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somewhat delayed time course in kittens raised in darkness. On the other 
hand, cortical potentials evoked from the two eyes were far from equal. 
This was true for either hemisphere (Fig. 8, C--F). Responses from the pre- 
viously occluded eye showed an initial positive component, but the later 
negative wave, so prominent in responses from the normal eye, was almost 
completely lacking. Moreover, the latency to stimulation of the deprived eye 
was 35-40 msec., as opposed to 25-30 msec. from the normal eye. That any 
cortical wave was evoked from the deprived eye indicates that some im- 
pulses originating from the eye must be relayed to the cortex, a finding that 
is not surprising since normal geniculate receptive fields were found in these 
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FIG. 5. Histograms showing ocular-dominance distribution of cells recorded in two 
penetrations, one in the left visual cortex and one in the right. A 3-month-old kitten with 
right eye closed by lid suture at 8 days (i.e., prior to normal eye-opening). Of a total of 23 
cells, 3 were not influenced from either eye (interrupted lines). The remaining 20 could be 
driven only from the left (normally exposed) eye: 8 were recorded in the left hemisphere, . 
and are therefore classed as group 7; 12 were recorded in the right hemisphere, and are 
classed as group I. 

animals. The striking differences in the negative phase support the single- 
unit findings in indicating that form deprivation and perhaps also moderate 
light deprivation during the first 3 months after birth can cause marked 
changes in the normal physiology of the striate cortex. 

Deprivation of kittens with previous visual experience 

In the first paper of this series (11) we showed that the geniculate atrophy 
resulting from 2-3 months of visual deprivation is much less if the animal 
has had 1 or 2 months of normal visual exposure, and that in the adult cat 
no detectable atrophy results from 3 months of monocular lid closure. The 
effects of delayed deprivation on the responses of cortical cells closely paral- 
leled these anatomical findings. Figure 9 shows the ocular-dominance histo- 
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FIG. 6. Ocular-dominance distribution 
26 cells recorded in the visual cortex con- of 

20 - 

tralateral to the deprived eye. This 2- 
month-old kitten had had its right eye 
covered from the time of normal eye-open- 
ing by a translucent contact lens; the left 
eye was normally exposed. Twenty- three 
cells were driven by the normally exposed 
(left, or ipsilateral) eye, and were therefore 
assigned to ocular-dominance group 7. 
Three cells could not be activated by either 
eye (interrupted lines). 
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closure at the age of 9 weeks, for a pe- 
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inant. Particularly abnormal was the 
large number of cells driven exclu- 
sively by the normal eye. Now, how- 

ever, some cells (11 of the 34) could be driven also by the deprived eye, and 
while the deprived eye was dominant in only 3 of these, it clearly exerted far 
more influence than the deprived eyes of kittens operated on at birth. The 
responses of all cells seemed normal, and, in contrast to experiments done in 
kittens deprived from birth, there were no cells that could not be driven. 

A second kitten was light-deprived by lid closure at the age of 2 months 
for a period of only 1 month. The ocular-dominance distribution of a pene- 
tration contralateral to the deprived eve was clearly abnormal (Fig. lo), 
though it was less so than that of the previous kitten. Again, all cells were 
responsive to patterned-light stimulation and had normal receptive fields. 

In one kitten the nictitating membrane was sewn across the right eye at 
5 weeks, for a 3-month period. It will be recalled that this animal showed no 
geniculate atrophy (11). Nevertheless the ocular-dominance distribution 
was clearly abnormal (Fig. ll), suggesting that a decrease in effectiveness 
of the deprived eye in driving cortical cells is not necessarily of geniculate 
origin. Once again, the ocular-dominance distribution of cortical cells was 
less distorted than that of a kitten deprived by a translucent occluder from 
birth, for an even shorter time (Fig. 6). 

Finally, a single penetration made in the left hemisphere of an adult cat 
whose right eyelids had been sewn for 3 months was completely normal. 
Here again it will be recalled that the lateral geniculate bodies were histo- 
logically normal (‘11). The ocular-dominance distributicn of 26 cells (Fig. 
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12) shows the usual over-all dominance of the contralateral eye-in this cat 
the eye that had been deprived. A few months of monocular lid closure was 
thus not enough to cause any obvious change in cortical function; whether a 
longer period would have is not known. 

DISCUSSION 

The results of the present paper show that in kittens monocular depri- 
vation of light and form from birth can produce both behavioral blindness 

Apical segment 

FIG. 7. Reconstruction of a microelectrode penetration through the left postlateral 
gyrus; ocular-dominance distribution of this 
in Fig. 4. Of the 17 recordings indicated, 

penetra .tion is given in Fig. 6. Conventions 
single-unit and 9 were Z-unit. Sea 8 were 

0.5 mm. 

in the deprived eye and a failure of cortical cells to respond to that eye. 
These findings must be viewed in the light of those reported in the pre- 
ceding paper (9), that the specific responses seen in cortical cells of normal 
adult cats are present also in newborn and very young visually inexperienced 
kittens. We conclude that monocular deprivation produces physiological 
defects in a system that was once capable of functioning. 

In view of the anatomical findings described in the first paper of this 
series (11), the results of the present study may at first seem paradoxical: 
that deprivation by lid closure from birth should produce in the geniculate 
marked atrophy of cells with only mild physiological effects, and in the 
cortex just the reverse, no obvious anatomical changes but profound phys- 
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iological deficits. The reasons for the differences in morphological effects in 
the two structures are easy to imagine. Each geniculate cell receives visual 
input almost exclusively from one eye, and the cells receiving afferents from 
a given eye are aggregated in separate layers, so that any anatomical change 
is easy to see, the more so since it tends to contrast with the normality of 
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FIG. 8. Cornea1 electroretinograms and cortical evoked potentials (ECGs) in a 2- 
month-old .kitten whose right eye had been covered by a translucent contact lens from the 
time of normal eye-opening (same kitten as in Figs. 6 and 7). A, C, 23: stimulation of right 
(previously occluded) eye. B, D, 3’: stimulation of left (normal) eye. A, R: electroretino- 
grams. C, D: cortical evoked potentials, left hemisphere. E, Fz cortical evoked potentials, 
right hemisphere. Positive deflections upward. 

the adjacent layers. The majority of cortical cells, on the other hand, have a 
binocular input (7), and the relatively few cells that are fed exclusively from 
one eye a.re intermixed with the others. One would therefore not expect a 
selective atrophy of the monocularly driven cells to stand out histologically. 

It remains to account for the striking unresponsiveness of cortical cells 
to stimulation of the deprived eye, compared with the relative normality of 
geniculate responses and receptive fields. The cortical impairment was just 
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FIG. 9. Histograms of ocular-dominance distribution of 34 cells recorded in two pene- 
trations, one in the left visual cortex and one in the right. Kitten whose right eye was closed 
by lid suture at 9 weeks, for a period of 4 months. Seventeen cells recorded from each 
hemisphere. All cells were influenced by patterned-light stimulation. 

as marked after deprivation with a translucent occluder as with lid closure 
an especially surprising result since in the lateral geniculate the amount of 
light deprivation seemed to be important in determining the degree of ana- 
tomical change (11). These differences between geniculate and cortical cells 
can perhaps be best understood if we recall that in the normal cat cortical 
cells are much less responsive than geniculate cells to diffuse light (5, 6). 
Any light reaching the retina would thus help to keep geniculate cells active. 
On the other hand, most cortical cells would be practically uninfluenced re- 
gardless of the type of occlusion, and over a long period they might become 
unable to respond even to patterned stimulation of the deprived eye. 

In discussing morphological changes in the lateral geniculate following 
visual deprivation (ll), we pointed out that the maintained activity per- 
sisting in the retina under these conditions of lid suture or translucent oc- 
clusion is insufficient to prevent the atrophy. The same obviously applies 
to the present cortical recordings: the functional pathway up to the cortex 
was evidently not maintained by whatever activity persisted in the lateral 
geniculate body. 

Though we have no direct way of knowing the exact site of the abnor- 
mality responsible for cortical unresponsiveness, the main defect must be 
central t*o the lateral geniculate body, since geniculate cells respond well to 
stimulation of the deprived eye. Nevertheless these geniculate impulses have 
no apparent effect on cortical cells, even though the cortical cells fire per- 
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FIG. 10. Ocular-dominance histogram 
from a kitten whose right eye was closed hy 
lid suture at the age of 9 weeks, for 1 month. 
Twenty-one cells were recorded from thz 
left visual cortex. All cells were influenced 
by patterned-light stimulation. 

fectly well to stimulation of the nor- 
mal eye. This suggests that the ab- 
normality is in the region of the 
synapse between the axon terminals 
of geniculate cells (those receiving 
input from the deprived eye) and the I 
cortical cells on which these termi- 
nals end. 

Though the most abnormal feature in the physiological studies was the 
ocular-dominance distribution, there was another consistent difference from 
normal penetrations: in every experiment in kittens deprived from birth 
there were a few cells that could not be driven from either eye. This prob- 
ably cannot be explained by the immaturity of the kittens, since in a pre- 
vious study of even younger animals all of the cells could be driven by ap- 
propriate stimuli (9). A more likely explanation is that the unresponsive 
cells were connected exclusively with the covered eye-at least the propor- 
tion of nondriven cells was about what one would expect on that assumption. 
Had it not been for their maintained activity these cells would probably 
have gone undetected, and one wonders if the maintained firing does not 
reflect some other, nonvisual input. 

While the site of the physiological defect may be within the cortex, as 
suggested above, it would probably be wrong to assume that abnormalities 
at the geniculate level did not also contribute to the unresponsiveness of the 
cortical cells. Many of the geniculate cells were atrophic; in recordings from. 
the geniculate there was an over-all decrease in activity in the layers con- 
nected with the deprived eye, and a few fields seemed abnormal ( 11). The 
cortical evoked responses to a flash made it clear that impulses in at least 
some geniculate fibers associated with the deprived eye reached the cortex 
of both hemispheres, but the marked increase in latency suggests that this 
input may have been abnormal. Thus it is probable that defects at several 
levels, from retina to primary visual cortex, contributed to the observed 
physiological abnormalities. At present we have no direct way of assessing 
their relative importance. 

The behavior of our monocularly deprived kittens, under conditions in 
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FIG. I I. Ocular-dominance histogram 
: 

of 22 cells recorded from the left visual G 8 
cortex; kitten with nictitating membrane ; 
sutured across the right eye at an age of 5 
weeks, for 3 months. The left (ipsilateral, 

; 

normal) eye dominated markedly, and all ; 4 

cells were influenced by patterned-light 
stimulation. 
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which they could use only the deprived eye, suggested the presence of gross 
visual deficits. This confirms the binocular-deprivation studies of other ob- 
servers in several different mammalian species (2, 4, 10, 3). In monocularly 
deprived animals the visual pathway beyond the point of convergence of 
impulses from the two eyes was presumably intact, since cortical cells were 
actively driven from the normal eye, and since the animals were able to 
see with that eye. This suggests that also in bilaterally deprived animals the 
defect may not necessarily be at a far central level: e.g., the defect need not 
be in visually guided motor function, or the result of some emotional dis- 
turbance. There may indeed be such defects, but our results make it likely 
that abnormalities exist at a more peripheral level as well. 

In interpreting the blindness resulting from raising animals in darkness 
it has generally been assumed that some of the neural connections necessary 
for vision are not present at birth, and that their development depends on 
visual experience early in life. Our results suggest the alternative possibility, 
that certain connections are intact at birth and become defective through 
disuse. One must, however, make one reservation: deprivation of one eye 
may be quite different in its morphological and physiological effects from 
binocular dark-raising. Conceivably if one eye is not stimulated, the fate of 
its projections in the central visual pathway may partly depend on whether 
or not the other eye is stimulated. This question of a possible competition 
between the eyes can only be settled experimentally, by studying animals 
that have been binocularly deprived of vision. For example, Baxter (l), 
comparing records from the visual cortex of normal and dark-raised kittens, 
could find no striking difference in the size or shape of the evoked potentials 
in the two groups. This finding contrasts sharply with the difference we saw 
in cortical potentials evoked from the normal, as opposed to the deprived 
eye (Fig. 8)) and it remains to be learned whether or not the discrepancy 
reflects a difference in the two types of preparation. 
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The susceptibility of very young kittens to a few months of visual dep- 
rivation apparently does not extend to older animals, since there is a de- 
tectable lessening of effects when deprivation is begun at 2 months, and an 
absence of behavioral or physiological effects in adults. This is a clear demon- 
stration of a pronounced difference between kittens and adults in suscepti- 
bility to deprivation, a difference one might have expected from the pro- 
found visual defects observed after removal of congenital cataracts in man, 
as opposed to the absence of blindness on removal of cataracts acquired 
later in life. 
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FIG. 12. Ocular-dominance distribution 
of 26 cells recorded in the left visual cortex 
of an adult cat whose right eye had been 
covered by lid suture for a period of 3 
months. As in the normal cat, the contra- 
lateral eye-in this case the deprived eye ..-- 
dominated. 
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SUMMARY 

1. Single-unit recordings were made from striate cortex of kittens in 
which one eye had been deprived of vision either from birth or subsequently, 
and for various periods of time. 

2. Kittens deprived from birth for 2--3 months showed profoundly de- 
fective vision in the deprived eye. Visual placing and following reactions were 
absent, and there was no hint of any ability to perceive form. Pupillary 
light reflexes were nevertheless normal. 

3. In kittens deprived from birth, either by suturing the lids of one eye 
or by covering the cornea with a translucent contact occluder, the great 
majority of cortical cells were actively driven from the normal eye, with 
normal receptive fields. On the other hand, only 1 cell out of 84 was at all. 
influenced by the deprived eye, and in that cell the receptive fields in the 
two eyes were abnormal. A few cells could not be driven from either eye. 

4. In one 2-month-old kitten monocularly deprived with a translucent 
contact occluder, the cornea1 electroretinograms were normal in the two eyes. 
On flashing a light in the previously occluded eye the slow-wave potentials 
evoked in the visual cortex of the two hemispheres were highly abnormal, 
compared with responses from the normal eye. 
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5. One to two months of normal visual experience prior to monocular 
deprivation by lid suture or with a translucent occluder reduced the severity 
of the physiological defect, even though the ability of the deprived eye to 
influence cortical cells was still well below normal. On the other hand, 3 
months of deprivation by lid closure in an adult cat produced no detectable 
physiological abnormality. 

6. We conclude that monocular deprivation in kittens can lead to un- 
responsiveness of cortical cells to stimulation of the deprived eye, and that 
the defect is most severe in animals deprived from bith. The relative nor- 
mality of responses in newborn kittens (9) suggests that the physiological 
defect in the deprived kittens represents a disruption of connections that 
were txesent at birth. 
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