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Two Remarks on the Visual System
of the Frog

Part . Form-Function Relations in the Retino

In two earlier pepers (Lettvin, et al, 1959, and Maturana, et al.,
1960) we described the operations on the visual image that were
founct in the Bbers of the optic nerve in Rana pipiens. We remarked
then that these operations seemed related to the anatomy of retinal
cells. This note will show what kind of form-function relations we
think hold.. It is provisional, a program rather than a solution.

If we restrict ourselves to form perception such as applies to sil-
houettes, then we can say what qualitics of the visual image are dis-
played in the output of the frog’s retina. Neither color nor shading
enters into the account, which is thereby incomplete. Nevertheless
under that restriction we can account for almost all the fibers in the
optic nerve and show that there are four operations on the image, each
carried by a dilfercnt population of axons, Each operation is invari-
ant uncler change of average intensity of light by which a given
sithouette-background combination is seen. Each operation is also
uniformly distributed over the retina. There is, in addition, one

group of fibers that respond to average illumination only, and we can

say little about their distribution,

Now the unatomy of the frog’s retina shows, according to Ramon y
Cajal (1894), five types of ganglion cells whose axons muke up the
optic nerve. These types differ from each other by the shapes of their
dendritic arbors—in the same way that specics of trecs differ when
seen in outline. Furthermore the frog's retina has the same transverse
structure from place to place along itself, there being no fovea, and
the uniform distribution of the operations is matched by the sym-
metrical anatomy of the retina. Because the number of functions we
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discriminate in the optic nerve matches the number of ganglion-ceil
types, it is natural to ask whether one can assign particular shapes to
particular functions.

The material being combined arises from our own experiments and
from Ramon y Cajal's 1894 treatise on the retina {which has been
amplified by one of us, HRM).

Synopsis of anatomy

Rods and cones (Figs. 1, 2,3). There are two sorts of rod and one
kind of cone in the frog’s retina. The red rods are most numerons,
closely seconded by the cones. The green rods are relatively scarce.
All the photoreceptors are uniformly distributed over the reting. The
cell bodies of the rods and cones lie in the outer granular layer internal
to the outer limiting membrane. Their “feet” issue into the outer plexi-
form layer. The feet of the red rods end in the outer zone of that
layer, those of the cones in the iniddle zone, and those of the green
rods in the inner zone.

Bipolar cells (Figs. 1, 2, 3). There arc essentially three sorts of
bipolar cells; their cell bodies lie in the middle granular layer. They
are to be distinguished not so much on the basis of size us of con-
nectivity, although the first two kinds are Jarge and the third small,
Type [ has a dendrite that spreads out in the middle zone of the outer
plexiform layer and connects widely and exclusively with the concs.
Its axon bushes out widely in the outer zone of the inner plexiform
layer. Type II has a dendrite that also branches in the middie zone
of the outer plexiform layer, but in a very constricted way, and sends
processes into the outer zone. (Ramon y Cajal thinks they connect
exclusively with the red rods but is not sure.) Its axon arborizes at
several levels of the inner plexiform layer. Type III has a dendrite
that connects also over a constricted feld, but seemingly with dilferent
types of photoreceptors, and in addition sends a process, the Landolt
club, up between the somata of the photoreceptors to bulge out at
the level of the outer limiting membrane. Its axon penetrates deepest
in the inner plexiform layer but emits planar arbors at several of the
outer levels,

Horizontal and amacrine celly (Figs. 1, 2). There are two sorts
of lateral connectives in the retina. The horizontal cells have their
bodies at the outer margin of the middle granular layer, and both
dendrites and axons arborize in the outer plexiform layer. The ama-
crine cells have their bodies at the inner margin of the middle graaular
layer and emit wide-spreading processes into the inner plexiform
layer. Different cells spread out in different levels, and there are

.
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Ag. 3. Diugram uf the retina excerpted from Fig. 2 to show the schema we are
using in this paper.

with the number of fibers in the nerve (Maturans, 1959). Many of
these celts have been erroncously thought to be glial because of the
great inaccuracy of former estimates of the number of fibers in an
optic nerve { Maturana, 1959). One can distinguish five types on the
busis of shape and size of the dendritic trees, as revealed by Golgi
stains (Fig. 4).

1. One-level constricted ficld (Fig. 4; 6e in Fig. 2). These are the
smallest of the ganglion cells; their axons are difficult to stain or see.
The major dendrites extend only to the inner levels of the inner plexi-
{orm layer and there spread out in dense and constricted planar bush,

2. One-level broad field (Fig. 4; 6a in Fig. 2). These are the largest
of the ganglion cells. The major dendrites extend to the outer levels
of the inner plexiform layer and there branch widely over a consid-
crable area,

3. Many-level H distribution (Fig, 4; 6c in Fig. 2), These are next
to the largest of the ganglion cells. The major dendrites extend to
the outer levels of the inner plexiform layer, as do those described
in (2) above. However, they emit two widely spread arbors one
in the inner levels and one in the outer lavels,

4. Many-level E distribution (Fig. 4; 6d and g in Fig. 2). These
are next to the smallest ganglion cells. The major dendrites extend
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only to the inner levels of the inner plexiform layer and there branch
out in planar fashion. However, each branch emits twigs all along
its course, and some extend into the outer levels of the inner plexiform
layer, whereas others remain in the inner levels.

Single-tevel broad fisld

Mg. 4. The four types of ganglion cell {exclusive of the diffuse dendritic tree)
compared for shape and relative size on the same scale.

5. Diffuse trees (Fig. 3; 6b in Fig. 2). There are several sizes of
these cells. The dendrites branch helter-skeiter all over the inner
plexiform layer and show no planar arrangement such as oceurs in
the other four kinds of cell.

You will notice that the dendritic arrangements shown in the figure
suggest that there are two major subdivisions of the inner plexiform
layer, although undoubtedly each subdivision can be divided into
several levels,

Synopsis of physiology

As is apparent from the anatomy, any ganglion cell in the frog is
connected via the bipolar ceils at least to several hundred, or several
thousand, photoreceptors. This connectivity is reflected in the ob-
servation by Hartline (1933) that any optic nerve fiber responds to
visual events over an area of ssveral degrees in diameter on the retina.
That area is usually centered over the cell body; it is called the
receptive field. We found four distinct types of receptive field for
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fibers in the optic nerve and one kind whose boundaries we could
ot measure.  The types of receptive field are given below, together
with the properties of the axons to which they belong.

Perhaps we had better say a word about our experimental pro-
cedure, although a full account appears in our other two papers. Our
stimuli consisted of silhoucttes of dilferent size and shape, cut out of
matte white, gray, or biack paper and scen against matte white, gray,
or black backgrounds. The targets were mounted on soft iron washers
and moved against the background by means of magnets. They were
viewed by reflected light, and the intensity of that light could be
varied. Iesponse of a nerve fiber was measured roughly by frequency
and duration of firing. We took no records except those needed to
illustrate our papers. Qur question was not how great the response
was to one or another manipulation, but rather which visual events
produced greatest response and which produced least, and what aspect
of the image could be varied without changing the response. We
dealt with our own listening to the patterns of nerve spikes as the
measure of extremes, just as one does with an a-c bridge. (Early in
our work we had found that taking records hindered rather than
helped this kind of research by leading to premature standardizing
of method.)

The groups we discovered are as described in the following pages.

Unmyelinated fibers

These conduct at velocities of 20 to 50 centimeters per second.
They make up 97 per cent of the population in the optic nerve
{Maturana, 1950).

Group 1, the boundary detectors (Fig. 5). These fibers have recep-
tive fields, 2 to 4 degrees in diameter. They respond to any boundary
between two grays in the receptive field, provided it is sharp. Sharp-
ness of boundary rather than degree of contrast seems to be what
is measured. The respouse is enhanced if the boundary is moved and
is unchanged if the illumination of the particular contrast is altered
over a very wide range, If no boundury exists in the field, no response
can be got from change of lighting, however sharp that change. If
a boundary is brought into the receptive feld in total darkness and
the light is switched on, a continuing response occurs after a short
initial delay. Such axons are the “on” fibers of Hartline—a small well.
focused spot of light is defined by a sharp boundary.

GroupH,ﬂumovcment—gmd,darkwnmbomldaychm
(Fig. 8). These fibers have receptive fields of 3 to 5 degrees. They
toorupondonlymshnrpbmmdarlubetmm;nys.hntoniyu
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Fig. 5. The records were all tuken directly with a Polaroid cumera, The spikes
are clipped at the lower end, just above the noise, and brightened on the scroen.
Occasional spikes have been intensified by hand for purposes of reproduction. The
resolution is not good, but we think the responses are not ambiguous. Our
alternate method of recording s by means of a device that displays the logaritiun
of the pulis interval of the signals through a pulsc-height pick-off. ITowever,
such records would tuke too much explanation and would not add much to the
the t puper,
mg:’::;: 1. mﬁ ([i,::ecton. (a) This record is from a single fiber in the
optic nerve. The base line is the output of a photocell watching a snmewhat
larger area than the receptive field of the fiber. Darkening is given by downward
deflection. The response is seen with the noise clipped off. The fiber discharges
to movement of the edge of a T-degres black disc passed in one direction but not
in the reverse movement. Time marks, 20 per socond. (b) The same fiber
coatinues to respond when the edge of the disc stops in its receptive field. The
response dissppears when the illumination is turned off and reappears when it

* ig turned on. The lower line shows again the asymmetry of the response to a

fi movement. Time marks, 20 per second. (c) The same fiber is stimulated
mwuuym:upmmlhoﬁdnwﬂmkomwhm
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that boundary is curved, the darker area being convex, and is moved
or hns moved. That is to say, this fiber does not respond to changes
of lighting, however sharp, if no boundary exists in the field, and it
also does not respond to a sharp, straight boundary, moving or sta-
tionary, in the receptive field. It responds to a net curvature of the
boundary if the darker gray is convex and the movement centripetal,
or if the lighter gray Is convex but is sufficiently relieved against the
background to have a sharp shadow at its edge. It does not seem to
matter how much darker the target is than the background beyond a
certain very small contrast. When the curvature is so great that the
target is a small arca, about half the diameter of the receptive feld,
then, if the target is moved centripetally and stopped before the center
of the receptive field, it sets up a long-lasting discharge. This dis-
charge, however, is erased by a transient dirnming of the light or by
a shadow passed over the receptive field, and it will not recur until
the boundary is moved again even very slightly. Here, also, small
movements of the boundary enhance the prolonged discharge tran-
siently. Again, the responses are invariant over a wide range of
illumination, roughly that between dim twilight and bright noon.
There are other remarkable aspects of this class of-fibers, and they are
discussed in our other two papers. Suffice it to say that they have
not been seen before beeause they do not respond to spots of light
whose houndaries are convex with respect to the darker gray and
which are not moved.

direction and then in the reverse direction, and the stimull are repeated wnder
a little less than a 3-decnde range of illumination in two steps. The hottom
record iy in extremely dim light, the top in very bright light. Time marks, 20
per second.  (d) In the lower line, 2 group of endings from similar optic nerve
fibers is shown recorded from the first layer in the tectim, A hlack dise 1 degrec

response continucs until the lights are turned off but reappears when the lights
arc turned on.  These fibers are noaerasable, (2) A large black square is
fato the feld and stopped. The response to the edge contipues so lmy
edge is in the feld. (A} The 3-degres disc is agnin moved into the Seld
stopped. When it leaves, there is a alight after-discharge. (i) A 1-degree
hmedintoﬂnﬂddmdsbppd;thelighthturmdnﬁ,tbnm.md
response comes back, The light is approximately 300 times dimmer than in
next frame. Fullonandolmllminﬂnmmnlnulﬂnﬁnnﬂu
(f)ﬂampmdmuln(i)ndumbﬂ]ht“;ht The retarn of
aummamummmmuwmmh
Ihoodpwnunwpedhopﬁulpﬁh
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Operation 2. Convexity detectors. The photomultiplier is used, and
Mghmnpmrd defiection. (c)'l‘lnurmdsmdlfrm;lth: zn;:
layer of endings in the tectum. In the first picture, o 1-degres blac
imported into the receptive field and left there. (b)ﬂieumewmtoocm::;
in (@), but now the light is turned off and then on again. Therapmse”hmu
diminl;lledandlntlnlmger record vanishes. These fibers are mw.lmif)
T‘heI-dcgmed!scispassedlhmughthaﬂe!d.ﬁntmhntmpldly.dms Y,
and then rapidly. The light is very bright. (d)mmmproccdmoocﬂgn.;lln
(o), but now the light has been dimmed about 300 times. 'I‘Invebwt;":
shows the range of the photormultiplier, which has been adjusted for 4 ot
decades of logarithmic response. () A l-degree black disc is passed |::he
the field at three speeds. (f)Als-degxuwidohhckmiplspnmdlhr:lgh
field at two spoeds, edge leading. (g} A 15-degree wide black strip mpnsnd()
through the feld in various ways, cornes leading. (h) The same strip as g
is passed through the field, edge leading.

1 and II can detect targets as small as 3 minutes of arc
in ?ho:lneg:::f:ld are affected by very faint blurring of the edge. Their
resolution is thus quite high.

Myelinated fibers (Fig. 7) -
These fibers form about 3 per cent of the optic-nerve population.
'l‘heu::re three peaks of conduction velocity, one between 1 and 5
meters per second, one at 10 meters per second, and one at about
20 meters per second. Gmupmismsponsibiefordneﬂrftpe;ak,
youpImethemd.mdwethinktheeﬁerentstothomtmlpve

hﬂlﬂ,ﬂuwﬁngorchmghgmddam(mg.ﬂ.
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These fibers have receptive fields, 7 to 11 degrees in dianlzetor. Thay
are, in effect, Hartline's “on-off” Sbers with the differencing behawor.
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Rg. 7. Operation 3. Moving-edge detectors. The first two pictures are taken
from a single Sber in the optic nerve. {2} A 7T-degree black disc moving through
the reccptive ficld (the photocell was not in registration with the fleld}. There
is a response to the front and back of the disc independent of illumination.
There is about a 300-to-1 shilt in illumination between top and bottom record.
Darkening i3 o downward deflection with the photocell record.  Timo marks,
5 per sccond. {b) General lighting turaed off and on. Time marks, 50 per
second, Note double responses and spacing.  (c) This and succeeding records
are in the third layer of endings in the tectum. Severnl endings are recorded but
not resolved, Darkening is an upward deflection of the photosultipler record.
'I‘hemponseisshmm!ot}nedgednlS-degreesqmwedinwmdout
of the ficld by jerks in bright light. (d) The same procedure occurs as in (¢)
but in dim light. Calibration Bgure is at the right. (s) The response is shown
lnn?-degreeblackdhcpumdlhmughthemmpﬂveﬁdd:und«bﬁgbtughh
The swoep is faster, but the time marks are the same. (f) The same procedure
as for {¢) but under dim light The off and on of the photomultiplier record
wers superimposed for calibration. (&) Off and on respouse with about half a
socond between on and off. () Same as (g) but with £ sec between off and on.

reported by Barlow (1653), However, they respond invariantly under
wideehanguofﬂluminnﬁonmthomsﬂhoummowdatthe
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Fig. 8. Operation 4. Dimming detectors. (a) This and the next frame ore
taken from a single fiber in the optic nerve. Here wo seo the response to a
7-degree black dise passing through the receptive field. The three rccords are
taken at three illumination levels over a 300-to-1 range. In the phototube
record, darkening is a downward deflection. Time marks, 5 per second. (b)
Light turned off and on—off shortly after ona sweep began, on a little eatlier on
the next swoep, The fiber is silenced completely by the on of the light. Time
marks, 5 per second. (c) In this and the next thres frames, we are recording
from the fourth layer of endings in the tectum. This frame shows the response
to turning off the general illumination. {d) Light off and on at regular intervals.
(&) Light off and on at a lower brightness. (f) Light off and on at a still lower
Lrightness. (g) The synchroay of the dimming detectors, At the top ure three
o¢ four fbers recorded together in the optic nerve when the light is suddenly
tummed off. The fibers come from diverse areas on the retina. In the second line
are the oscillations recorded from tha freshly cut retinal stump cf the optic nerve
when the light is suddenly tumed off. In the third line are the oscillations
recorded on the surface of the tectum, the visual brain, before the nerve was cut.
Agnin the light is suddenly tumned off. The last line is 20 cps. These records
of synchrony were obviously not all made at the same time, so that comparing
them in detail is not profitable.

same speed across the same background. They have no enduring
response but fire only if the contrast is changing or moving. The
response is better (higher in frequency) when the boundary is sharp
or moving fast than when it is blurred or moving slow. Targets as
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small as 1 degree in diameter are effective throughout the whole
receptive fickl, Sharp changes of illumination of a uniform feld
produce one or two on and off discharges. Local on or off in the
center of the field produces more discharges over a longer period.
Group 1V, the dimming detcctors (Fig. 8). These detectors are
Hartline's “off” fibers. They respond to any dimming in the whole
receptive field weighted by distance from the center of that field.
Boundaries play no role in the response. Thus resolution is poor. The
same percentage of dimming produces the same response, more ot less
independent of the level of lighting at the beginning. Turning the
light off produces an enduring response characterized by marked
rthythmicity. The on intensity needed to interrupt the discharge
completely and promptly decays with length of time after the off.

Unclassified

Group V is rare. We cannot even say whether it has a receptive
field in the usual sense. It fires at a frequency that is inversely related
to the intensity of the average illumination, When the lighting is
changed, that frequency slowly changes to its new level. It may be
significant that group V fibers end in the same layer of the tectal
neuropile as do those of group IIL )

Argument

If we should assume that the size of the dendritic Beld to some extent
determines the size of the receptive Beld, and that the size of the cell
body is also related to the diameter of the axon, as seems to be the
case elsewhere in the nervous system, we would emerge with a fairly
definite correspondence between cell types and operations. The
one-level constricted field would be associated with the boundary
detectors, the one-level extended field with dimming detectors, the
many-level fI-shaped with the contrast movement and change detec-
tors, the many-level E-shaped with the movement-gated, dark convex
boundary detectors. The diffuse type, which is rare, we associate,
more or less by default, with the average light-level measuring group.
Our initial assumption depends for its validity mainly on the idea that
the amacrine cells do not act in such a way as to invert the dendritic-
field/receptive-field relation, and this seems to be the case for several
reasons. First of all, the diameters of the dendritic fields match well
the angular diameters of the receptive fields. Second, the cell bodies
are distributed in size in the same way as the dendritic fields, and,
if the axon diameters reflect soma size, then the largest axons ought
to have the largest receptive flelds and the smallest axons the smallest
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felds; and this seems to be the case. Finally, receptive fields often
appear to be not circular but elliptical or cardioid. In Maturana's
pictures of the ganglion cells, both elliptical and cardioid dendritic
Belds appear.

This identification of the physiological operation with the type of
dendritic tree purely on the basis of dimensious leads us to further
but very speculative deciphering. We have taken thc inner plexi-
form layer as consisting of two major strata, not denying that further
subdivision may be important. However, suppose that the output
of a ganglion cell reflects the sort of information it collects, There
are two types of one-level cell. The Brst, which is concerned with
boundaries but not with changes in average intensity, arborizes at
the inner stratum; and the second, which is concerned with changes in
level of lighting but is indifferent to boundaries, arborizes at the
outer stratum.

Can the two many-layered types be considered as diffurent com-
binations of information about boundary and information about
dimming? For example, let the H type take some function of dim-
ming in all its receptive field and combine it with some function of
boundary in all that Seld. Let the E type take some function, over all
the small areas of its receptive field, of how much dimming there is
in any one small area combined with how much boundary there is
in that area. One would expect, from such a view, that the E type
could resolve more complex geometrical properties of the image in
its receptive field than could the H type. For the E type can be
thought combinatorial of many small dendritic processes of the H
type. Thus we consider the H type as an event detector, responding
to any change in distribution of light and boundaries on its receptive
field. The E type, however, is more constrained, in that a change in
distribution of light must be coherent with change in sharp boundaries.
Therefore, the H type matches with the changing contrast detectors
and the E type with the dark convex boundary detectors, and this
match is consistent with relative dimensions of receptive and dendritic
fields.

A much more specific guess, however, concerns the nature of the
bipolars and their relations to the photoreceptors. The explicitness of
Ramon y Cajal almost ensures that the information coming to the
outer levels of the inner plexiform layer is concerned mainly with
the activity of the cones (those bipolars that connect only to cones
and have broad dendritic spreads in the outer plexiform layer),
whareastheinfotmnﬁonmthainnulwekismmbinatoryofthe
different photoreceptors (thosebipohnthatconnectmrodland



YISUAL SYSTEM OF THE MROS 771

cones and have very constricted dendritic fields in the outer plexi-
form layer). Let us suppose for the moment that there are but two
sorts of receptor, the red rods and the cones. Suppose again that the
receptors somchow or other have an effect on the bipolars that is
logarithmically related to the amount of light incident—after all, this
cun be arpued from the dynamic range of the retina and the Weber-
Fechner law. 1 the effects of the rods and cones on the bipolars (con-
nected to both sorts of receptors) are opposite, then those bipolars
comnected only to cones ought to measure some function of total
illumination or its change, whereas those connected to rods and cones
ought to measure some function of local differences—in a word,
something about contrast and boundaries—and that measure should
be independent of average illumination. That this may in fact be the
case is suggested by the work of Svaetichin and McNichol (1958)
who, impaling an clement somewhere between the outer and middle
granular layers of the fish, found that as light intensity increased they
got cither continuous increases of depolarization or overpolarization
of the element, depending on the color of the light.

It is very tempting to go further and construct a wonderfully com-
plex model accounting for three photoreceptors, their relative densi-
ties, and so forth. But it would also be siily, for there are infinitely
many that one may make {we have made some). The general notion
that one sort of bipolar cell may “see” different kinds of photoreceptors
as opposed in action, while another sort of bipolar sees one kind of
photoreceptor only, is really the nucleus of the second guess and
seems to be worth exploring. This notion is suggested by the anatomy;
it is convenient to our deciphering of the ganglion cell function; it is
not contradicted by any facts we know; and in fact it is supported to
some extent by work on retinas of fsh.

Part . Collicular Cell Activity and Effersnts to the Retina

In: our other two papers we noted that the optic nerve fibers, having
reached the colliculus, separate into four separate concentric sheets
of terminals in the outer neuropile; that each stratum displays a con-
tinuous map of the retina in terms of one of the frst four operations;
that all four maps are in registration; and that, from the surface in,
they occur in the order given, boundary detectors first, dimming
detectors deepest. We also examined the cells in the tectum which
receive from these terminals (Fig. 9). The great majority of them lis
in the granular layer subjacent to the external neuropile and send
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their dendrites up to the very surface of the colliculus, as in Pedro
Ramon’s drawing. Some cells, but very few, lie in the external neuro-
pile and look like horizontal connectives; these we shall not discuss.
The cells in the granular Jayer do not emit their axons there; rather
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Fig. 9. Pedro Ramon's drawing of optic tectum in the frog.

the axons arise from the large ascending dendrites and travel laterally
in what we call the “palisade layer” which separates the dimming
detector endings from the granular layer.

There seem to be several kinds of these ceils, as one might expect.
We have not been able to define the subgroups at all well, but
there are two major populations of polar types which we have named
“newness” neurons and “sameness” neurons. The former have axons
which can be seen physiologically in the optic nerve, so they are part
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| i ies li the outer zone of
of the efferent system. Their cell bodies lie in
the granular layer bemeath the palisade layer. The somata of &o
“sameness” neurons lie deep in the granular layer, very close to the
d ]
epf)nurydn:cription of the operations is not definitive—we are far from
satisfied. Nevertheless it gives the favor of the responses we have

These cells have receptive fiekis about 30 degrees in diameter, twice
that of the dimming detectors. They are distributed so as to map
continuously the visual ficld with much overlap. Such a neuron re-
sponds a little to sharp changes in illumination. If an object moves
across the receptive field, there is a response whose frequency depends
on the jerkiness, velocity, and direction of the movement, as well as
on the size of the object. There is never an enduring response.

Different cells have different optimum directions for movement and
differcnt preferred sizes of objects. But what is remark?ble_about
the responses of such a unit is a kind of adaptation which is best
described thus: if we move an object along any particular diameter
of the receptive Beld in one direction and get a response, then repFat-
ing that movement over the same path in less than 5 to lq sec brings
no response. Even with a 20-sec delay to the second stimulus, fhe
secondl response is much reduced below the first. But the adaptation
is only to that path, If we move the object for the stimulus along
another diameter, at a 90-degree angle to the first, then the first
stimulus does not seriously interfere with the second. Both pa_ths
can be adapted within a second, whereupon a third stimulus running
over any diameter will not be very effective in under 10 sec. In some
of these units the adaptation can be erased by a moment of con}plete
darkness. One variant we have seen is the response to centrifugal
movement reported by Andrew (1955) several years ago on our labo-
ratory. A good fraction of such cells have transient responses to turn-
ing on or off the general illumination.

""Sameness'’ neurons

Each of these cells sees all or almost all of the visual feld but has
a "nuil region” that is different for different cells. We carmot say
whetherthenuﬂpntchumsodhtﬁbutedntomlpthemm{nthis
layer. ' It is a bit embarrassing to present the following description so
batrachomorphically, but at least it reflects what we have found
so far. Every such cell, in fact, acts so complexly that wo can
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hardly describe its response save in terms ordinarily reserved for
animal behavior.

Let us begin with an empty gray hemisphere for the visval feld.
There is usually no response of the cell to turning on and off the illumi-
nation. Itissilent. We bring in a small dark object, say 1 to 2 degrees
in diameter, and at a certain point in its travel, almost anywhere in
the field, the cell suddenly “notices” it. Thereafter, wherever that
object is moved it is tracked by the cell. Every time it moves, with
even the faintest jerk, there is a burst of impulses that dies down to a
mutter that continues as long as the object is visible, If the obiject is
kept moving, the bursts signal discontinuities in the movement, such
as the turmning of corners, reversals, and so forth, and these bursts
occur against a continuous background mutter that tells us the object
is visible to the cell.

When the target is removed, the discharge dies down. If the target
is kept absolutely stationary for about two minutes, the mutter also
disappears. Then one can sneak the target around a bit, slowly, and
produce no response, until the cell “notices” it ngain and locks on.
Thereafter, no small or slow movement remains unsignaled. There
is also a place in the visual field, different for different cells, that is
a sort of Coventry to which a target can retire and escape notice cxcept
for sharp movements. This Coventry, or null patch, is difRcult to map.
The memory that a cell has for a stationary target that has heen
brought to its attention by movement can be abolished by a transient
darkness. These cells prefer small targets, that is, they respond hest
to targets of about 3 degrees.

There is also {we put this matter very hesitantly) an odd discrimi-
nation in these cells, which, though we would not be surprised to
find it in the whole animal, is somewhat startling in single units so
early behind the retina. Not all “sameness™ cells have this property.
Suppose we have two similar targets. We bring in target A and move
it back and forth along a fixed path in a regular way. The cell sees
it and responds, signaling the reversals of movement by bursts. Now
we bring in target B and move it about erratically. After a short
while, we hear bursts from the cell signaling the comers, reversals,
and other discontinuities in the travel of B. Now we stop B, The
cell goes into its mutter, indicating that what it has been attending
to has stopped. It does not signal the reversals of target A, which is
moving back and forth very reguiarly all the time, until after a reason-
able time, several seconds. It seems to attend one or the other, A or
B; its output is not a simple combination of the responses to both,

These descriptions are provisional and may be too naturalistic in
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character. However, we have examined well over a hundred cells
and suspect that what they do will not seem any simpler or less

- startling with further study. There are several types, of which the two
mentioned are extremes. Of course if one were to perform the
standard gestures, such as flashing a light at the eye, probably the
cells could be classified and described more easily. However, it seems
a shame for such sophisticated units to be handled that way—roughly
the equivalent of classifying people’s intelligence by the startle
response.

Some axons of the “newness” neurons have been seen in the optic
nerve. To a degree we suspect their action to be reflected (?) in the
response of the movement-gated, dark convex boundary detectors—or
perhaps it is the other way round. At any rate, in a convexity de-
tector, if we move a small dark object in rapidly and stop, we can
get a continuing response after the stop unless the object has been
moved in along the same path immediately before, within, say, a few
seconds,

All these comments apply only to the frog. That must be empha-
sized. Neither the anatomy nor the receptive-field operations are the
same in mammals or even in other amphibia.

»

Summary

Part 1. We propose that a deciphering of retinal anatomy is pos-
sible. We find a correspondence in number between operational
groups at the output of the retina and anatomical groups. The rela-
tve size of dendritic field to receptive ficld is such that the anatomical
and functional groups can be mutched. There are significant differ-
ences in the shapes of dendritic fields of different size and there are
equally great differences in the operations done by fibers with recep-
tive fields of different sizes. In attempting to decipher the anatomical
differences by means of the functional differences, we come to the
hypothesis that (with respect to the discrimination of silhouettes) the
inner levels of the inner plexiform layer are concemmed with bounda-
ries, whereas the outer levels are concerned with average {or changes
in the average) illumination. This hypothesis can be extended to
account for the fact that bipolar cells that end exclusively in the outer
levels of the inner plexiform layer are connected only to cones,
whereas those that end deepest in the inner layers are connected
to both sorts of rods as well as the cones. Our supposition is that
those bipolar cells that receive information only from cones report

L3
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average, or changes in average, illumination, whereas those that re-
ceive from rods and cones report the two types of photoreceptors in
opposition to each other. If the photoreceptors affect the bipolars
logarithmically with respect to the exciting light, the latter sort of
bipolar cell will report some function of boundaries invariant under
change of illumination. The different operations seen at the output
of the retina can be considered combinatory of the sort of information
we suppose comes to the inner plexiform layer via the bipolar cells.
The different combinations we think are got by different ways of
distributing dendrites.

Part Il. We discuss two sorts of cells in the colliculus that receive
information from the optic nerve fibers. One of them is concerned
with detection of novelty in visual events, and the other with con-
tinuity in time of interesting objects in the field of vision.
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