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CHAPTER 7

WHAT THE FROGSEYE TELLS
THE FROG'SBRAIN *

J Y.LETTVIN,$ H. R. MATURANA,§
W. S. McCULLOCH, AND W. H. PITTSt

I.INTRODUCTION

A. Behavior of a Frog

A frog hunts on land by vision. He escgpes enemies mainly by
sedng them. His eyes do not move, as do aurs, to follow prey, attend
suspicious events, or seach for things of interest. If his body changes
its position with resped to gravity or the whale visua world is
rotated about him, then he shows compensatory eye movements.
These movements enter his hunting and evading habits only, e.g., as
he sits on arocking lily pad. Thus his eyes are adively stabili zed. He
has no foveg or region of greaest acuity in vision, upon which he
must center a part of the image. He has only a single visual system,
retina to colli culus, not a double one such as ours where the retina
sends fibers not only to colli culus but to the lateral geniculate body
which relays to cerebral cortex. Thus, we dhose to work on the frog
because of the uniformity of his retina, the normal lack of eye and
head movements except for those which stabili ze the

* This paper originally appeaed in the Proc. Inst. Radio Engr. 1959, vol. 47
pages 1940:1951. Reprinted by permission d Dr. Lettvin and the Institute of
Eledricd and Eledronics Enginees, Inc.
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(Office of Naval Res.), andin part by Bell Telephore Labs, Inc.
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234  What the Frog's Eye Tellsthe Frog's Brain

retinal image, and the relative simplicity of the mnnedion of his eye
to hisbrain.

The frog does not seem to seeor, at any rate, is not concerned with
the detail of stationary parts of the world around him. He will starve
to deah surrounded by foodif it is not moving. His choice of foodis
determined only by size and movement. He will leg to capture any
objed the size of an insed or worm, providing it moves like one. He
can be foded easily not only by a bit of dangled mea but by any
moving small objed. His =x life is conducted by sound and touch.
His choice of paths in escaping enemies does not seem to be
governed by anything more devious than leging to where it is
darker. Sinceheis equally at home in water and on land, why should
it matter where he lights after jumping or what particular diredion he
takes? He does remember a moving thing providing it stays within
hisfield of vision and heis not distraced.

B. Anatomy of Frog Visual Apparatus

The retina of a frog is siown in Fig. 1(a). Between the rods and
cones of the retina and the ganglion cdls, whose aons form the
optic nerve, lies alayer of conneding neurons (bipolars, horizontals,
and amaaines). In the frog there ae aout one million receptors,
21/2 to 31/2 million conneding neurons, and half a milli on ganglion
cdls (11) . The mnredions are such that there is a synaptic path
fromarod a coneto agrea many ganglion cdls, and a ganglion cdl
recaves paths from a grea many thousand receptors. Clealy, 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 into
adistribution of excitement in the optic nerve.

There is only one layer of ganglion cdls in the frog. These cdls
are half a milli on in number (as against one milli on rods and cones).
The neurons are padked together tightly in a sheet at the level of the
cdl bodes. Their dendrites, which may extend laterally from 50 to
500 m interlacewidely into what is cdled the inner plexiform layer,
which is a dose-padked neuropil containing the terminal arbors of
those neurons that lie between receptors and ganglion cdls. Thus, the
amount of overlap of adjacent ganglion cdlsis enormous in resped
to what they see Morphologicdly, there ae severa types of these
cdlsthat are asdistinct in their dendritic
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patterns as different spedes of trees, from which we infer that they
work in different ways. The anatomy shown in the figures is that
found in standard references. Further discusson of anatomicd
guestions and additi onal original work on them will appea in alater
publication.

C. Physiology as Known up to This Study

Hartline (8) first used the term receptive field for the region of
retina within which a locd change of brightness would cause the
ganglion cdl he was obhserving to dscharge. Such a region is
sometimes surrounded by an annulus, within which changes of
brightness affed the cél's response to what is occurring in the
receptive field, although the cél does not discharge to any event
occurring in the anulus alone. Like Kuffler (9), we cnsider the
receptive field and its interading annulus as a single antity, with
apologies to Dr. Hartline for the slight change in meaning. Hartline
found three sorts of receptive field in the frog: ON, ON-OFF, and
OFF. If asmall spot of light suddenly appeas in the receptive field
of an ON-cdl, the discharge soon begins, increases in rate to some
limit determined by the intensity and areaof the spat, and theredter
slowly dedines. Turning off the spat abali shes the discharge.

If the small spat of light suddenly appeas or disappeas within
the field of an ON-OFF cdl, the discharge is dhort and occurs in
both cases.

If the spat of light disappeas from the field of an OFF cdl, the
discharge begins immediately, deaeases dowly in frequency, and
lasts along time. It can be &alished promptly by turning the spot of
light on again.

For all three sorts of field, sensitivity is greaest at the center of
ead field and least at the periphery.

Barlow (3) extended Hartline's observations. He observed that the
OFF cdls have a adding recetive field-i.e., the response occurs
aways to OFF at both center and periphery of that field and that the
effect of removing light from the periphery adds to the effed of ¢
reduction of light at the center, with a weight deaeasing with
distance

The ON-OFF cdls, however, have differencing receptive fields. A
discharge of severa spikesto the gopeaanceof light in the center



Figure 1: (a) Thisis adiagram of the frog retina done by Pedro Ramon Cajal over 50 years ago (b). The rods and cones are the group of
elements in the upper left é:l]uarte’ of the picture. To their bushy bottom ends are connected the bipolar cells of the intermediate layer, for
example, f, g, and h. Lateral connecting neurons, called horizontal and amaaine cell's, also occur in this layer, for example, i, j, andm. The
bipolars snd their axons down to arborizein the inner plexiform layer, roughly the region bounded by céll m above and the bodies of the
Panghpn cells, o, p, and g, below. In this sketch, Ramon has the axons of the bipolar cells emitting bushes at all levels in the plexiform
ayer; in fact many of them branch at only one or two levels. ) ) )

Compare the dendrites of the diff erent gangllon cells. Not only do they spread out at different levels in the plexiform layer, but the
Patterns of branching are different. Other gan? 1on cells, not shown here, have multiple arbors greading aut like a plane treeat two o
hreelevels. It the terminals of the bipolar cell's are sIematlchY arranged in depth, making a laminar operational map of the rods and
cones in terms of very locd contrast, color, ON, OFF, etc., then the different shapes of the ganglion cells would correspond to different
combinations of theloca operations done by the bipolars. Thus would arise the more complex operations of the ganglion cell s as described
in the text. gb) This is Pedro Ramon Cgjal's diagram of the total deaussation or crossng o the optic serve fibers in the frog (5). He made
this picture to explain the value of the Crossng as preserving contmutK in the map of the visual world. O is the optic nerve and C is the
superior colliculus or optic tectum (the names are synora/)mous?{ (c) Thisis Arlen—Kaﬁgﬁ,er‘_s Blecéure of the cross ection d the brain of a
frog through colliculus which isthe u ﬂer or dorsal part above the enclosed space. (d) Thisis Pedro Ramon Cajal’'s diagram of the nervous
organization of the tedum of a frog. The terminal bushes of the optic nerve fibers are labelled b, and c. A, B,'C, D, and E are tedal cells
receiving from the optic nerve fibers. Note that the axons of these cells come off the dendrites in stratum 7, which we cdl the palisade
layer. The endings discussed in this paper lie between the surface and that stratum.
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238 What the Frog's Eye Tell sthe Frog's Brain

is much diminished if alight is turned on in the extreme periphery.
The same interadion occurs when these lights are removed. Thus, an
ON-OFF cdl seems to be measuring inequality of illumination
within its receptive field. [Kuffler (9) at the same time showed a
similar mutual antagonism between center and periphery in eadh
receptive field of ganglion cdlsin the eye of a cd, and later Barlow,
Kuffler and Fitzhugh (4) showed that the size of the cd's receptive
fields varied with genera illumination.] Barlow saw that ON-OFF
cdls were profoundly sensitive to movement within the receptive
field. The ON cdls have not been charaderized by similar methods.

These findings by Hartline and Barlow establish that optic nerve
fibers (the axons of the ganglion cdls) do not transmit information
only about light intensity at single points in the retina. Rather, eah
fiber measures a cetain feaure of the whole distribution of light in
an area of the receotive field. There ae three sorts of function, or
ared operation, acwrding to these authors, so that the optic nerve
looks at the image on the retina through threedistributed channels. In
any one cannel, the overlap of individua receptive fields is very
gred. Thus oneis led to the notion that what comes to the brain of a
frog is this: for any visual event, the OFF channel tells how ranch
dimming of light has occurred and where; the ON-OFF channel tells
where the boundaries of lighted areas are moving, or where locd
inequalities of illumination are forming; the ON channel shows (with
a delay) where brightening has occurred. To an urchanging, visual
pattern, the nerve ought be become fairly silent after awhile.

Consider the retina image & it appeas in each of the three
distributed channels. For both the OFF and ON channels, we @n
trea the operation on the image by supposing that every point on the
retina gives rise to a blur about the size of areceptive field. Then the
OFF channel tells, with along decay time, where the blurred image is
darkened, and the ON channel tells with a delay and long decay
where it is brightened. The third channel, ON-OFF, principaly
registers moving edges. Having the mental picture of an image & it
appeas through the threekinds of channel, we ae still facel with the
question of how the animal abstrads what is useful to him from his
surroundings. At this point a safe position would be that a fair
amount of data reduction hasin fad been
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acomplished by the retina and that the interpretation is the work of
the brain, a yet-to-be unravelled mystery. Yet the nagging worries
remain; why are there two complementary projedions of equally poar
resolution? Why is the mosaic of receptors 9 uselessly fine?

D. Initial Argument

The assumption has aways been that the eye mainly senses light,
whose locd distribution is transmitted to the brain in akind of copy by
a mosaic of impulses. Suppose we held atherwise, that the nervous
apparatus in the eye is itself devoted to deteding certain patterns of
light and their changes, corresponding to perticular relations in the
visible world. If this should be the case, the laws found by using small
spats of light in the retina may be true and yet, in a sense, be
misleading. Consider, for example, a bright spot appeaing in a
receptive field. Its adual and sensible properties include not only
intensity, but the shape of the elge, its $ze curvature, contrast, etc.

We dedded then how we ought to work. First, we should find a way
of rearding from single myelinated and unmyelinated fibers in the
intad optic nerve. Secnd, we should present the frog with as wide ¢
range of visible stimuli as we @uld, not only spats of light but things
he would be dispased to ed, other things from which he would fleg
sundry geometrica figures, stationary and moving about, etc. From the
variety of stimuli we should then try to discover what common
feaures were dstraded by whatever groups of fibers we auld find in
the optic nerve. Third, we should seek the anatomicd basis for the
grouping.*

Il . (ACTUAL) METHODS

Using a variant of Dowben and Rose's platinum blad-tipped
eledrode described in another paper of thisissue, we then began

* This program had started orncebeforein our laboratory with A. Andrew (1,2)
of Glasgow, who unfortunately had to return to Scotland before the work got
well under way. However, he had reported in 1957 that he found elements im
the colli culus of the frog that were sensitive to movement of a. spot of light (a
dat on an oscill oscope screen) even when the intensity of the spot was © low
that turning it on and off produced noresponse. In particular, the dements he
observed showed firing upon movement away from the centers of their
recetive fields, but not to centripetal movements. As will appea later, this
sort of response is a natural property of OFF fibers.
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a systematic study of fibers in the optic nerve. One of the authors
(H.R.M. ) had completed the dectron microscopy of optic nerve in
frogs (10), and with his findings we were ale to understand quickly
why certain kinds of record occurred. He had found that the optic
nerve of a frog contains about half a million fibers (ten times the
ealier estimates by light miscroscopy). There ae 30 times as many
unmyelinated axons as myelinated, and bah kinds are uniformly
distributed throughout the nerve. The aons lie in smal densely
padked bundles of 5 to 100fibers with about 100

ead bundle surrounded by one or more glial cdls (10). But along the
nerve no bundle maintains its identity long, for the component fibers
so braid between bundles that no two fibers stay adjacent. Thus the
place diber crosses one sedion of the nerve beaslittl e relation to its
origin in the retina and little relation to where it crosses another
sedion some distance away.

Fibers are so densely padked that one might suppaose such braiding
necessary to prevent serious interadions. On the other hand, the
density makes the recording easier. A glia wall surrounds groups
rather than single fibers, and penetration of the wall brings the tip
among redly bare aons, ead surrounded by neighbors whose effea
is to increse the eterna impedance to its adion currents,
augmenting the external potential in propation. Thus, while we
prefer to use platinum black tips to improve the ratio of signal to
noise, we recrded much the same population with ordinary sharp
microeledrodes of bright Pt or Ag. The method records equally well
from unmyelinated and myeli nated fibers.

We used Rana pipiens in these experiments. We opened a small
flap of bone dther just behind the eye to expase the optic nerve, or
over the brain to expase the superior colli culus. No further surgery
was done except to open the membranes or connedive tisale
overlying the nervous gructure. The frog was held in extension to a
cork platform and covered with moist cloth. An animal in such a
position, having most of his body surfacein physicd contad with
something, goes into a still readion, i.e., he will not even attempt to
move save to read to pain, and except for the quick small incision of
the skin at the start of the operation, our procedure seams to be
painlessto him. With the animal mounted, we mnfront his eye with
an aluminum hemisphere, 20 milsthick and 14inchesin diameter,
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silvered to a matte grey finish on the inner surface and held
concentric to the eye. On the inner surface of this hemisphere,
various objeds attached to small magnets can be moved about by a
large magnet on the outer surface On our hemisphere, 1° is sightly
lessthan an eighth of an inch long. In the tests il lustrated, we use &
stimulating objeds a dull bladk disk amost 1° in diameter and a
redange 30° long and 12 wide. However, in the textual report, we
use avariety of other objeds. As an indicaor for the stimulus, we
first used a phototube looking at an image of the hemisphere taken
through a amera lens and focused on the plane of a diaphragm.
(Later we used a photomultiplier, so conneded as to give us a
logarithmic response over about four decales.) Thus we culd vary
how much of the hemisphere was sen by the stimulus detedor and
match that areain position and size ajainst the receptive field dof the
fiber we were studying. The output of this arrangement is the
stimulus linein the figures.

[l . FINDINGS

There ae four separate operations on the image in the frog's eye.
Each haes its result transmitted by a particular group o fibers,
uniformly distributed acaoss the retina, and they are dl nealy
independent of the general illumination. The operations are 1)
sustained contrast detedion, 2) net convesty detedion, 3) moving
edge detedion, and 4) net dimming detedion. The first two are
reported by unmyelinated fibers, the last two by myelinated fibers.
Sincewe ae now deding with events rather than paint excitations as
stimuli, receptive fields can be defined only approximately, and one
cannot necessrily distinguish concentric subdivisions. The fibers
reporting the different operations differ systematically not only in
fiber diameter (or conduction velocity) but also in rough size of
receptive field, which ranges from about 2° diameter for the first
operation, to about 15° for the last. The following description of
these groups is definite.

A. Operation 1-Sustained Contrast Detedors
An unmyelinated axon of this group dces not respond when the
genera illumination isturned on or off. If the sharp edge of an
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objed either lighter or darker than the background moves into the
field and stops, it discharges promptly and continues discharging,
no matter what the shape of the alge or whether the objed is
smaller or larger than the receptive field. The sustained dscharge
can be interrupted (or gredly reduced) in these axons by switching
al li ght off. When the light is then restored, the sustained dscharge
begins again after a pause. Indeed the response to turning on a
distribution of light furnished with sharp contrast within the field is
exadly that reported by Hartline for his ON fibers. In some fibers
of this group, a mntrast previously within the field is "remembered”
after the light is turned off, for they will keep up a low mutter of
adivity that is not present if no contrast was there before. That this
is not an extraordinary sensitivity of such an element in amost
complete darkness can be shown by importing a cntrast into its
receptive field after darkening in the @sence of contrast. No mutter
occurs then. This memory lasts for at least a minute of darkness in
some unit:.

In Fig. 2 we seethe response of such a fiber in the optic nerve.
We ompare these responses with full il lumination (a 60-watt bulb
and refledor mounted a foot away from the plane of the opening of
the hemisphere) to those with lessthan 1/300 as much light (we put
avariable resistancein series with the bulb so that the alor changed
aso). We ae struck by the smallness of the resulting change. In
very dim light where we can barely see the stimulating objeda
ourselves, we till get very much the same response.

B. Operation 2-Net Convexity Detedors

These fibers form the other subdivision of the unmyelinated
population, and require anumber of conditions to spedfy when they
will respond. To our minds, this group contains the most remarkable
elementsin the optic nerve.

Such afiber does not respond to change in genera ill umination. It
does respond to a small objed (3° or lesg passd through the field;
the response does not outlast the passage. It continues responding for
a long time if the objed is imported and left in the field, but the
discharge is permanently turned off (erased) by a transient genera
darkness lasting 1/10 seand o longer. We have not tried shorter
obscurations.

The fiber will not respond to the straight edge of adark objed
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moving throudh its receptive field or brought there and stopped. If
thefield isabout 7° in diameter, then, if we move adark square 8° on
the side through it with the eldge in advance there is no response, but
if the corner is in advance then there is a good me. Usually a fiber
will respond indefinitely only to oljeds which have moved into the
field and then lie wholly or almost wholly interior to the receptive
field. The discharge is greder the greaer the mnvexity, or positive
curvature, of the boundary of the dark objea urtil the objed
becomes as small as about one half the width of the recetive field.
At this point, we get the largest response on moving aaossthat field,
and a good, sustained response on entering it and stoppng. As one
uses smaller and smaller objeds, the response to moving aaossthe
field begins to dminish at a size of about 1°, although the sustained
response to coming in and stopping remains. In this way we find the
smallest objed to which these fibers respond is less than three
minutes of arc. A smooth motion aaossthe receptive field has less
effect than ajerky one, if the jerks reaur at intervals longer than one
half second. A displacement barely visible to the experimenter
produces a marked increase in response which died down slowly.

Any checked or dotted pattern (in the latter case, with dots no
further apart than half the width of the receptive field) moved as a
whole agossthe receptive field produces littl e if any resporse.
However, if any dot within the receptive field moves differentially
with resped to the badkground pettern, the response is to that dot as
if it were moving alone. A group of two or three distinct spots
enclosed within the receptive field and moved as a whole produce
lessdired response to movement and much less sistained response
on stoppngthan if the spots are calesced to asingle larger spot.

A delightful exhibit uses a large wlor photograph of the natural
habitat of a frog from a frog's eye view: flowers and grass. We can
move this photograph through the receptive field of such a fiber,
waving it around at a seven-inch dstance there is no response. If
we perch with a magnet a fly-sized oljed 1° large on the part of the
picture seen by the receptive field and move only the objed, we get
an excdlent resporse. If the objed is fixed to the picture in about
the same place a&d the whole moved about, then thereis none.

Finally, the response does not depend on how much darker the
objed isthan its badkground, so longasit is distinguishably so and
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Figure 2: Operation 1) : contrast detedors. The recrds were dl taken
direaly with a Polaroid camera. The spikes are dipped at the lower end just
above the noise and brightened onthe screen. Occasiona spikes have been
intensified by hand for purpases of reproduction. The resolution is not good,
but we think that the responses are nat ambiguous. Our aternate recording
method is by means of a device which displays the logarithm of pulse
interval of signals through a pulse height pick-off. However, such records
would take too much explanation and would na add much to the substance
of the present paper. (a) This record is from a single fiber in the optic nerve.
The base line is the output of a photocdl watching a somewhat larger area
than the recetive field of the fiber. Darkening is given by downward
defledion. The resporse is ®en with the noise dipped of. The fiber
discharge to movement of the eldge of a 3° blad disk passed in ore diredion
but not to the reverse movement. (Time marks, 20 per second.) (b) The same
fiber shown here giving a cntinued response when the edge stops in the
field. The resporse disappeasif theill umination is turned off and regpeas
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has a dea-cut edge. If a disk has a very dark center and merges
gradualy into the grey of the badkground at the boundary, the
response to it is very much less than to a uniform grey disk only
dightly darker than the badkground. Objeds lighter than the
badkground produce dmost no response unless they have enough
relief to cast adlight shadow at the elge.

All the resporses we have mentioned are relatively independent of
illumination, and Fig. 3 taken as described in the cation shows the
readions to a 3° objed and the large redangle, under some of the
conditi ons described.

General Comnents on Groups 1) and 2) . The two sorts of
detedors mentioned seem to include dl the unmyelinated fibers,
with conduction velocities of 20 to 50 cm. The two groups are not
entirely distinct. There ae transition cases. On one hand, some
convexity detecors respond well to very dightly curved edges, even
so far as to show an occasional sustained response if that edge is left
in

when it isturned on Below is iown again the asymmetry of the response to
a faster movement. (Time marks, 20 per seand.) (c) The same fiber is
stimulated here to show asymmetricd resporse to the 3° bladk objed moved
in one diredion, then the reverse, and the stimuli are repeaed under a little
less than a threedecale cange of illumination in two steps. The bottom
record isin extremely dim light, the top in very bright light. (Time marks, 20
per second) (d) In the bottom line, a group of endings from such fibers is
shown recorded from the first layer in the tedum. A blad disk 1° in dameter
ismoved first through the field then into the field and stopped. In the top line,
the receptive field iswatched by a phaomulti plier (seetext), and darkening is
given upwvard defledion. (Time marks, 5 per second for al tedal records.) (€)
OFF and ON of genera illumination hes no effed on these fibers. (f) A 3°
blad disk is moved into the field and stopped. The response mntinues until
the lights are turned OFF but regppeas when the lights are turned ON. These
fibers are norerasable. (g) A very large bladk square is moved into the field
and stopped. The response to the elge @ntinues aslong as the edge isin the
field. (h) The 3° disk is again moved into the field and stopped. When it
leaves, thereis a dight after-discharge. (i) A 1° objed is moved into the field,
stopped; the light is then turned off, then on, and the response @mes back.
The light is, however, alittl e lessthan 300X dimmer than in the next frame.
Full ON and OFF are given in the redangular cdibration onthe right. (j) The
same procedure & in Fig. 2(i) is done under very bright light. The return of
resporse dter reintroducing the light seams more prolonged-but this is due
only to the fad that, in Fig. 2(i), the edge was nat stopped in optimal paosition.
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the field. They may also not be completely erasable (though very
markedly affeaed by an interruption of light) for small objeds. On
the other hand, others of the same group will be difficult to set into
an indefinitely sustained response with an objed, but only show a
fairly long discharge, ading thereby more @& detedors of edges,
dthough nrever reading to straight edges. Nevertheless, the
digtribution of the unmyelinated axons into two groups is very
marked. Any fiber of either group may show a diredional resporse,
i.e., there will be adiredion of movement that may fail to excite the
cdl. For the contrast fibers, this will also appea as a nonexciting
angle of the boundary with resped to the axis of the frog. Such nul
diredions and angles cancd out in the aygregate.

C. Operation 3-Moving-Edge Detectors

These fibers are myelinated and conduct at a velocity in the
neighborhood d two meters per second. They are the same &
Hartline's and Barlow's ON-OFF units. The receptive fields is about
12° wide. Such afiber responds to any distinguishable elge moving
through its receptive field, whether black against white or the other
way around. Changing the extent of the edge makes littl e difference
over a wile range, changing its gpeead a grea one. It responds to an
edge only if that edge moves, not otherwise. If an objed wider than
about 5 ° moves smoothly aaoss the field, there ae separate
responses to the leading and trailing edges, as would be expeded
from Barlow's formulation. These fibers generally show two o three
regularly spaced spikes, always synchronous among different fibers
to turning the light on or off or both. The response to moving objeds
is much greder than to changes in total il lumination and varies only
slightly with general illumination over a range of 1/300. The
frequency of the discharge increases with the velocity of the objea
within certain limits (seeFig. 4).

D. Operation 4-Net Dimming Detectors
These ae Hartline's and Barlow's OFF fibers. But they have some
properties not observed before. They are myelinated and the fastest
conducting afferents, clocked at 10 meters per second.* One such
* The even faster fibers, with velocities up to 20 meters per second, we presently
believe to be the eff erents to the retina, but although there is some evidence for this,
we are not yet quite certain.
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Figure 3: Operation 2) : convexity detedors. The phaomultiplier is used,
and darkening is an upward defledion. (a) These rerds are dl from the
seoond layer of endings in the tedum. In the first picture, a 1° blac disk is
imported into the receptive field and | eft there. (b) The same event occurs as
in Fig. 3 (a), but now the light is turned off, then onagain. The response i<
much dminished and in the longer recrd vanishes. These fibers are
erasable. (c) The 1° disk is passed through the field first somewhat rapidly,
then dowly, then rapidly. The light is very bright. (d) The same procedure
ocaurs as in Fig. 3(c), but now the light has been dmmed abou 300X. The
verticd li ne shows the range of the photomultiplier which has been adjusted
for about 31/2 decales of logarithmic resporse. (€) A 1° blad disk is passed
through the field at three spedals. (f) A 15° blad strip is passd through at
two spedls, edge leading. (g) A 15° blad strip is passed through in various
ways with corner lealing. (h) The same strip as in Fig. 3 (g) is passd
through, edge leading.
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Figure 4: Operation 3 : moving edge detedors. The first two pictures are
taken from a single fiber in the optic nerve. (8) A 7° bladk disk moving
through the receptive field (the photocdl was not in registration with the
field). There is a response to the front and badk of the disk independent of
illumination. There is about a 300/1 shift of ill umination between top and
bottom of the record. Darkening is a downward deflection d the photocell
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fiber responds to sudden reduction of illumination by a prolonged
and regular discharge. Indeed, the rhythm is 9 much the same fromr
fiber to fiber that in recording from several at once dter sudder
darkening, the impulses assemble in groups, which bregk up only
after many seaonds. Even then the adivity from widely separated
retinal aress ®ems to be related. We observe that the surface
potential of the colliculus sows a violent and prolonged oscill atior
when the light is turned off. This oscill ation, beginning at about 1€
per seaond and bresinginto 3to 5 per second after several seconds,
seems to arise from those fibers from the reting; the same record i<
seen when the optic nerve is svered and the recording eledrode
placal on the retina stump (seeFig. 5) .

The receptive field is rather large-about 15°-and works as Barlow
describes. Darkening of a spat produces lessresponse when it is ir
the periphery of the field than when it is at the center. The dfed of ¢
moving objed isdiredly related to its sze and relative darkness The
response is prolonged if a large dark objed stops within the field. It
is almost independent of illumination, adually increasing as the light
gets dimmer. Thereisakind of erasure that is complementary to that
of group 2) . If the general lighting is sharply dimmed, but not turned
off entirely, the cnsequent prolonged response is diminished o
abolished after a dark objed passes through the receptive field. Ir
this case, the reasons for erasure ae gparent. Suppaose one turns off
the light and sets up a prolonged response. Then the amount of light
which must be restored to interrupt the response gets less and less the
longer one

record. (Time marks, 5 per seand) (b) OFF and ON of generd lighting.
(Time marks, 50 per seaond.) Note double responses and spadng. (c) This
and succealing reaords are in the third layer of endings in the tecum.
Severa endings are recorded but not resolved. Darkening is an upwarc
defledion d the photomultiplier record. The response is own to the edge
of a 15° square moved into and out of the field by jerksin bright light. (d)
The same procedure occurs as in Fig. 4(c), but in dim light. Calibration
figure is at the right. (€) The response is shown to a 7° bladk disk passc
through the receptive fields under bright light. The swee is faster, but the
time marks are the same. (f) The same procedure & for Fig. 4(e), but under
dim light. The OFF and ON of the photomultiplier record was superimpaosec
for cdibration. (g) OFF and ON response with about haf, a seaond tetwee
ON and OFF. (h) Same & Fig. 4(g), but with 2 seconds between OFF anc
ON.
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Figure 5: Operation 4) : dimming detedors. (a) This and the next frame ae
taken from a single fiber in the optic nerve. Here we see the resporseto a 7°
blad disk pasdng through the receptive field. The threerecords are taken at
three illumination levels over a 300/1 range. In the phototube record,
darkening is a downward defledion. (Time marks, 5 per seaond.) (b) OFF
and ON of light. The OFF was dore shortly after one swegp began, the ON
occurred a little ealier on the next sweep. The fiber is dlenced completely
by the ON. (Time marks, 5 per seaond) (c) In this and the next threeframes,
we aereoording from the fourth layer of endingsin the
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waits. That is, the sensitivity of the OFF discharge to the ON of light
increases with time. If we darken the general lighting only by a facor
of 100, we dso get a prolonged discharge. However, if we turn off
the light completely a few seconds after the 1001 dmming and then
turn it back on to the same dim level, the discharge is increased by
the second dmming and is completely or amost completely
abolished by the relighting. The dfed of moving a dark objed
throughthe field ;after dimming isto impose asecond dmming pulse
followed by brightening as the objed passes.

E. Others

Lastly, there is a small group of afferent fibers which does not
seem to have distinct receptive fields. They each measure the
absolute degree of darkness over a wide aea with a long time
constant. That is, the frequency of discharge is greder the darker it
is. They have a omplement in that some of the moving edge
detedors have aresting discharge of very low frequency if the
illumination is extremely bright.

V. DISCUSSION

Let us compress all of these fii ndings in the foll owing description.
Consider that we have four fibers, one from ead group, which are
concentric in their receptive fields. Suppose that an objed is moved
about in this concentric aray:

1) The ontrast detedor tells, in the smallest areaof all, of the

presence of a sharp baundary, moving or still, with much or
littl e contrast.

tedum. This frame shows the resporse to turning OFF the general
ill umination. (d) OFF and ON of light at regular intervals. (€) OFF, then ON
of the light to a lesser brightness (f) OFF, then ON of the light to a still
lesser brightness The level to which the ON must come to abalish adivity
deaeases geadily with time. (g) The synchrony of the dimming detedors as
described in the text. At the top are threeor four fibers recorded together ire
the optic nerve when the light is suddenly turned dff. The fibers come from
diverse aeasin theretina. In the semndline ae the oscill ations recorded on
the surfaceof the tedum, the visual brain, before the nerve was cut. Again
the light is suddenly turned off. The last line is 20 cps. These recrds of
synchrony were obviously not al made & the same time, so that comparing
them in detail i snot profitable.
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2) The onvexity detecor informs us in a somewhat larger area
whether or not the objed has a airved baundary, if it is
darker than the badkground and moving on it; it remembers
the objed when it has dopped, providing the boundary lies
totally within that area ad is sarp; it shows most adivity if
the enclosed oljed moves intermittently with resped to the
badkground. The memory of the objed is abdlished if a
shadow obscures the objed for a moment.

3) The movement detedor tell s whether or not there is a moving
boundary in ayet larger areawithin the field.

4) The dimming detecor tells us how much dimming occurs in
the largest areg weighted by distance from the center and by
how fast it happens.

All of the operations are independent of general ill umination.
There ae 30 times as many of the first two detedors as of the last
two, and the sensitivity to sharpness of edge or increments of
movement in the first two is also higher than in the last two.

V.RESULTSIN THE TECTUM

As remarked ealier, the optic fibers are dl disordered in paosition
through the nerve. That is, the probability that any two adjacent
fibers look at the same region in the retina is very small. However,
when the fibers terminate in the superior colli culus, they do so in an
orderly way such that the termini exhibit a continuous map of the
retina. Each optic nerve aosses the base of the skull and enters the
oppasite tedum [Fig. 1(b) ] via two bundles-one rostromedial, the
other caudaateral. The fibers sweg out over the tectum in the
superficial neuropil in what grossly appeas to be alaminated way
[Fig. 1(c) ]. The detail of ending is not known, and there is sme
reason to think Pedro Ramon Cgjal's drawing (5) istoo dagrammatic
[Fig. 1(d) 1, however well it fits with our data

In any case, the outer husk of neuropil, roughly about half the
thickness of the optic tedum, is formed of the endings of the optic
fibers mixed with dendrites of the deeoer lying cdls, and in this
felting lie few cdl bodes.

We have found it singularly easy to record from these terminal
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bushes of the optic fibers. That is, if an eledrode is introduced in the
middle of one bush, the external potential produced by adion
currents in any branch increases in propartion to the number of
branches nea the dedrode. Since the bushes are densey
interdigitated everywhere, it is not difficult to record from terminal
arbors anywhere unlessone kills or blocks them locdly, asis easily
done by pressure, etc.

One may inquire how we cn be sure of recording from terminal
arbors, and not from cdls and their dendrites. The agument is this.
First, there ae aout four layers of cdls in the depths of the tedum
[Fig. 1(d) ], and only their dendrites issue into the superficial
neuropil, wherein lie very few cdls indeed. There ae about 250,000
of these cdlsin al, compared to 500,000 ogic fibers. In the outer
thickness of the tedum, among the terminating fibers, almost every
element we record performs one of the four operations charaderizing
the fibers in the nerve, and has a crresponding receptive field. Now
asthe dedrode moves dawn from the surfacein one tradk, we record
5to 10 cdls in the deepest half of the tectum. Not a single cél so
recorded shows adivity even remotely resembling what we find in
the superficial neuropil. Among the cdls, none show optic nerve
operations, and the smallest receptive fields we find are over 30° in
diameter. If the adive dementsin the upper layers are cédls (one will
see dout 20 to 30 adive dements in one dedrode tradk before
reating the cdl layer), which cdls can they be? Of it they are
dendrites, to what neurons do they belong? We regard these
considerations as conclusive enough.

Figs. 2-5 show that the four operational groups of fibers terminate
in four separate layers of terminals, each layer exhibiting a
continuous map o the retina [we confirm Gaz's diagram of the
projedion (6) ], and all four maps are in registration. Most superficial
lie the endings for the mntrast detedors, the slowest fibers. Beneah
them, but not so dstinctly separate, are the mnvexity detedors.
Deeper, and rather well separated, are the moving edge detedors
admixed with the rare and ill -defined axons that measure the adual
level of darkness. Degoest (and occasionally contaminated with tedal
cdls or their axons) lie the dimming detedors. Thus the depth at
which these fibers end is diredly related to their speed of conduction.
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Such an arrangement makes experiment easy, for al the fibers of
one operation performed on the same field in the retina end in one
placein the tedum and can be recorded as a group. It is very useful
to see them this way, for then the individual variations among
similar units cancd one another, and only the cmmon properties
remain. We made the teda records gown in the acompanying
figures with a single dedrode in two penetrations (to get decent
separation of contrast and convexity detecors which lie below the
pia) to show how clea-cut the arangement is.

V1. CONFIRMATION OF SPERRY'SPROPOSAL

The existence of afourfold map of the retinain the tedal neuropil
led us, naturally, to repea Sperry's initia experiment on the
regeneration of cut optic nerve (14). Sincethe nerve is as <rambled
as it can be originally, we saw no pdnt in turning the eye aound
180, but smply cut one nerve in a few frogs, separated the stumps
to be sure of complete severance, and waited for about threemonths.
At the end dof this time, after it was clea that the ait nerves were
functioning again, we ammpared the tectal maps of the cut and uncut
nerves in some of them. We cnfirmed [as did Gaze(7)] Sperry's
proposal that the fibers grew back to the regions where they
originally terminated in mapping the retina (12). But we dso found a
restoration of the four layers with no error or mixing. In one frog,
after 90 days, the fibers had grown back best at the entrance of the
two brachia to the colliculus, and least at the center, yet there were
no serious errors. The total areaof retina communicating with one
point of the coalli cular neuropil (i.e., the sum of the receptive fields
of the fibers recorded from that point) had increased three or four
times, from a diameter of about 15° to a diameter of about 30°. But
there was no admixture of fibers with receptive fields in widely
separated regions. In another frog, after 120 dhys, the aeaseen from
one point was barely twice normal.

VIl. GENERAL DISCUSSION

What are the mnsequences of this work? Fundamentally, it shows
that the eye speaks to the brain in alanguage drealy highly orga-
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nized and interpreted, instead o transmitting some more or less
acarrate cpy of the distribution of light on the receptors. As a aude
analogy, suppase we have aman watching the douds and reporting
them to a wedher station. If he isusing a @mde, and one can seehis
portion of the sky too, then it is not difficult to find out what he is
saying. It is certainly true that he is watching a distribution of light;
nevertheless, locd variations of light are not the terms in which he
spedks nor the terms in which he is best understood Indeed, if his
vocabulary is restricted to types of things that he sees in the sky,
trying to find his language by using flashes of light as gimuli will
certainly fail. Now, since the purpose of afrogs vision isto get him
foodand allow him to evade predators no matter how bright or dim it
is about him, it is not enough to know the readion of his visual
system to pdnts of light. To get useful records from individua
receptors (the rods and cones), asauming that they operate
independently and under no reflex control, this stimulus may be
adequate. But when one inspeds responses that are afew nervous
transformations removed from the receptors, as in the optic nerve,
that same choice of stimulus is difficult to defend. It is equivalent to
assuming that al of the interpretation is done further on in the
nervous system. But, as we have seen, thisisfase.

One might attempt. to measure numericaly how the response of
ead kind of fiber varies with various properties of the successions of
patterns of light which evoke them. But to charaderize asuccesson
of patterns in space requires knowledge of so many independent
variables that thisis hardly posshle by experimental enumeration of
cases. To examine the dfed of curvature done, we should have to
explore & least the response to al configurations of three spots
moving in a large variety of ways. We would prefer to state the
operations of ganglion cdls as smply as posshle in terms of
whatever quality they seem to deted and, instead, examine the
bipdar cdlsin the retina, expeding to find there adissdion of the
operations into combinations of simpler ones performed at
intermediate stages. For example, suppacse that there ae & least two
sorts of rods and cones, one increasing its voltage with the log o
light at one wlor, the other deaeasing its voltage with the log of
light at some other color. If bipdars conned to severa contiguous
rods or cones of oppaing readions and simply add voltages, some
bipdars will register a large signal only if an appropriate ntrast
ocaurs. We
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have in fad found something of the sort occurring, for it seems that
the inner plexiform layer of the retinais gratified to dsplay severa
different locd properties, one layer indicaing locd differences in
intensity of light. Some of Svadichin's (15) data can be alduced
here. The different dendritic distribution of the ganglion cdls, asin
Fig. 1(a), may signify that they extrad differently weighted samples
of simple locd operations done by the bipdars, and it is on this that
we ae now working.

But there is another reason for a reluctance to make acurate
measurements on the adivity of ganglion cdlsin theintad animal. A
significant efferent outflow goes to the retina from the brain. We now
know to a cetain extent how the cdls in the tedum handle the four
inputs to them which are described in this paper. There are & least
two dstinct classes of these cdls, and at least one of them issues
axons back to the optic nerve. We have recorded this adivity there.
Such axons enter the retina, and we think some effeds of their
adivity on the sensitivity of ganglion cdls are noticedle.

The way that the retina projeds to the tedum suggests a nineteenth
century view of visual space The image on the retina, taken at the
grain of the rods and cones, is an array of regularly spacel pants at
eadh of which there is a cetain amount of light of a cetain
compoaosition. If we know the pasiti on of every point and the val ues of
light at every point, we can physicaly reconstruct the image and,
looking at it, understand the picture. If, however, we ae required to
establi sh continuiti es within the picture only from the numericd data
on position and light a independent points, it bemmes a very
difficult task. The retina projeds onto the tedum in four parallel
sheds of endings, ead shed mapping continuously the retina in
terms of a particular ared operation, and al four maps are in
registration. Consider the dendrite of a tedal cdl extending up
through four sheds. It islooking at a point in the image on the retina,
but that point is now seen in terms of the properties of its
neighborhood as defined by the operations. Since the overlap of
recetive fields within any operation is very gred, it now seams
ressonable to erea simple aiteria for finding continuities. For
example, if an areaover which there is little change in the fourfold
signature of a moving objed is bounded by regions of different
signature, it seems likely that that area describes the image of a
single objea.
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By transforming the image from a spaceof simple discrete points
to a mngruent spacewhere eah equivalent point is described by the
intersedion of particular qualities in its neighborhood we can then
give the image in terms of distributions of combinations of those
qualities. In short, every paoint is e in definite @ntexts. The
charader of these mntexts, genetically built in, is the physiological
synthetic a priori. The operations found in the frog make unlikely
later processes in his system of the sort described by two of us ealier
(13), for example, dilatations; but those were adduced for the sort of
form recognition which the frog does not have. This work is an
outgrowth of that ealier study which set the question.

VIl . CONCLUSION

The output from the retina of the frog is a set of four distributed
operations of the visual image. These operations are independent of
the level of general il lumination and expressthe image in terms of 1)
locd sharp edges and contrast, 2) the aurvature of edge of a dark
objed, 3) the movement of edges, and 4) the locd dimmings
produced by movement or rapid general darkening. Each goup of
fibers srving one operation maps the retina ontinuously in asingle
shed of endings in the frog's brain. There ae four such sheds in the
brain, corresponding to the four operations, and their maps are in
registration. When all axonal connedions between eye and krain are
broken and the fibers grow bad, they reconstitute the original retinal
maps and also arrange themselves in depth in the original order with
no mistakes. If there is any randomness in the cnnedions of this
system, it must be & a very fine level indeed. In this, we consider
Sperry (14) completely right.

We have described ead of the operations on the retinal image in
terms of what common fadors in a large variety of stimuli cause
response and what common facors have no effed. What, then, does
a particular fiber in the optic nerve measure? We have mnsidered it
to be how much there is in a stimulus of that quality which excites
the fiber maximally, naming that quality.

The operations thus have much more the flavor of perception than
of sensation, if that distinction has any meaning row. That is to say
that the language in which they are best described is the
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language of complex abstradions from the visual image. We have
been tempted, for example, to cdl the cnvexity detedors "bug
perceivers." Such a fiber (operation 2) responds best when a dark
objed, smaller than a receptive field, enters that field, stops, and
moves about intermittently theredter. The response is not affected
if the lighting changes or if the badkground (say a picture of grass
and flowers) is moving, and is not there if only the badground,
moving or still, is in the field. Could one better describe asystem
for deteding an accessible bug?
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