and V4 (see
below, Evaluating what we know about V1 and beyond). Finally,
Olshausen argues that our understanding of V1 is far from com-
plete and proposes future avenues for research (see below, What
we don’t know about V1). In Conclusion, we isolate some of the
common ideas and different viewpoints that have emerged from
these contributions.

Background
At the basis of most current models of neurons in the early visual
system is the concept of linear receptive field. The receptive field
is commonly used to describe the properties of an image that
modulates the responses of a visual neuron. More formally, the
concept of a receptive field is captured in a model that includes
a linear filter as its first stage. Filtering involves multiplying the
intensities at each local region of an image (the value of each
pixel) by the values of a filter and summing the weighted image
intensities. A linear filter describes the stimulus selectivity for a
neuron: images that resemble the filter produce large responses,
whereas images that have only a small resemblance with the filter
produce negligible responses. For example, tuning for the spatial
frequency of a drifting grating is described by the center–sur-
round organization of filters in the retina and LGN (Fig. 1A)
(Enroth-Cugell and Robson, 1966), whereas orientation tuning
in V1 is described by filters that are elongated along one spatial
axis (Fig. 1B) (Hubel and Wiesel, 1962).

Basic models of neurons at the earliest stages of visual process-
ing (retina, LGN, and V1 simple cells) typically include a single
linear filter (Enroth-Cugell and Robson, 1966; Movshon et al.,
1978b), whereas models of neurons at later stages of processing
(V1 complex cells and beyond) require multiple filters (Fig. 1C)
(Movshon et al., 1978b; Adelson and Bergen, 1985; Touryan et
al., 2002).

The second stage of these models describes how the filter out-
puts are transformed into a firing rate response. This transforma-
tion typically takes the form of a static nonlinearity (e.g., half-
wave rectification), a function that depends only on its
instantaneous input. In addition, many models implicitly assume
that firing rate is expressed into spike trains via a Poisson process.

Although the receptive field has been described thus far as a set
of weights arranged in space (Fig. 1), in reality, the concept of
receptive field involves three dimensions: two dimensions of
space and the dimension of time. The full spatiotemporal recep-
tive field of a neuron specifies what weight is given to each loca-
tion in space at each instant in the recent past. When only the
temporal evolution of the response is considered for a given spa-
tial position (Fig. 2), the receptive field is commonly referred to as
a temporal weighting function.

Whether they are specified in space, time, or jointly in space
and time, receptive fields are typically endowed with ON and OFF
subfields (Fig. 1, white and black regions). An ON region is one in
which a bright light evokes a positive response and a dark light
evokes a negative response. An OFF region does the opposite. In

the early days, these regions were called “excitatory” and “inhib-
itory” (Hubel and Wiesel, 1962). However, this name is mislead-
ing: their sign has to do with the relative contrast of light, not to
the operation of synaptic excitation and inhibition. For instance,
an OFF region will deliver substantial excitation in response to a
dark stimulus (Hirsch, 2003).

The advantage of assuming an initial linear processing stage is
that it enables the experimenter to recover a full model of a neu-
ron within the time constraints of an experiment. Recovering the
filter weights involves presenting a sufficiently rich stimulus set to
the cell (e.g., white noise, flashed gratings, or natural images) and
correlating the response of the neuron with the pixel intensities in
the images that immediately preceded spikes. For neurons early
in the visual system, a single linear filter is often extracted by
presenting a random noise stimulus and computing the mean
pixel intensity before each spike, the spike-triggered average

Figure 1. Basic models of neurons involved in early visual processing. In all models, the
response of a neuron is described by passing an image through one or more linear filters (by
taking the dot product or projection of an image and a filter). The outputs of the linear filters are
passed through an instantaneous nonlinear function, plotted here as firing rate on the ordinate
and filter output on the abscissa. A, Simple model of a retinal ganglion cell or of an LGN relay
neuron. The model includes a linear filter (receptive field) with a center–surround organization
and a half-wave rectifying nonlinearity. Images that resemble the filter produce large firing rate
responses, whereas images that resemble the inverse of the filter or have no similarity with the
filter produce no response. B, Model of a V1 simple cell as a filter elongated along one axis and
a half-wave squaring nonlinearity. As in A, only images that resemble the filter produce high
firing rate responses. C, The energy model of a V1 complex cell. The model includes two phase-
shifted linear filters whose outputs are squared before they are summed. In this model, both
images that resemble the filters and their inverses produce high firing rates.
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Although the gain control mechanisms
are likely to play a major role during natu-
ral vision, most efforts to predict the re-
sponses of LGN neurons to natural stimuli
have been limited to assuming a fixed lin-
ear receptive field (Dan et al., 1996) and
have omitted the effects of gain control.
There are several reasons for this omission.
First, existing models of gain control are
limited in scope: they operate only on sim-
plified stimuli such as gratings, and they
lack a definition of luminance and contrast
that applies to arbitrary stimuli. Second,
with few exceptions (Troy and Enroth-
Cugell, 1993), luminance gain control and
contrast gain control were typically only
studied in isolation. During natural vision,
however, luminance and contrast vary in-
dependently of each other (Mante et al.,
2005). Thus, a general model of gain con-
trol should predict the shape of the tempo-
ral weighting function at every possible
combination of luminance and contrast.

Nonetheless, many of the components
needed to build a general model of gain
control have already been described indi-
vidually. For instance, studies have sepa-
rately modeled the effects of luminance
gain control (Fuortes and Hodgkin, 1964;
Baylor et al., 1974; Brodie et al., 1978;
Shapley and Enroth-Cugell, 1984; Purpura
et al., 1990) and of contrast gain control
(Shapley and Victor, 1981; Victor, 1987;
Carandini et al., 1997; Benardete and
Kaplan, 1999) on the temporal weighting function of neurons in
the early visual system. Many models share the same simple de-
sign: the temporal weighting function is obtained by convolving a
fixed temporal weighting function with a variable filter, whose
parameters depend on luminance or contrast. This design can be
easily extended to predict the temporal weighting function at any
combination of luminance and contrast. Indeed, a recent study of
LGN responses demonstrated that the effects of luminance gain
control and contrast gain control are independent of each other
(Mante et al., 2005). Thus, the temporal weighting function can
be described by convolving the fixed weighting function with two
variable filters, one that depends on luminance and the other that
depends on contrast.

These studies provide a number of clues about how retinal or
LGN neurons compute the luminance and contrast of an arbi-
trary stimulus. Luminance and contrast are computed not only
very rapidly (Fig. 3A,B) but also very locally. Luminance gain
control is driven by the average light intensity falling onto a re-
gion that is not larger than the surround of the linear receptive
field (Cleland and Enroth-Cugell, 1968; Enroth-Cugell and Shap-
ley, 1973b; Enroth-Cugell et al., 1975; Cleland and Freeman,
1988; Lankheet et al., 1993b). Similarly, contrast gain control is
driven only by stimuli lying within the linear receptive field (So-
lomon et al., 2002; Bonin et al., 2005). More precisely, contrast
seems to be computed from the integrated responses of a pool of
small, nonlinear subunits coextensive with the linear receptive
field (Shapley and Victor, 1979; Enroth-Cugell and Jakiela, 1980;
Bonin et al., 2005).

These insights on gain control can be used to build a nonlinear

model of LGN responses that is general enough to predict the
responses to arbitrary stimuli (Bonin et al., 2005; Mante, 2005).
This model predicts a number of nonlinear phenomena in the
responses to simple stimuli, none of which would be explained by
the linear receptive field alone. (1) Response amplitude is inde-
pendent of mean luminance at low temporal frequencies, al-
though it is approximately proportional to mean luminance at
high frequencies (Shapley and Enroth-Cugell, 1984; Purpura et
al., 1990). (2) Response amplitude saturates with contrast. As
contrast is increased, the gain is decreased, although not so much
as to make responses independent of contrast [“contrast satura-
tion” (Derrington and Lennie, 1984; Cheng et al., 1995)]. (3)
Responses are selective for stimulus size, being maximal for stim-
uli of intermediate size and being suppressed by larger stimuli
[“size tuning” (Jones et al., 2000; Solomon et al., 2002; Ozeki et
al., 2004)]. For large stimuli, an increase in size adds only little
excitatory drive to the responses, although it strongly reduces
gain by recruiting more of the subunits driving contrast gain
control. (4) The strength of contrast saturation and size tuning
depends on the temporal frequency of the stimulus. Both are
strong at low temporal frequencies but absent at high temporal
frequencies (Shapley and Victor, 1978; Sclar, 1987; Mante et al.,
2004). (5) The response to a test stimulus is reduced by superpo-
sition of a mask stimulus [“masking” (Freeman et al., 2002; Bo-
nin et al., 2005)].

The nonlinear model predicts the responses to complex, nat-
ural stimuli better than the linear receptive field alone (Mante,
2005). For example, the gray histograms in Figure 3, C and D,
represent the firing rate of an LGN neuron in response to two

Figure 3. Predicting responses of LGN neurons to complex video sequences. A, Firing rate responses of an LGN neuron to a
drifting grating whose mean luminance is suddenly increased from 32 to 56 cd/m 2 (while contrast is kept constant). Red dashed
traces indicate the prediction of the linear receptive field fitted to the response before the luminance step, and black solid traces
indicate the average response after the step. B, Same, for a stimulus whose contrast suddenly steps from 31 to 100% (while mean
luminance is kept constant). C, Responses of an LGN neuron to a sequence from Walt Disney’s Tarzan. Red dashed traces indicate
the prediction of the linear receptive field alone (measured at optimal luminance and contrast). Black solid traces indicate
prediction of a nonlinear model. In the nonlinear model, the gain and integration time of the receptive field are regulated by
luminance gain control and contrast gain control. D, Same, for responses to a Cat-cam movie (Kayser et al., 2003; Betsch et al.,
2004). In all panels, calibration is 100 ms and 100 spikes/s, and gray histograms are firing rates obtained by convolving the spike
trains with a Gaussian window of width 5 ms (SD). A and B are modified from Mante et al. (2005b). C and D are modified from
Mante (2005).
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At different levels of the visual system, the responses of 
various neurons form a neural representation of the image 
falling on the retina.  

Because neurons' receptive fields vary in size, the responses 
of different subsets of neurons would constitute a neural 
representation at some particular spatial scale. 

Spatial frequency analysis of the visual system uses 
sinusoidal grating stimuli because orientation, size (period of 
grating), and contrast (difference between brightest and 
darkest illumination) can be varied systematically. 

At sufficiently low contrast, the a grating appears uniform and 
unpatterned; at higher contrasts, the pattern would be visible.

The contrast threshold (sensitivity to contrast) is a biphasic 
function of the spatial frequency of the spatial grating 
stimulation.  This is consistent with the center-surround 
properties of retinal ganglion cells. 

sinusoidal drifting grating stimuli and contrast threshold
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Figure 1 Luminance profiles of periodic spatial patterns. Top, a square wave grating: bottom,
a sine wave grating. The contrast of such patterns is (L .... -tmin)/(Zmax+ L,,i,). where the
luminances L ..... and L .... and L,nin are as indicated in the figure.

a spatial frequency response function. If the spatial frequency is varied and
the contrast is adjusted to produce a criterion response, one can then determine
the spatial frequency sensitivity function, known also for historical reasons as
the contrast sensitivity function (Enroth-Cugell & Robson 1966, Campbell 
Robson 1968). The contrast sensitivity is the reciprocal of the contrast required
to produce a criterion response. If the response of the neuron is strictly pro-
portional to contrast, then the spatial frequency response and sensitivity func-
tions are identical. A typical spatial frequency sensitivity function for a retinal
ganglion cell is shown in Figure 2. It illustrates a general finding: visual
neurons are selectively sensitive (tuned) to a particular range of spatial fre-
quencies. Above and below the optimal spatial frequency, the contrast sensi-
tivity falls. For the cell that provided the results of Figure 2, and other ganglion
cells like it, the tuning is rather broad. For cells in the visual cortex, the tuning
may be quite sharp (see below). Thus, we can treat visual neurons as tuned
filters for spatial frequencies in the same way that auditory physiologists treat
auditory neurons as tuned filters for sound frequencies (cf Campbell 1974,
Robson 1975,. De Valois & De Valois 1980)

In the typical visual neurophysiological experiment, the eyes are motionless,
or almost so, and responses are evoked by temporal modulation of contrast or
by. motion of the sine-wave grating pattern across the visual field. In the
following discussion of spatial filtering and spatial summation, we assume
that stimuli are modulated at a fixed rate. The rate of modulation (or the rate
of drift) used in a particular experiment does influence spatial frequency response
functions as described in the section Spatiotemporal Separability and Coupling
in Receptive Fields.
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Figure 1 Luminance profiles of periodic spatial patterns. Top, a square wave grating: bottom,
a sine wave grating. The contrast of such patterns is (L .... -tmin)/(Zmax+ L,,i,). where the
luminances L ..... and L .... and L,nin are as indicated in the figure.

a spatial frequency response function. If the spatial frequency is varied and
the contrast is adjusted to produce a criterion response, one can then determine
the spatial frequency sensitivity function, known also for historical reasons as
the contrast sensitivity function (Enroth-Cugell & Robson 1966, Campbell 
Robson 1968). The contrast sensitivity is the reciprocal of the contrast required
to produce a criterion response. If the response of the neuron is strictly pro-
portional to contrast, then the spatial frequency response and sensitivity func-
tions are identical. A typical spatial frequency sensitivity function for a retinal
ganglion cell is shown in Figure 2. It illustrates a general finding: visual
neurons are selectively sensitive (tuned) to a particular range of spatial fre-
quencies. Above and below the optimal spatial frequency, the contrast sensi-
tivity falls. For the cell that provided the results of Figure 2, and other ganglion
cells like it, the tuning is rather broad. For cells in the visual cortex, the tuning
may be quite sharp (see below). Thus, we can treat visual neurons as tuned
filters for spatial frequencies in the same way that auditory physiologists treat
auditory neurons as tuned filters for sound frequencies (cf Campbell 1974,
Robson 1975,. De Valois & De Valois 1980)

In the typical visual neurophysiological experiment, the eyes are motionless,
or almost so, and responses are evoked by temporal modulation of contrast or
by. motion of the sine-wave grating pattern across the visual field. In the
following discussion of spatial filtering and spatial summation, we assume
that stimuli are modulated at a fixed rate. The rate of modulation (or the rate
of drift) used in a particular experiment does influence spatial frequency response
functions as described in the section Spatiotemporal Separability and Coupling
in Receptive Fields.
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a spatial frequency response function. If the spatial frequency is varied and
the contrast is adjusted to produce a criterion response, one can then determine
the spatial frequency sensitivity function, known also for historical reasons as
the contrast sensitivity function (Enroth-Cugell & Robson 1966, Campbell 
Robson 1968). The contrast sensitivity is the reciprocal of the contrast required
to produce a criterion response. If the response of the neuron is strictly pro-
portional to contrast, then the spatial frequency response and sensitivity func-
tions are identical. A typical spatial frequency sensitivity function for a retinal
ganglion cell is shown in Figure 2. It illustrates a general finding: visual
neurons are selectively sensitive (tuned) to a particular range of spatial fre-
quencies. Above and below the optimal spatial frequency, the contrast sensi-
tivity falls. For the cell that provided the results of Figure 2, and other ganglion
cells like it, the tuning is rather broad. For cells in the visual cortex, the tuning
may be quite sharp (see below). Thus, we can treat visual neurons as tuned
filters for spatial frequencies in the same way that auditory physiologists treat
auditory neurons as tuned filters for sound frequencies (cf Campbell 1974,
Robson 1975,. De Valois & De Valois 1980)

In the typical visual neurophysiological experiment, the eyes are motionless,
or almost so, and responses are evoked by temporal modulation of contrast or
by. motion of the sine-wave grating pattern across the visual field. In the
following discussion of spatial filtering and spatial summation, we assume
that stimuli are modulated at a fixed rate. The rate of modulation (or the rate
of drift) used in a particular experiment does influence spatial frequency response
functions as described in the section Spatiotemporal Separability and Coupling
in Receptive Fields.
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Figure 1 Luminance profiles of periodic spatial patterns. Top, a square wave grating: bottom,
a sine wave grating. The contrast of such patterns is (L .... -tmin)/(Zmax+ L,,i,). where the
luminances L ..... and L .... and L,nin are as indicated in the figure.

a spatial frequency response function. If the spatial frequency is varied and
the contrast is adjusted to produce a criterion response, one can then determine
the spatial frequency sensitivity function, known also for historical reasons as
the contrast sensitivity function (Enroth-Cugell & Robson 1966, Campbell 
Robson 1968). The contrast sensitivity is the reciprocal of the contrast required
to produce a criterion response. If the response of the neuron is strictly pro-
portional to contrast, then the spatial frequency response and sensitivity func-
tions are identical. A typical spatial frequency sensitivity function for a retinal
ganglion cell is shown in Figure 2. It illustrates a general finding: visual
neurons are selectively sensitive (tuned) to a particular range of spatial fre-
quencies. Above and below the optimal spatial frequency, the contrast sensi-
tivity falls. For the cell that provided the results of Figure 2, and other ganglion
cells like it, the tuning is rather broad. For cells in the visual cortex, the tuning
may be quite sharp (see below). Thus, we can treat visual neurons as tuned
filters for spatial frequencies in the same way that auditory physiologists treat
auditory neurons as tuned filters for sound frequencies (cf Campbell 1974,
Robson 1975,. De Valois & De Valois 1980)

In the typical visual neurophysiological experiment, the eyes are motionless,
or almost so, and responses are evoked by temporal modulation of contrast or
by. motion of the sine-wave grating pattern across the visual field. In the
following discussion of spatial filtering and spatial summation, we assume
that stimuli are modulated at a fixed rate. The rate of modulation (or the rate
of drift) used in a particular experiment does influence spatial frequency response
functions as described in the section Spatiotemporal Separability and Coupling
in Receptive Fields.
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Figure 1 Luminance profiles of periodic spatial patterns. Top, a square wave grating: bottom,
a sine wave grating. The contrast of such patterns is (L .... -tmin)/(Zmax+ L,,i,). where the
luminances L ..... and L .... and L,nin are as indicated in the figure.

a spatial frequency response function. If the spatial frequency is varied and
the contrast is adjusted to produce a criterion response, one can then determine
the spatial frequency sensitivity function, known also for historical reasons as
the contrast sensitivity function (Enroth-Cugell & Robson 1966, Campbell 
Robson 1968). The contrast sensitivity is the reciprocal of the contrast required
to produce a criterion response. If the response of the neuron is strictly pro-
portional to contrast, then the spatial frequency response and sensitivity func-
tions are identical. A typical spatial frequency sensitivity function for a retinal
ganglion cell is shown in Figure 2. It illustrates a general finding: visual
neurons are selectively sensitive (tuned) to a particular range of spatial fre-
quencies. Above and below the optimal spatial frequency, the contrast sensi-
tivity falls. For the cell that provided the results of Figure 2, and other ganglion
cells like it, the tuning is rather broad. For cells in the visual cortex, the tuning
may be quite sharp (see below). Thus, we can treat visual neurons as tuned
filters for spatial frequencies in the same way that auditory physiologists treat
auditory neurons as tuned filters for sound frequencies (cf Campbell 1974,
Robson 1975,. De Valois & De Valois 1980)

In the typical visual neurophysiological experiment, the eyes are motionless,
or almost so, and responses are evoked by temporal modulation of contrast or
by. motion of the sine-wave grating pattern across the visual field. In the
following discussion of spatial filtering and spatial summation, we assume
that stimuli are modulated at a fixed rate. The rate of modulation (or the rate
of drift) used in a particular experiment does influence spatial frequency response
functions as described in the section Spatiotemporal Separability and Coupling
in Receptive Fields.
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Figure 1 Luminance profiles of periodic spatial patterns. Top, a square wave grating: bottom,
a sine wave grating. The contrast of such patterns is (L .... -tmin)/(Zmax+ L,,i,). where the
luminances L ..... and L .... and L,nin are as indicated in the figure.

a spatial frequency response function. If the spatial frequency is varied and
the contrast is adjusted to produce a criterion response, one can then determine
the spatial frequency sensitivity function, known also for historical reasons as
the contrast sensitivity function (Enroth-Cugell & Robson 1966, Campbell 
Robson 1968). The contrast sensitivity is the reciprocal of the contrast required
to produce a criterion response. If the response of the neuron is strictly pro-
portional to contrast, then the spatial frequency response and sensitivity func-
tions are identical. A typical spatial frequency sensitivity function for a retinal
ganglion cell is shown in Figure 2. It illustrates a general finding: visual
neurons are selectively sensitive (tuned) to a particular range of spatial fre-
quencies. Above and below the optimal spatial frequency, the contrast sensi-
tivity falls. For the cell that provided the results of Figure 2, and other ganglion
cells like it, the tuning is rather broad. For cells in the visual cortex, the tuning
may be quite sharp (see below). Thus, we can treat visual neurons as tuned
filters for spatial frequencies in the same way that auditory physiologists treat
auditory neurons as tuned filters for sound frequencies (cf Campbell 1974,
Robson 1975,. De Valois & De Valois 1980)

In the typical visual neurophysiological experiment, the eyes are motionless,
or almost so, and responses are evoked by temporal modulation of contrast or
by. motion of the sine-wave grating pattern across the visual field. In the
following discussion of spatial filtering and spatial summation, we assume
that stimuli are modulated at a fixed rate. The rate of modulation (or the rate
of drift) used in a particular experiment does influence spatial frequency response
functions as described in the section Spatiotemporal Separability and Coupling
in Receptive Fields.
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Figure 1 Luminance profiles of periodic spatial patterns. Top, a square wave grating: bottom,
a sine wave grating. The contrast of such patterns is (L .... -tmin)/(Zmax+ L,,i,). where the
luminances L ..... and L .... and L,nin are as indicated in the figure.

a spatial frequency response function. If the spatial frequency is varied and
the contrast is adjusted to produce a criterion response, one can then determine
the spatial frequency sensitivity function, known also for historical reasons as
the contrast sensitivity function (Enroth-Cugell & Robson 1966, Campbell 
Robson 1968). The contrast sensitivity is the reciprocal of the contrast required
to produce a criterion response. If the response of the neuron is strictly pro-
portional to contrast, then the spatial frequency response and sensitivity func-
tions are identical. A typical spatial frequency sensitivity function for a retinal
ganglion cell is shown in Figure 2. It illustrates a general finding: visual
neurons are selectively sensitive (tuned) to a particular range of spatial fre-
quencies. Above and below the optimal spatial frequency, the contrast sensi-
tivity falls. For the cell that provided the results of Figure 2, and other ganglion
cells like it, the tuning is rather broad. For cells in the visual cortex, the tuning
may be quite sharp (see below). Thus, we can treat visual neurons as tuned
filters for spatial frequencies in the same way that auditory physiologists treat
auditory neurons as tuned filters for sound frequencies (cf Campbell 1974,
Robson 1975,. De Valois & De Valois 1980)

In the typical visual neurophysiological experiment, the eyes are motionless,
or almost so, and responses are evoked by temporal modulation of contrast or
by. motion of the sine-wave grating pattern across the visual field. In the
following discussion of spatial filtering and spatial summation, we assume
that stimuli are modulated at a fixed rate. The rate of modulation (or the rate
of drift) used in a particular experiment does influence spatial frequency response
functions as described in the section Spatiotemporal Separability and Coupling
in Receptive Fields.
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Figure 1 Luminance profiles of periodic spatial patterns. Top, a square wave grating: bottom,
a sine wave grating. The contrast of such patterns is (L .... -tmin)/(Zmax+ L,,i,). where the
luminances L ..... and L .... and L,nin are as indicated in the figure.

a spatial frequency response function. If the spatial frequency is varied and
the contrast is adjusted to produce a criterion response, one can then determine
the spatial frequency sensitivity function, known also for historical reasons as
the contrast sensitivity function (Enroth-Cugell & Robson 1966, Campbell 
Robson 1968). The contrast sensitivity is the reciprocal of the contrast required
to produce a criterion response. If the response of the neuron is strictly pro-
portional to contrast, then the spatial frequency response and sensitivity func-
tions are identical. A typical spatial frequency sensitivity function for a retinal
ganglion cell is shown in Figure 2. It illustrates a general finding: visual
neurons are selectively sensitive (tuned) to a particular range of spatial fre-
quencies. Above and below the optimal spatial frequency, the contrast sensi-
tivity falls. For the cell that provided the results of Figure 2, and other ganglion
cells like it, the tuning is rather broad. For cells in the visual cortex, the tuning
may be quite sharp (see below). Thus, we can treat visual neurons as tuned
filters for spatial frequencies in the same way that auditory physiologists treat
auditory neurons as tuned filters for sound frequencies (cf Campbell 1974,
Robson 1975,. De Valois & De Valois 1980)

In the typical visual neurophysiological experiment, the eyes are motionless,
or almost so, and responses are evoked by temporal modulation of contrast or
by. motion of the sine-wave grating pattern across the visual field. In the
following discussion of spatial filtering and spatial summation, we assume
that stimuli are modulated at a fixed rate. The rate of modulation (or the rate
of drift) used in a particular experiment does influence spatial frequency response
functions as described in the section Spatiotemporal Separability and Coupling
in Receptive Fields.
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Figure 1 Luminance profiles of periodic spatial patterns. Top, a square wave grating: bottom,
a sine wave grating. The contrast of such patterns is (L .... -tmin)/(Zmax+ L,,i,). where the
luminances L ..... and L .... and L,nin are as indicated in the figure.

a spatial frequency response function. If the spatial frequency is varied and
the contrast is adjusted to produce a criterion response, one can then determine
the spatial frequency sensitivity function, known also for historical reasons as
the contrast sensitivity function (Enroth-Cugell & Robson 1966, Campbell 
Robson 1968). The contrast sensitivity is the reciprocal of the contrast required
to produce a criterion response. If the response of the neuron is strictly pro-
portional to contrast, then the spatial frequency response and sensitivity func-
tions are identical. A typical spatial frequency sensitivity function for a retinal
ganglion cell is shown in Figure 2. It illustrates a general finding: visual
neurons are selectively sensitive (tuned) to a particular range of spatial fre-
quencies. Above and below the optimal spatial frequency, the contrast sensi-
tivity falls. For the cell that provided the results of Figure 2, and other ganglion
cells like it, the tuning is rather broad. For cells in the visual cortex, the tuning
may be quite sharp (see below). Thus, we can treat visual neurons as tuned
filters for spatial frequencies in the same way that auditory physiologists treat
auditory neurons as tuned filters for sound frequencies (cf Campbell 1974,
Robson 1975,. De Valois & De Valois 1980)

In the typical visual neurophysiological experiment, the eyes are motionless,
or almost so, and responses are evoked by temporal modulation of contrast or
by. motion of the sine-wave grating pattern across the visual field. In the
following discussion of spatial filtering and spatial summation, we assume
that stimuli are modulated at a fixed rate. The rate of modulation (or the rate
of drift) used in a particular experiment does influence spatial frequency response
functions as described in the section Spatiotemporal Separability and Coupling
in Receptive Fields.
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Figure 1 Luminance profiles of periodic spatial patterns. Top, a square wave grating: bottom,
a sine wave grating. The contrast of such patterns is (L .... -tmin)/(Zmax+ L,,i,). where the
luminances L ..... and L .... and L,nin are as indicated in the figure.

a spatial frequency response function. If the spatial frequency is varied and
the contrast is adjusted to produce a criterion response, one can then determine
the spatial frequency sensitivity function, known also for historical reasons as
the contrast sensitivity function (Enroth-Cugell & Robson 1966, Campbell 
Robson 1968). The contrast sensitivity is the reciprocal of the contrast required
to produce a criterion response. If the response of the neuron is strictly pro-
portional to contrast, then the spatial frequency response and sensitivity func-
tions are identical. A typical spatial frequency sensitivity function for a retinal
ganglion cell is shown in Figure 2. It illustrates a general finding: visual
neurons are selectively sensitive (tuned) to a particular range of spatial fre-
quencies. Above and below the optimal spatial frequency, the contrast sensi-
tivity falls. For the cell that provided the results of Figure 2, and other ganglion
cells like it, the tuning is rather broad. For cells in the visual cortex, the tuning
may be quite sharp (see below). Thus, we can treat visual neurons as tuned
filters for spatial frequencies in the same way that auditory physiologists treat
auditory neurons as tuned filters for sound frequencies (cf Campbell 1974,
Robson 1975,. De Valois & De Valois 1980)

In the typical visual neurophysiological experiment, the eyes are motionless,
or almost so, and responses are evoked by temporal modulation of contrast or
by. motion of the sine-wave grating pattern across the visual field. In the
following discussion of spatial filtering and spatial summation, we assume
that stimuli are modulated at a fixed rate. The rate of modulation (or the rate
of drift) used in a particular experiment does influence spatial frequency response
functions as described in the section Spatiotemporal Separability and Coupling
in Receptive Fields.
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Figure 1 Luminance profiles of periodic spatial patterns. Top, a square wave grating: bottom,
a sine wave grating. The contrast of such patterns is (L .... -tmin)/(Zmax+ L,,i,). where the
luminances L ..... and L .... and L,nin are as indicated in the figure.

a spatial frequency response function. If the spatial frequency is varied and
the contrast is adjusted to produce a criterion response, one can then determine
the spatial frequency sensitivity function, known also for historical reasons as
the contrast sensitivity function (Enroth-Cugell & Robson 1966, Campbell 
Robson 1968). The contrast sensitivity is the reciprocal of the contrast required
to produce a criterion response. If the response of the neuron is strictly pro-
portional to contrast, then the spatial frequency response and sensitivity func-
tions are identical. A typical spatial frequency sensitivity function for a retinal
ganglion cell is shown in Figure 2. It illustrates a general finding: visual
neurons are selectively sensitive (tuned) to a particular range of spatial fre-
quencies. Above and below the optimal spatial frequency, the contrast sensi-
tivity falls. For the cell that provided the results of Figure 2, and other ganglion
cells like it, the tuning is rather broad. For cells in the visual cortex, the tuning
may be quite sharp (see below). Thus, we can treat visual neurons as tuned
filters for spatial frequencies in the same way that auditory physiologists treat
auditory neurons as tuned filters for sound frequencies (cf Campbell 1974,
Robson 1975,. De Valois & De Valois 1980)

In the typical visual neurophysiological experiment, the eyes are motionless,
or almost so, and responses are evoked by temporal modulation of contrast or
by. motion of the sine-wave grating pattern across the visual field. In the
following discussion of spatial filtering and spatial summation, we assume
that stimuli are modulated at a fixed rate. The rate of modulation (or the rate
of drift) used in a particular experiment does influence spatial frequency response
functions as described in the section Spatiotemporal Separability and Coupling
in Receptive Fields.
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Figure 1 Luminance profiles of periodic spatial patterns. Top, a square wave grating: bottom,
a sine wave grating. The contrast of such patterns is (L .... -tmin)/(Zmax+ L,,i,). where the
luminances L ..... and L .... and L,nin are as indicated in the figure.

a spatial frequency response function. If the spatial frequency is varied and
the contrast is adjusted to produce a criterion response, one can then determine
the spatial frequency sensitivity function, known also for historical reasons as
the contrast sensitivity function (Enroth-Cugell & Robson 1966, Campbell 
Robson 1968). The contrast sensitivity is the reciprocal of the contrast required
to produce a criterion response. If the response of the neuron is strictly pro-
portional to contrast, then the spatial frequency response and sensitivity func-
tions are identical. A typical spatial frequency sensitivity function for a retinal
ganglion cell is shown in Figure 2. It illustrates a general finding: visual
neurons are selectively sensitive (tuned) to a particular range of spatial fre-
quencies. Above and below the optimal spatial frequency, the contrast sensi-
tivity falls. For the cell that provided the results of Figure 2, and other ganglion
cells like it, the tuning is rather broad. For cells in the visual cortex, the tuning
may be quite sharp (see below). Thus, we can treat visual neurons as tuned
filters for spatial frequencies in the same way that auditory physiologists treat
auditory neurons as tuned filters for sound frequencies (cf Campbell 1974,
Robson 1975,. De Valois & De Valois 1980)

In the typical visual neurophysiological experiment, the eyes are motionless,
or almost so, and responses are evoked by temporal modulation of contrast or
by. motion of the sine-wave grating pattern across the visual field. In the
following discussion of spatial filtering and spatial summation, we assume
that stimuli are modulated at a fixed rate. The rate of modulation (or the rate
of drift) used in a particular experiment does influence spatial frequency response
functions as described in the section Spatiotemporal Separability and Coupling
in Receptive Fields.
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Figure 1 Luminance profiles of periodic spatial patterns. Top, a square wave grating: bottom,
a sine wave grating. The contrast of such patterns is (L .... -tmin)/(Zmax+ L,,i,). where the
luminances L ..... and L .... and L,nin are as indicated in the figure.

a spatial frequency response function. If the spatial frequency is varied and
the contrast is adjusted to produce a criterion response, one can then determine
the spatial frequency sensitivity function, known also for historical reasons as
the contrast sensitivity function (Enroth-Cugell & Robson 1966, Campbell 
Robson 1968). The contrast sensitivity is the reciprocal of the contrast required
to produce a criterion response. If the response of the neuron is strictly pro-
portional to contrast, then the spatial frequency response and sensitivity func-
tions are identical. A typical spatial frequency sensitivity function for a retinal
ganglion cell is shown in Figure 2. It illustrates a general finding: visual
neurons are selectively sensitive (tuned) to a particular range of spatial fre-
quencies. Above and below the optimal spatial frequency, the contrast sensi-
tivity falls. For the cell that provided the results of Figure 2, and other ganglion
cells like it, the tuning is rather broad. For cells in the visual cortex, the tuning
may be quite sharp (see below). Thus, we can treat visual neurons as tuned
filters for spatial frequencies in the same way that auditory physiologists treat
auditory neurons as tuned filters for sound frequencies (cf Campbell 1974,
Robson 1975,. De Valois & De Valois 1980)

In the typical visual neurophysiological experiment, the eyes are motionless,
or almost so, and responses are evoked by temporal modulation of contrast or
by. motion of the sine-wave grating pattern across the visual field. In the
following discussion of spatial filtering and spatial summation, we assume
that stimuli are modulated at a fixed rate. The rate of modulation (or the rate
of drift) used in a particular experiment does influence spatial frequency response
functions as described in the section Spatiotemporal Separability and Coupling
in Receptive Fields.
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Figure 1 Luminance profiles of periodic spatial patterns. Top, a square wave grating: bottom,
a sine wave grating. The contrast of such patterns is (L .... -tmin)/(Zmax+ L,,i,). where the
luminances L ..... and L .... and L,nin are as indicated in the figure.

a spatial frequency response function. If the spatial frequency is varied and
the contrast is adjusted to produce a criterion response, one can then determine
the spatial frequency sensitivity function, known also for historical reasons as
the contrast sensitivity function (Enroth-Cugell & Robson 1966, Campbell 
Robson 1968). The contrast sensitivity is the reciprocal of the contrast required
to produce a criterion response. If the response of the neuron is strictly pro-
portional to contrast, then the spatial frequency response and sensitivity func-
tions are identical. A typical spatial frequency sensitivity function for a retinal
ganglion cell is shown in Figure 2. It illustrates a general finding: visual
neurons are selectively sensitive (tuned) to a particular range of spatial fre-
quencies. Above and below the optimal spatial frequency, the contrast sensi-
tivity falls. For the cell that provided the results of Figure 2, and other ganglion
cells like it, the tuning is rather broad. For cells in the visual cortex, the tuning
may be quite sharp (see below). Thus, we can treat visual neurons as tuned
filters for spatial frequencies in the same way that auditory physiologists treat
auditory neurons as tuned filters for sound frequencies (cf Campbell 1974,
Robson 1975,. De Valois & De Valois 1980)

In the typical visual neurophysiological experiment, the eyes are motionless,
or almost so, and responses are evoked by temporal modulation of contrast or
by. motion of the sine-wave grating pattern across the visual field. In the
following discussion of spatial filtering and spatial summation, we assume
that stimuli are modulated at a fixed rate. The rate of modulation (or the rate
of drift) used in a particular experiment does influence spatial frequency response
functions as described in the section Spatiotemporal Separability and Coupling
in Receptive Fields.
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Figure 1 Luminance profiles of periodic spatial patterns. Top, a square wave grating: bottom,
a sine wave grating. The contrast of such patterns is (L .... -tmin)/(Zmax+ L,,i,). where the
luminances L ..... and L .... and L,nin are as indicated in the figure.

a spatial frequency response function. If the spatial frequency is varied and
the contrast is adjusted to produce a criterion response, one can then determine
the spatial frequency sensitivity function, known also for historical reasons as
the contrast sensitivity function (Enroth-Cugell & Robson 1966, Campbell 
Robson 1968). The contrast sensitivity is the reciprocal of the contrast required
to produce a criterion response. If the response of the neuron is strictly pro-
portional to contrast, then the spatial frequency response and sensitivity func-
tions are identical. A typical spatial frequency sensitivity function for a retinal
ganglion cell is shown in Figure 2. It illustrates a general finding: visual
neurons are selectively sensitive (tuned) to a particular range of spatial fre-
quencies. Above and below the optimal spatial frequency, the contrast sensi-
tivity falls. For the cell that provided the results of Figure 2, and other ganglion
cells like it, the tuning is rather broad. For cells in the visual cortex, the tuning
may be quite sharp (see below). Thus, we can treat visual neurons as tuned
filters for spatial frequencies in the same way that auditory physiologists treat
auditory neurons as tuned filters for sound frequencies (cf Campbell 1974,
Robson 1975,. De Valois & De Valois 1980)

In the typical visual neurophysiological experiment, the eyes are motionless,
or almost so, and responses are evoked by temporal modulation of contrast or
by. motion of the sine-wave grating pattern across the visual field. In the
following discussion of spatial filtering and spatial summation, we assume
that stimuli are modulated at a fixed rate. The rate of modulation (or the rate
of drift) used in a particular experiment does influence spatial frequency response
functions as described in the section Spatiotemporal Separability and Coupling
in Receptive Fields.
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Figure 1 Luminance profiles of periodic spatial patterns. Top, a square wave grating: bottom,
a sine wave grating. The contrast of such patterns is (L .... -tmin)/(Zmax+ L,,i,). where the
luminances L ..... and L .... and L,nin are as indicated in the figure.

a spatial frequency response function. If the spatial frequency is varied and
the contrast is adjusted to produce a criterion response, one can then determine
the spatial frequency sensitivity function, known also for historical reasons as
the contrast sensitivity function (Enroth-Cugell & Robson 1966, Campbell 
Robson 1968). The contrast sensitivity is the reciprocal of the contrast required
to produce a criterion response. If the response of the neuron is strictly pro-
portional to contrast, then the spatial frequency response and sensitivity func-
tions are identical. A typical spatial frequency sensitivity function for a retinal
ganglion cell is shown in Figure 2. It illustrates a general finding: visual
neurons are selectively sensitive (tuned) to a particular range of spatial fre-
quencies. Above and below the optimal spatial frequency, the contrast sensi-
tivity falls. For the cell that provided the results of Figure 2, and other ganglion
cells like it, the tuning is rather broad. For cells in the visual cortex, the tuning
may be quite sharp (see below). Thus, we can treat visual neurons as tuned
filters for spatial frequencies in the same way that auditory physiologists treat
auditory neurons as tuned filters for sound frequencies (cf Campbell 1974,
Robson 1975,. De Valois & De Valois 1980)

In the typical visual neurophysiological experiment, the eyes are motionless,
or almost so, and responses are evoked by temporal modulation of contrast or
by. motion of the sine-wave grating pattern across the visual field. In the
following discussion of spatial filtering and spatial summation, we assume
that stimuli are modulated at a fixed rate. The rate of modulation (or the rate
of drift) used in a particular experiment does influence spatial frequency response
functions as described in the section Spatiotemporal Separability and Coupling
in Receptive Fields.
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Figure 1 Luminance profiles of periodic spatial patterns. Top, a square wave grating: bottom,
a sine wave grating. The contrast of such patterns is (L .... -tmin)/(Zmax+ L,,i,). where the
luminances L ..... and L .... and L,nin are as indicated in the figure.

a spatial frequency response function. If the spatial frequency is varied and
the contrast is adjusted to produce a criterion response, one can then determine
the spatial frequency sensitivity function, known also for historical reasons as
the contrast sensitivity function (Enroth-Cugell & Robson 1966, Campbell 
Robson 1968). The contrast sensitivity is the reciprocal of the contrast required
to produce a criterion response. If the response of the neuron is strictly pro-
portional to contrast, then the spatial frequency response and sensitivity func-
tions are identical. A typical spatial frequency sensitivity function for a retinal
ganglion cell is shown in Figure 2. It illustrates a general finding: visual
neurons are selectively sensitive (tuned) to a particular range of spatial fre-
quencies. Above and below the optimal spatial frequency, the contrast sensi-
tivity falls. For the cell that provided the results of Figure 2, and other ganglion
cells like it, the tuning is rather broad. For cells in the visual cortex, the tuning
may be quite sharp (see below). Thus, we can treat visual neurons as tuned
filters for spatial frequencies in the same way that auditory physiologists treat
auditory neurons as tuned filters for sound frequencies (cf Campbell 1974,
Robson 1975,. De Valois & De Valois 1980)

In the typical visual neurophysiological experiment, the eyes are motionless,
or almost so, and responses are evoked by temporal modulation of contrast or
by. motion of the sine-wave grating pattern across the visual field. In the
following discussion of spatial filtering and spatial summation, we assume
that stimuli are modulated at a fixed rate. The rate of modulation (or the rate
of drift) used in a particular experiment does influence spatial frequency response
functions as described in the section Spatiotemporal Separability and Coupling
in Receptive Fields.
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low contrast 

high contrast 

low frequency 

high frequency 



Each ganglion cell is "tuned" (responds best) for objects of a different size.  
Among the population of ganglion cells, a wide range of sizes is covered. 
This tuning reflects in part the variable dendritic span in ganglion cells.

spatial tuning of ganglion cell receptive fields is reflected  
in peaked contrast sensitivity function



Confronted with a patch of grating and a patch of uniform brightness, an infant will prefer to look at 
the grating. If the infant shows no preference for the grating over the uniform field, it is inferred that 
the infant cannot see the grating.

An infant held on your lap will not be able to see fine spatial details visible to you.  Very young infants seem 
oblivious to everything except very large, high-contrast objects. The lack of sensitivity to high spatial 
frequencies does not stem from optical causes; rather, the infant's immature visual nervous system does not 
encode high spatial frequencies.

contrast sensitivity functions for an infant and adult
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Figure 3 Difference of Gaussians model in (A) spatial frequency and (B) space. In A, the
unbroken curve is the spatial frequency response of Rodieck’s Difference of Gaussians model. The
dashed curves show the spatial frequency responses of the center (fine "dashes) and surround
(coarse dashes), each of which is a Gaussian function of spatial frequency. In this example, the
ration ksrs2/kcrc2 was 0.9, and the ratio rs/rc was 4. These are typical values for X-cells in the
cat’s retina. In B, the upper set of curves represents the Difference of Gaussians model; the solid
curve is the sum of the narrower center Gaussian (fine dashes) and the broader surround Gaussian
(coarse dashes). These three curves are the inverse Fourier transforms of the corresponding spatial
frequency responses in A. The three lower curves in B are profiles of sinusoidal gratings presented
to the receptive field with even symmetry, a position of maximal response for a contrast reversal
grating. The spatial frequencies of these three sinusoids, in the units in which the receptive field
dimensions are expressed, are labeled a,b,c in A. From Enroth-Cugell & Robson (1984).

quite sensitive but the surround is very insensitive (see Figure 3B). The loss
of sensitivity seen at low spatial frequencies reflects the increasingly effective
antagonism from the surround.

We can go beyond this qualitative description to estimate precisely the
center’s spread, re, and peak sensitivity, kc, and the surround’s spread, rs, and
sensitivity, ks, from measurements of spatial frequency sensitivity. Enroth-
Cugell & Robson (1966) showed that if the distribution of sensitivity within
the receptive field of a linearly behaving ganglion cell is a difference of Gaus-
sians in space, then the spatial frequency sensitivity function will be a differ-
ence of Gaussians in spatial frequency (as long as the system can be treated
as a linear one). The smooth curve in Figure 3A, which is the spatial frequency
sensitivity function of Rodieck’s model, is a difference of Gaussian functions
in spatial frequency. At high spatial frequency, the sensitivity falls as a Gaus-
sian function of spatial frequency. The spread of this function is the reciprocal
of the product of ~r (3.1416) times the center’s spread (1/~rrc), so the size 
the center can be estimated with great accuracy from the high-frequency roll-
off of the sPatial frequency sensitivity curve. Cleland et al (1979) and So 
Shapley (1981) showed that this estimate of center size based on spatial fre-
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Figure 3 Difference of Gaussians model in (A) spatial frequency and (B) space. In A, the
unbroken curve is the spatial frequency response of Rodieck’s Difference of Gaussians model. The
dashed curves show the spatial frequency responses of the center (fine "dashes) and surround
(coarse dashes), each of which is a Gaussian function of spatial frequency. In this example, the
ration ksrs2/kcrc2 was 0.9, and the ratio rs/rc was 4. These are typical values for X-cells in the
cat’s retina. In B, the upper set of curves represents the Difference of Gaussians model; the solid
curve is the sum of the narrower center Gaussian (fine dashes) and the broader surround Gaussian
(coarse dashes). These three curves are the inverse Fourier transforms of the corresponding spatial
frequency responses in A. The three lower curves in B are profiles of sinusoidal gratings presented
to the receptive field with even symmetry, a position of maximal response for a contrast reversal
grating. The spatial frequencies of these three sinusoids, in the units in which the receptive field
dimensions are expressed, are labeled a,b,c in A. From Enroth-Cugell & Robson (1984).

quite sensitive but the surround is very insensitive (see Figure 3B). The loss
of sensitivity seen at low spatial frequencies reflects the increasingly effective
antagonism from the surround.

We can go beyond this qualitative description to estimate precisely the
center’s spread, re, and peak sensitivity, kc, and the surround’s spread, rs, and
sensitivity, ks, from measurements of spatial frequency sensitivity. Enroth-
Cugell & Robson (1966) showed that if the distribution of sensitivity within
the receptive field of a linearly behaving ganglion cell is a difference of Gaus-
sians in space, then the spatial frequency sensitivity function will be a differ-
ence of Gaussians in spatial frequency (as long as the system can be treated
as a linear one). The smooth curve in Figure 3A, which is the spatial frequency
sensitivity function of Rodieck’s model, is a difference of Gaussian functions
in spatial frequency. At high spatial frequency, the sensitivity falls as a Gaus-
sian function of spatial frequency. The spread of this function is the reciprocal
of the product of ~r (3.1416) times the center’s spread (1/~rrc), so the size 
the center can be estimated with great accuracy from the high-frequency roll-
off of the sPatial frequency sensitivity curve. Cleland et al (1979) and So 
Shapley (1981) showed that this estimate of center size based on spatial fre-
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Figure 1 Luminance profiles of periodic spatial patterns. Top, a square wave grating: bottom,
a sine wave grating. The contrast of such patterns is (L .... -tmin)/(Zmax+ L,,i,). where the
luminances L ..... and L .... and L,nin are as indicated in the figure.

a spatial frequency response function. If the spatial frequency is varied and
the contrast is adjusted to produce a criterion response, one can then determine
the spatial frequency sensitivity function, known also for historical reasons as
the contrast sensitivity function (Enroth-Cugell & Robson 1966, Campbell 
Robson 1968). The contrast sensitivity is the reciprocal of the contrast required
to produce a criterion response. If the response of the neuron is strictly pro-
portional to contrast, then the spatial frequency response and sensitivity func-
tions are identical. A typical spatial frequency sensitivity function for a retinal
ganglion cell is shown in Figure 2. It illustrates a general finding: visual
neurons are selectively sensitive (tuned) to a particular range of spatial fre-
quencies. Above and below the optimal spatial frequency, the contrast sensi-
tivity falls. For the cell that provided the results of Figure 2, and other ganglion
cells like it, the tuning is rather broad. For cells in the visual cortex, the tuning
may be quite sharp (see below). Thus, we can treat visual neurons as tuned
filters for spatial frequencies in the same way that auditory physiologists treat
auditory neurons as tuned filters for sound frequencies (cf Campbell 1974,
Robson 1975,. De Valois & De Valois 1980)

In the typical visual neurophysiological experiment, the eyes are motionless,
or almost so, and responses are evoked by temporal modulation of contrast or
by. motion of the sine-wave grating pattern across the visual field. In the
following discussion of spatial filtering and spatial summation, we assume
that stimuli are modulated at a fixed rate. The rate of modulation (or the rate
of drift) used in a particular experiment does influence spatial frequency response
functions as described in the section Spatiotemporal Separability and Coupling
in Receptive Fields.
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Figure 1 Luminance profiles of periodic spatial patterns. Top, a square wave grating: bottom,
a sine wave grating. The contrast of such patterns is (L .... -tmin)/(Zmax+ L,,i,). where the
luminances L ..... and L .... and L,nin are as indicated in the figure.

a spatial frequency response function. If the spatial frequency is varied and
the contrast is adjusted to produce a criterion response, one can then determine
the spatial frequency sensitivity function, known also for historical reasons as
the contrast sensitivity function (Enroth-Cugell & Robson 1966, Campbell 
Robson 1968). The contrast sensitivity is the reciprocal of the contrast required
to produce a criterion response. If the response of the neuron is strictly pro-
portional to contrast, then the spatial frequency response and sensitivity func-
tions are identical. A typical spatial frequency sensitivity function for a retinal
ganglion cell is shown in Figure 2. It illustrates a general finding: visual
neurons are selectively sensitive (tuned) to a particular range of spatial fre-
quencies. Above and below the optimal spatial frequency, the contrast sensi-
tivity falls. For the cell that provided the results of Figure 2, and other ganglion
cells like it, the tuning is rather broad. For cells in the visual cortex, the tuning
may be quite sharp (see below). Thus, we can treat visual neurons as tuned
filters for spatial frequencies in the same way that auditory physiologists treat
auditory neurons as tuned filters for sound frequencies (cf Campbell 1974,
Robson 1975,. De Valois & De Valois 1980)

In the typical visual neurophysiological experiment, the eyes are motionless,
or almost so, and responses are evoked by temporal modulation of contrast or
by. motion of the sine-wave grating pattern across the visual field. In the
following discussion of spatial filtering and spatial summation, we assume
that stimuli are modulated at a fixed rate. The rate of modulation (or the rate
of drift) used in a particular experiment does influence spatial frequency response
functions as described in the section Spatiotemporal Separability and Coupling
in Receptive Fields.
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Figure 1 Luminance profiles of periodic spatial patterns. Top, a square wave grating: bottom,
a sine wave grating. The contrast of such patterns is (L .... -tmin)/(Zmax+ L,,i,). where the
luminances L ..... and L .... and L,nin are as indicated in the figure.

a spatial frequency response function. If the spatial frequency is varied and
the contrast is adjusted to produce a criterion response, one can then determine
the spatial frequency sensitivity function, known also for historical reasons as
the contrast sensitivity function (Enroth-Cugell & Robson 1966, Campbell 
Robson 1968). The contrast sensitivity is the reciprocal of the contrast required
to produce a criterion response. If the response of the neuron is strictly pro-
portional to contrast, then the spatial frequency response and sensitivity func-
tions are identical. A typical spatial frequency sensitivity function for a retinal
ganglion cell is shown in Figure 2. It illustrates a general finding: visual
neurons are selectively sensitive (tuned) to a particular range of spatial fre-
quencies. Above and below the optimal spatial frequency, the contrast sensi-
tivity falls. For the cell that provided the results of Figure 2, and other ganglion
cells like it, the tuning is rather broad. For cells in the visual cortex, the tuning
may be quite sharp (see below). Thus, we can treat visual neurons as tuned
filters for spatial frequencies in the same way that auditory physiologists treat
auditory neurons as tuned filters for sound frequencies (cf Campbell 1974,
Robson 1975,. De Valois & De Valois 1980)

In the typical visual neurophysiological experiment, the eyes are motionless,
or almost so, and responses are evoked by temporal modulation of contrast or
by. motion of the sine-wave grating pattern across the visual field. In the
following discussion of spatial filtering and spatial summation, we assume
that stimuli are modulated at a fixed rate. The rate of modulation (or the rate
of drift) used in a particular experiment does influence spatial frequency response
functions as described in the section Spatiotemporal Separability and Coupling
in Receptive Fields.
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Figure 1 Luminance profiles of periodic spatial patterns. Top, a square wave grating: bottom,
a sine wave grating. The contrast of such patterns is (L .... -tmin)/(Zmax+ L,,i,). where the
luminances L ..... and L .... and L,nin are as indicated in the figure.

a spatial frequency response function. If the spatial frequency is varied and
the contrast is adjusted to produce a criterion response, one can then determine
the spatial frequency sensitivity function, known also for historical reasons as
the contrast sensitivity function (Enroth-Cugell & Robson 1966, Campbell 
Robson 1968). The contrast sensitivity is the reciprocal of the contrast required
to produce a criterion response. If the response of the neuron is strictly pro-
portional to contrast, then the spatial frequency response and sensitivity func-
tions are identical. A typical spatial frequency sensitivity function for a retinal
ganglion cell is shown in Figure 2. It illustrates a general finding: visual
neurons are selectively sensitive (tuned) to a particular range of spatial fre-
quencies. Above and below the optimal spatial frequency, the contrast sensi-
tivity falls. For the cell that provided the results of Figure 2, and other ganglion
cells like it, the tuning is rather broad. For cells in the visual cortex, the tuning
may be quite sharp (see below). Thus, we can treat visual neurons as tuned
filters for spatial frequencies in the same way that auditory physiologists treat
auditory neurons as tuned filters for sound frequencies (cf Campbell 1974,
Robson 1975,. De Valois & De Valois 1980)

In the typical visual neurophysiological experiment, the eyes are motionless,
or almost so, and responses are evoked by temporal modulation of contrast or
by. motion of the sine-wave grating pattern across the visual field. In the
following discussion of spatial filtering and spatial summation, we assume
that stimuli are modulated at a fixed rate. The rate of modulation (or the rate
of drift) used in a particular experiment does influence spatial frequency response
functions as described in the section Spatiotemporal Separability and Coupling
in Receptive Fields.
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Figure 1 Luminance profiles of periodic spatial patterns. Top, a square wave grating: bottom,
a sine wave grating. The contrast of such patterns is (L .... -tmin)/(Zmax+ L,,i,). where the
luminances L ..... and L .... and L,nin are as indicated in the figure.

a spatial frequency response function. If the spatial frequency is varied and
the contrast is adjusted to produce a criterion response, one can then determine
the spatial frequency sensitivity function, known also for historical reasons as
the contrast sensitivity function (Enroth-Cugell & Robson 1966, Campbell 
Robson 1968). The contrast sensitivity is the reciprocal of the contrast required
to produce a criterion response. If the response of the neuron is strictly pro-
portional to contrast, then the spatial frequency response and sensitivity func-
tions are identical. A typical spatial frequency sensitivity function for a retinal
ganglion cell is shown in Figure 2. It illustrates a general finding: visual
neurons are selectively sensitive (tuned) to a particular range of spatial fre-
quencies. Above and below the optimal spatial frequency, the contrast sensi-
tivity falls. For the cell that provided the results of Figure 2, and other ganglion
cells like it, the tuning is rather broad. For cells in the visual cortex, the tuning
may be quite sharp (see below). Thus, we can treat visual neurons as tuned
filters for spatial frequencies in the same way that auditory physiologists treat
auditory neurons as tuned filters for sound frequencies (cf Campbell 1974,
Robson 1975,. De Valois & De Valois 1980)

In the typical visual neurophysiological experiment, the eyes are motionless,
or almost so, and responses are evoked by temporal modulation of contrast or
by. motion of the sine-wave grating pattern across the visual field. In the
following discussion of spatial filtering and spatial summation, we assume
that stimuli are modulated at a fixed rate. The rate of modulation (or the rate
of drift) used in a particular experiment does influence spatial frequency response
functions as described in the section Spatiotemporal Separability and Coupling
in Receptive Fields.
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spatial frequency analysis reveals different  
physiological classes of RGCs 

For the X-cell, when pattern is positioned so the transition from light to dark 
passes directly through the center of the field, a "null response" is produced 
(stimulus produces no effect on firing rate). The tendency of the bright bars to 
excite the cell is exactly compensated by the tendencies of the dark bars to 
reduce the firing rate. For the Y-cell, no such stimulus position can be found.

X cell Y cell
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Figure 3 Difference of Gaussians model in (A) spatial frequency and (B) space. In A, the
unbroken curve is the spatial frequency response of Rodieck’s Difference of Gaussians model. The
dashed curves show the spatial frequency responses of the center (fine "dashes) and surround
(coarse dashes), each of which is a Gaussian function of spatial frequency. In this example, the
ration ksrs2/kcrc2 was 0.9, and the ratio rs/rc was 4. These are typical values for X-cells in the
cat’s retina. In B, the upper set of curves represents the Difference of Gaussians model; the solid
curve is the sum of the narrower center Gaussian (fine dashes) and the broader surround Gaussian
(coarse dashes). These three curves are the inverse Fourier transforms of the corresponding spatial
frequency responses in A. The three lower curves in B are profiles of sinusoidal gratings presented
to the receptive field with even symmetry, a position of maximal response for a contrast reversal
grating. The spatial frequencies of these three sinusoids, in the units in which the receptive field
dimensions are expressed, are labeled a,b,c in A. From Enroth-Cugell & Robson (1984).

quite sensitive but the surround is very insensitive (see Figure 3B). The loss
of sensitivity seen at low spatial frequencies reflects the increasingly effective
antagonism from the surround.

We can go beyond this qualitative description to estimate precisely the
center’s spread, re, and peak sensitivity, kc, and the surround’s spread, rs, and
sensitivity, ks, from measurements of spatial frequency sensitivity. Enroth-
Cugell & Robson (1966) showed that if the distribution of sensitivity within
the receptive field of a linearly behaving ganglion cell is a difference of Gaus-
sians in space, then the spatial frequency sensitivity function will be a differ-
ence of Gaussians in spatial frequency (as long as the system can be treated
as a linear one). The smooth curve in Figure 3A, which is the spatial frequency
sensitivity function of Rodieck’s model, is a difference of Gaussian functions
in spatial frequency. At high spatial frequency, the sensitivity falls as a Gaus-
sian function of spatial frequency. The spread of this function is the reciprocal
of the product of ~r (3.1416) times the center’s spread (1/~rrc), so the size 
the center can be estimated with great accuracy from the high-frequency roll-
off of the sPatial frequency sensitivity curve. Cleland et al (1979) and So 
Shapley (1981) showed that this estimate of center size based on spatial fre-
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models of X- and Y-retinal ganglion cell receptive fields 
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RABBIT STRIATE CORTEX

unity. At most phase positions, however, the second harmonic had a greater absolute
value than the first harmonic. In other words, the second harmonic/first harmonic
ratio approached unity, but from above rather than from below.

It was commonly observed that the second harmonic, as well as the first harmonic,
of oriented cells' responses showed phase sensitivity. This second harmonic phase
sensitivity is apparent in Fig. 4 for both null tests of the linear cell, and for the
0-13 c/deg test of the non-linear cell (see also Fig. 7B). Unfortunately, I could not
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Fig. 3. Null test results for two simple cells, one which exhibited linear spatial summation,
and another which exhibited non-linear spatial summation. The first and second rows
represent the linear cell's responses to gratings having spatial frequencies of 0 43 c/deg
and 065 c/deg. The grating's contrast in each instance was 045. The third and fourth rows
represent the non-linear cell's responses to gratings having spatial frequencies of0 13 c/deg
and 0 43 c/deg. The grating's contrast in each instance was 037. The gratings were all
contrast-reversed at a rate of 1 Hz. Each histogram represents a cell's averaged response
to twenty-six presentations of the stimulus.

determine the precise nature of this second harmonic phase sensitivity because I did
not calculate the phase coefficients ofthe harmonics in the Fourier analysis. It is worth
noting, however, that the second harmonic component of the non-linear simple cell's
response to the 0 43 c/deg grating exhibited little phase sensitivity. This suggests that
the phase-sensitive and phase-insensitive second harmonic distortion in the oriented
cell's responses derived from different mechanisms. Oriented cells in the rabbit's
cortex rarely exhibited much spontaneous activity. Therefore, a possible source of
the phase-sensitive second harmonic distortion was rectification due to a high response
threshold. Such rectification would reflect a non-linearity occurring after the spatial
summation stage. The phase-insensitive second harmonic distortion, however, pre-
sumably reflects a non-linearity occurring at, or before, the spatial summation stage.
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SPATIAL PROPERTIES OF CELLS IN THE RABBIT'S STRIATE CORTEX

BY DAVID L. GLANZMAN*
From the Department of Psychology, Stanford University,

Stanford, CA 94305, U.S.A.

(Received 4 January 1982)

SUMMARY

1. The rabbit's striate cortex contains a variety of receptive-field types, including
concentric, uniform, simple and complex types.

2. The spatial summation of these receptive fields was studied. Two types of
linearity tests were performed: null tests and drifting grating tests. For the null tests,
stimuli were sine-wave gratings, temporally modulated by either a 1 Hz sine-wave
or by a 1 Hz on-off square wave. For the drifting grating tests, the stimuli were
sine-wave gratings moved across the cells' receptive fields at 1-3 Hz. Fourier analyses
were performed on the averaged data from both the null tests (sine-wave modulation)
and the drifting grating tests.

3. Thirty-one concentric cells were studied. Of these, nine were classified as X and
fourteen as Y based upon their responses to ratings. The X cells exhibited linear
spatial summation; their responses were mainly at the fundamental modulation
frequency. The Y cells exhibited non-linear spatial summation. Their responses
contained, in addition to a fundamental component, a second harmonic component
whose relative strength increased as the spatial frequency of the display was raised.
Eight other concentric cells responded poorly to gratings and were classified as
sluggish.

4. Other properties of concentric cells were examined, particularly their responses
to standing contrast. The X cells' responses were generally sustained, the Y cells'
responses generally transient. Sluggish cells were either sustained or transient, but
their responses to standing contrast could frequently be distinguished from those of
X and Y cells.

5. All five uniform cells studied exhibited non-linear spatial summation. Their
behaviour on the linearity tests was indistinguishable from that of Y cells.

6. Of the seventeen simple cells studied, seven behaved like X cells (linear simple)
and ten like Y cells (non-linear simple). However, near their optimum spatial
frequencies the responses of both linear and non-linear simple cells were dominated
by the fundamental component.

7. Two complex cells behaved like complex cells in the cat's striate cortex
(Movshon, Thompson & Tolhurst, 1978b). Their responses were qualitatively like
those of non-linear simple cells, but were quantitatively more non-linear. Near their
optimum spatial frequencies, harmonic components dominated their responses.

* Present address: Department of Psychology, University of California, Los Angeles, 405
Hilgard Avenue, Los Angeles, CA 90024, U.S.A.
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receptive field properties of thalamic relay neurons 
are similar to their afferent retinal ganglion cells

and morphology of cells in X and Y pathways are different
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Illustration of segregation of projections from the eye. The retinal input from two eyes (blue represents left; red represents 
right) is segregated into distinct layers in the LGN by remodeling the axon branches and synaptic connections of RGCs. In 
the layer IVc of the primary visual cortex (V1), LGN neurons that respond preferentially to one eye segregate from neurons 
that respond preferentially to the other eye in structures called ocular dominance columns. Illustration by Sigrid Knemeyer.
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the ground. For animals that live beneath the water 
surface, the vertical axis can carry multiple instances of 
stepwise variations in brightness, spectrum and visual 
clutter3 (FIG. 2d). For example, in the shallow freshwaters 
inhabited by zebrafish, the ground is near and offers the 
greatest spatial detail. The horizon looks along the water 
column and tends to be featureless, except for objects in 
the foreground. Immediately above the horizon is a scat-
tered reflection of the ground, and, finally, Snell’s win-
dow118 (the region directly above the animal) contains a 

typically featureless view of mostly sky above the water. 
Presumably as a direct consequence of the fact that prop-
erties of the visual input change across scenes, the neu-
ral circuits processing different parts of the visual field 
within the same species have often evolved to perform 
different sets of computations.

Regional variability in RCG density. These adaptations 
start in the retina, as is immediately apparent when one 
is looking at the much- studied density distributions of 
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Fig. 2 | Differential retinal ganglion cell topographies support vision in different visual environments. a–d | Snapshots 
of the typical visual habitats of different animals. e | Representative retinal ganglion cell (RGC) density distributions  
across the whole retinas of different species. The schematics were created by our tracing published cell- count maps and 
subsequently using approximate graphical stitching to fit the images to a circular projection (human234, adult zebrafish198, 
hawk85, red kangaroo120, tree kangaroo120, wolf122 and dog122). The schematic of the mouse retina was sketched by hand on 
the basis of data in REFS6,7,235. For each of the published maps, we identified a number of density ‘contours’, for each of 
which we estimated the total area and RGC density. We used this information to calculate the mean RGC density across 
the bulk of the retina. In each schematic, areas shaded in the lightest grey are those in which RGC density corresponded  
to this mean density , and regions with darker shading show approximate relative elevations above this mean. The densities 
shown in each region are approximate, having been estimated from RGC density schematics of flat- mounted retinas 
depicted in the original publications. The white circles indicate the position of the optic nerve head in each retina.  
The optics of the eye invert the incoming image, meaning that the dorsal retina (D) surveys the ground, while the ventral 
retina (V) surveys the sky. N, nasal, T, temporal. Part a is adapted, with permission, from the database as described in REF.167, 
Tkacik , G. et al., Natural images from the birthplace of the human eye. PLoS ONE 6, e20409 (2011).
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the inner plexiform layer to provide mostly inhibitory 
feedback and feedforward signals (reviewed in REFS22–25). 
Finally, RGCs integrate synaptic inputs across their 
dendrites and send this information to the brain via the 
optic nerve (reviewed in REFS26,27).

The mouse retina as a benchmark. The fundamental ret-
ina blueprint outlined in the previous section is highly 
conserved across species, as are several aspects of its 

general functional organization. For example, neurons 
present at different circuit levels within vertebrate reti-
nas consistently use centre–surround receptive fields28 and 
rely heavily — though not exclusively29–35 — on analogue 
processing of visual information, before its arrival at the 
dendrites of RGCs (reviewed in REF.36). Nonetheless, 
there are only a few species for which we have a detailed 
understanding of the anatomical and functional prop-
erties of individual retinal circuits, the most notable of 
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Fig. 1 | Retinal composition across species. a | The cell types present in the 
retinas of several contemporary vertebrate species (shown as transverse 
sections). For comparison, the plexiform (synaptic) layers (the outer 
plexiform layer (OPL) and inner plexiform layer (IPL)) are demarcated 
alongside each image. Example morphologies of different retinal neuron 
classes are highlighted. The schematics were created on the basis of data 
from the following references: mouse191, human192, chicken193, zebrafish 
adult194, zebrafish larva195 and salamander196. b | Graph showing the total 
number of retinal ganglion cells (RGCs) present in the retinas of 105 
different species versus their retinal surface area. For comparison, 
isodensity lines (indicating constant densities) are shown as dashed lines. 

The graph was created using data from REFS3,71,85–87,89,92,104,108,124,126,173,197–234. 
Species were selected for inclusion on the basis of the availability of 
quantitative RGC information for those species in the literature. For each 
clade for which such information was available, we selected one to four 
articles for inclusion on the basis of how readily the data could be extracted 
from a given study. Naturally , this list is therefore non- exhaustive. Detailed 
information is available in Supplementary Table 1. It can be seen that (in 
general) larger eyes comprise proportionally more RGCs. However, for any 
given eye size, RGC numbers across species vary by more than two orders 
of magnitude. Colours are used to distinguish between major clades of the 
vertebrate lineage. AC, amacrine cell; BC, bipolar cell; HC, horizontal cell.
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Animals use vision to navigate their vastly different envi-
ronments, whether they are deep- water marine species 
communicating with bioluminescent displays or birds 
scanning their environment for prey from high up in 
the air. The eyes of each animal are exquisitely adapted 
to allow it to gather the information from its environ-
ment that is needed for its survival and procreation1,2. 
Many adaptations to the visual properties of specific 
environments are evident in the structure and function 
of the retinal circuits of particular species (for example, 
the ratio of rod to cone photoreceptors often depends 
on the time of day that an animal is most active)1–6. 
However, the comparative studies that are necessary 
to understand more generally how such adaptations 
relate to the ecological context of different species and 
to ultimately arrive at a truly general theory of vision will 
require detailed knowledge of retinal circuit structure 
and function across species. Such knowledge may also 
have a broader impact: it is likely that studies of other 
neural circuits will profit from a deep understanding 
of the circuits, computational strategies and coding  
principles that operate in the retina.

Recent studies have started to reveal the extent to 
which the retinas of some species are adapted to the 
statistics of the visual information that they receive, 
such as the distribution of spatial, temporal and spec-
tral information, as well as to their specific behavioural 
demands3,6–12. These studies have demonstrated that ret-
inal circuits may differ even between closely related spe-
cies1,2. Furthermore, even within a single species, visual 
input statistics and behavioural demands can be very 
different across the visual field, and studies have shown 

that retinal circuits also strongly vary across the retinal 
surface1,2,10,11. These considerations have sparked a new 
wave of studies probing retinal circuit organization in 
the context of its function, assessed using natural rather 
than artificial inputs4,13,14.

Here, we review the latest developments in this field,  
with an emphasis on the discovery of species differ-
ences and functional distinctions across the retina.  
We consider what these findings mean for long- held 
theoretical notions that the retina is adapted to encode 
the environment of a species efficiently (the so- called 
efficient coding hypothesis)15,16. Finally, we show how cur-
rent technological developments are starting to provide 
us with important insights into the ways in which reti-
nal function is constantly retuned to meet ever- changing 
visual demands.

Retinal organization and diversity
Retinal cell types and their function. The vertebrate retina 
comprises five classes of neurons that are arranged into 
three nuclear and two synaptic layers17,18 (FIG. 1). In the  
first synaptic layer, the outer plexiform layer, photo-
receptors (comprising rods and cones) release glutamate  
onto the dendrites of bipolar cells and horizontal cells. 
Horizontal cells connect laterally to provide feedback 
and feedforward signals to both photoreceptors and 
bipolar cells (reviewed in REFS19,20). Bipolar cells in turn 
project to the second synaptic layer in the inner retina, 
the inner plexiform layer. There they contact dendritic 
processes of amacrine cells and retinal ganglion cells 
(RGCs) (reviewed in REF.21). Like horizontal cells, ama-
crine cells connect laterally but they also connect across 

Visual field
The area in space that an 
animal can simultaneously 
survey using its eyes.

Efficient coding hypothesis
A theory that posits that the 
retina has evolved to encode 
the visual environment 
efficiently: that is, by 
minimizing the redundancy in 
the information carried by 
different neurons.
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https://www.amnh.org/learn-teach/young-naturalist-awards/winning-essays2/2009-winning-essays/a-behavioral-test-to-examine-the-evolution-of-color-vision-in-vertebrates/

Mammals have rod-
dominated retinas.  
Non-primate mammals 
have dichromatic color 
vision subserved by two 
spectral classes of cone.

Primates have 
trichromatic color 
vision subserved by 
three spectral classes 
of cone.

comparative color vision 
(evolution of photoreceptor types and visual pigments)
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non-avian reptile

— reptilia —

Modern teleost fish, reptiles and birds have 
cone-dominated retinas.  

Many genera of teleost fish, reptiles and birds  
have four spectral classes of cones and 
tetrachromatic color vision.    

cone-dominatedrod-dominated
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Phylogenetic analysis of 
opsin gene sequences 
suggests that ancestral 
pigments were cone 
pigments, with rod 
pigments evolving last.

Mammals have 
nocturnal ancestors!  
Color vision requires 
more than moonlight.  
Loss of some cone 
pigments, and rods begin 
to dominate retina; also, 
mammals develop very 
good hearing.

size of gray 
ellipse 
indicates
degree to 
which rods
dominate 
retina
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iLFJuu?s�� wk�uynnkuJ� wU?w� Uyc?f� Dk]kys� {XuXkf�
W?u�J{k]{JI�|Uk]]��|XwUXf� wUJ� QJfyu�ª Þ �dó
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/w� Xu� fk|�nkuuXB]J�� cksJ� wU@f���ó�J?su� ]?wJs��
wk�uyQQJuw� wU?x� Xg�kfJ�sJunJDw�=?]]u�|?u�|skfQ��
Bzw� Xf� ?fkwUJs�� n?sw]�� DkssJDw�� 3ys� yfGJs]�XiQ�
cAcc?]X?f�GXDUskc?D�� k|Ju� �^�!`�T�-Òó wk�kys�
wJ]Jkuw� �cksJ� uwsXDw]��� NXuU�� ?fG� sJnwX]X?f�
?iDJuwksv� �?u� ?fDXJfw� ?u� ���z��ócX]]Xkf� �J?su�
?Qk�� 1>'��� Byw� kys� sJDJfw� ?DryXuXwXkf� kN�
wsXDUskc?D�� �?Bkyw���ó1>'�� Xu� ?� NJ?wysJ� fkw�
kf]��kN�?fwUskn5XGu� Byw�kN�3]G�=ks]G�ckf\J�u�
Xf�QJfJs?]�?fG�J{Jf�ukcJ�2J|�=ks]G�ckf\J�u��
:UJ� J{XGJfDJ� wk� uynnksw� wUJuJ� ?uuycnwXkfu� Xu�
GJsX{JG� Ntkc� wUtJJ� Dkcn?s?wX{J� ukysDJu"� �X��
ptKuJfw�G?�� �sJptJuJfw?wX{Ju�� kN� ?fDXJfw�
?hDKuwt?]� {JswJBt?wJu�� �XX��ckGKsf�
tJqtJuJgw?wX{Ju� kN� wUJ�c?[ks� {KtwJBs?wJ� D]?uuKu#�
wJ]Jkuwu�� sJnwX]Ju�� BXtGu� ?fG�c@cc?]u�� ?fG� �XXY��
wUK�ck]JDz]?s�QJfJwYDu�kO�{Xuy?]�nXQcJfw�nskwJXf�
QJfJu��

/f�wUXu�BsXJP�sJ{XJ|�Xw�Xu�fkw�nkuuXB]J�wk�QX{J�?�
Dkcn]JwJ� uys{J�� kN� ?]]� wWJ� sJ]J{?fw�nyB]XuUJG�
G?w?�� Byw� kf]�� wk� uJ]JDw� DJsw?Xf� ?unJDwu� wU?w�
yfGJs]XJ� ?fG� GJckfuws?wJ� wUJ� B?uXD�
?uuycnwXkfu� uysskyfGXfQ� wUJ� J{k]ywXkf� kN�
{Xuy?]� nXQcJfwu� ?fG� Dk]kys�{XuXkf�� :UJ�
DkfuJryJfDJ� kN� uyDU� ?f� JD]JDwXD� uJ]JDwYkf� Xu� wU?w�
czDU� GJw?X]�czuw� BJ� n?uuJG� k{Js� ?fG� wU?w�
QJfJs?]Xu?wXkfu�|X]]� XfJ{Xw?B]�� XfwskGyDJ�
XfADDysADXJu��
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:UsJJ� ryJuwXkfu� ?sJ�kNwJf�?u\JG�|XwU� sJunJDw� wk�
wUJ�J{k]ywXkf�kN� wUJ�{JswJBs?wJ�sJwXf?]�
nUkwksJDJnwks� u�uwJc�� +Xsuw�� |UXDU� ?sJ� wUJ�
?fDJuws?]� �cksJ� psXcXwX{J%�� nUkwksJDJnwksu$�
skGu�ks�DkfJu%�8JDkfG]���|U?w�|?u�wUJ�?fDJuws?]�
{Xuy?]� nXQcJfw%� 'fG� wUXsG]���|UJf�GXG� Dk]kys�
{XuXkf� J{k]{J%� :UJsJ� ?sJ� fk� uXcn]J� ?fu|Jsu� wk�
wUJuJ� ryJuwXkgu�� wUkyQU� ?f� ?fu|Js� wk� wUJ� NXsuw�
cXQUw� uyQQJuw� ?j� ?fu|Js� wk� wUJ�kwUJs� w|k��

7kGu� ?sJ�cksJ� DkfuJs{JG� wUskyQUkzw� wUJ�
{KtwJBtAwJu�� Xf� wKscu� kN�BkwU� uwsyDwzsJ� ?fG�
{Xuy?]� nXQcJfwu�� |UJsJ?u� DkfJu� ?sJ� UXRU]��
GX{JsuJ� Xf� uwsyDwysJ� ?fG� D?f� BJ�GX{XGJG� Xfwk�
c?f�� unJDws?]]��GXuwXfDw� D]?uuJu� �nkuuXB]�� ?u�
c?f�� ?u� NX{J��|YwUXf� ?� QX{Jf� unJDXJu�� 7kGu�
Dky]G� wUJf� BJ�DkfuXGJsJG� wUJ� uXcn]Js�� ?fG�
wUJsJNksJ�?fDJuws?]��nUkwksJDJnwks��.k|J{Js�� Xf�
kwUJs� sJunJDwu� skGu� Dky]G� BJ� DkfuXGJsJG� wk� BJ�
cksJ� unJDX?]XuJG� wU?f� DkfJu"� wUJ��U?{M� ?�cksJ�
Dkcn]J~�cksnUk]kQ��|XwU� Xuk]?wJG�GXuDu� ?fG�
?sJ�cksJ� uJfuXwX{J�� BJXfQ� D?n?B]J� kN� uXSf?]]XfQ�
wUJ�GJwJDwXkf�kN�?�uXfQ]J�nUkwkf��'�nkuuXB]J�|?��

§ðÎó e'==�fó '�tó 86'w86�ó �
 ����
 ¹�ñL�ó¥���QRQó�ÐóµäS]SL�Ý���RØZ]Zó

­�F�ó �)1'�$�+4òó

�*�+-'�(-4 )�4� ,.�%4
�� �(��4
�(,-!-.-�4)�4 �*�-��%')&)�34
�(!0�+,"-34 �)%&���4�)(�)(4
��-�4 �-+��-4
�)(�)(4 ��4��4���4
�Fó

��&�4 .��ó ����4�¤1�717"�¤
��2�4 .��ó ����5�¤1�717,�¤
��'� %	4
#��)1'�$�+
/�%����.$4

+%�¤


