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Visual Experience without Lines: 

Effect on Developing Cortical Neurons 

Abstract. Kittens were reared in a planetarium-like visual environment that 
lacked straight line contours. Cortical neurons were subsequently highly sensitive 
to spots of light but not to straight lines, in marked contrast to those from a 
normal cat. If linear contour processing is an innate function it appears to be 
subject to substantial modification by early visual experience. 
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At successive stages of the visual 
system, information is abstracted from 
different environmental features. Neu- 
rons in the mammalian visual cortex 
are sensitive almost exclusively to linear 
contours (1). 

But is the sensitivity of the cortex to 
straight lines an immutable conse- 
quence of evolution? The rationale of 
this question stems from the recent 
series of experiments concerned with 
the influence of early visual experience 
on the subsequnt organization of the 
visual system. These studies have shown 
that during early development, the con- 
nections of visual neurons are remark- 
ably plastic. Cells not only become 
sensitive to the orientation of the con- 
tours that were predominant in the early 
visual environment (2), they do so 
within exceedingly brief periods of ex- 
posure (3). 

One would expect that there must be 
a limit to the degree of environmental 
shaping of neuronal circuitry. We 
sought to probe the limit by producing 
a severe alteration in the normal en- 
vironment of growing animals. We 
reared kittens so that they never saw 
lines or linear shapes. Their only visual 
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experience was from a pseudorandom 
array of point sources of light, which 
appeared like bright stars in a dark 
sky. For controls, we used a normally 
reared cat and one raised in total dark- 
ness. Subsequent physiological study of 
the kittens reared so that they never 
saw lines (random dot kittens) showed 
that their visual cortical neurons were 
remarkably atypical in that they were 
selectively responsive to small, moving 
spots of light, much smaller than the 
receptive field sizes. Of the few cells 
that seemed sensitive to edges, only 
two could be said to approach the 
normal variety that are most responsive 
and selective to elongated stimuli. We 
conclude that if linear contour pro- 
cessing is an innate property of the 
visual cortex, it is one which can be 
readily modified. 

For the initial experiment, we chose 
a kitten with an all black coat to re- 
duce the chance of self-observation 
during the exposure periods. He was 
kept in a totally dark room until he 
was 28 days old (4). During the next 
13 days, he spent 3 hours daily in a 
large (90 cm diameter), opaque poly- 
ethylene sphere. There were 1 mm di- 

experience was from a pseudorandom 
array of point sources of light, which 
appeared like bright stars in a dark 
sky. For controls, we used a normally 
reared cat and one raised in total dark- 
ness. Subsequent physiological study of 
the kittens reared so that they never 
saw lines (random dot kittens) showed 
that their visual cortical neurons were 
remarkably atypical in that they were 
selectively responsive to small, moving 
spots of light, much smaller than the 
receptive field sizes. Of the few cells 
that seemed sensitive to edges, only 
two could be said to approach the 
normal variety that are most responsive 
and selective to elongated stimuli. We 
conclude that if linear contour pro- 
cessing is an innate property of the 
visual cortex, it is one which can be 
readily modified. 

For the initial experiment, we chose 
a kitten with an all black coat to re- 
duce the chance of self-observation 
during the exposure periods. He was 
kept in a totally dark room until he 
was 28 days old (4). During the next 
13 days, he spent 3 hours daily in a 
large (90 cm diameter), opaque poly- 
ethylene sphere. There were 1 mm di- 

ameter holes in the upper hemisphere, 
spaced so that no two would fall within 
the typical receptive field of a single 
cortical neuron (5). The arrangement 
of holes was pseudorandom in order 
to minimize the chance that linear con- 
tours would be synthesized from sev- 
eral points. A bank of lights sur- 
rounded the sphere, and the utmost 
precautions were taken to eliminate 
stray light and to insure that the kitten 
saw only the point sources of light (6). 
We attempted to gain the kitten's atten- 
tion by moving the bank of lights 
around the sphere and by making 
noises, and he seemed to be active for 
most of the time. At the end of the 
39-hour exposure period, he was re- 
turned to the dark room for a week 
prior to the neurophysiological ob- 
servations. 

The electrophysiological techniques 
were standard (7). Action potentials 
were recorded extracellularly in area 
17 with tungsten-in-glass microelec- 
trodes (8). All firing units were tested 
with a wide variety of stimuli (9). 
These stimuli were also presented 
continually as we advanced the elec- 
trode so that we would not miss neu- 
rons that were "edge-detectors" and 
which lacked spontaneous activity. The 
stimuli were positioned in the object 
plane of an overhead projector with a 
frame attached to an X-Y recorder. 
All directions of movement could be 
produced manually or by computer 
controlled commands to the X-Y re- 
corder. After initial plotting of the 
receptive field, we used the computer 
to obtain quantitative estimates of 
stimulus preference. 

The results from the first random dot 
kitten were most striking. Over a 72- 
hour period, we made a detailed study 
of 69 single units from three electrode 
tracks. On the basis of waveform or 
binocularity or both (10) all of the 
units were identified to be cortical cells 
except for three incoming fibers from 
the lateral geniculate nucleus (11). Of 
the cortical cells studied, 19 were in- 
sufficiently responsive for receptive field 
plotting and 47 had clearly defined 
fields. Twenty-seven of the latter group 
gave vigorous and dependable responses 
to a completely atypical range of stimuli 
which led us to call them "spot de- 
tectors." These cells had the following 
characteristics. (i) Their optimal re- 
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characteristics. (i) Their optimal re- 
sponse was to moving, circumscribed, 
bright targets always less than 0.5? 
and often less than 0.2? in diameter 
(11). (ii) There were vigorous ON or 
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Fig. 1. Comparison of typical neurons from the striate cortex 
of cats raised under three conditions: (i) total absence of 
visual stimulation, (ii) normal visual experience, (iii) visual 
experience confined to randomly arranged light spots. All 
neurons had receptive fields that could be plotted with small 
(0.1? to 0.5?) flashing spots of light. Plus signs indicate 
responses only at ON, minus signs indicate responses at OFF 
and an open circle designates no response. The neuron from 
the cat raised in the dark gave variable responses from trial 
to trial but averaged responses were biased for downward 
moving stimuli. This bias was independent of the configuration 
of the stimulus used, and small spots were as effective as lines 
matched to the field size. The normal cell responded to moving 
stimuli in a manner that could be predicted from its receptive 
field: elongation of the stimulus resulted in a summation of the 
response so that the optimal stimulus had dimensions (0.5? by 
4?) that corresponded to the receptive field dimensions. In 
contrast to all cells in the normal cortex, the dot-detecting 
neuron does not show spatial summation along any receptive 
field dimension and the optimal stimulus is 0.1? in diameter, 
much smaller than the receptive field (4? across): a line (4? 
by 0.5?) carefully matched to field size gave a poor response. 
The histograms are obtained from computer-presented stimuli, 
and they give'the mean number of spikes for a narrow bar 
(0.5? by 4?) and a light spot (0.1?) for five stimulus sweeps 
in each of the eight directions indicated. Sweep amplitudes and 
velocities are, respectively: 8?, 2? per second (dark-raised cat); 
5?, 1? per second (normal cat neuron); and 8?, 2? per second 
(random dot cat neuron). 

JO 

OFF responses to stimuli in an irregu- 
larly shaped receptive field of much 

larger dimensions than the optimal 
stimulus (average field size was 2.8? 
wide and 3.5? high). (iii) There was 
an absence of spatial summation within 
the plotted receptive field (12). (iv) 
The majority of cells were activated 
from both eyes (13). The third feature 
was the least expected. Although many 
of the receptive fields in the visual cor- 
tex were elongated, usually in the ver- 
tical direction, the irregularity of the 

receptive field shape 'bore no relation to 
the optimal stimulus. Enlarging or 

lengthening the stimulus to match the 
field shape always led to a diminished 
response, in marked contradistinction 
to the behavior of cells in the normal 
cortex (Fig. 1). The neuron from the cat 
raised in the dark showed no obvious 
preference for either spots or lines. On 
the other hand the cells of both the nor- 
mal and the random dot cats were selec- 
tive for stimulus configuration. Among 
the stimuli used, a linear contour was 

optimal for the cell of the normal cat 
and a small spot of light was optimal 
for the random dot cat. In the latter 
case, the findings conform to what is 

predicted if cortical physiology is cor- 

600 

related with early visual environment. 
Of the remaining 20 responsive corti- 

cal cells, 12 responded best to moving 
circular patches of light. This response 
was nonselective for size, although 8 
were selective for the direction of 
stimulus motion. 

Of the 8 cells that did not respond 
preferentially to light spots, two were 
unquestionably edge detectors. They 
had elongated fields, and were most 

responsive and selective to elongated 
stimuli. The remaining 6 appeared to 
favor an edge stimulus, but responses 
were highly variable or sluggish or 
both. Furthermore, a circular patch 
stimulus was usually as effective as a 
line. None of these 8 cells had recep- 
tive fields that could be mapped with 
flashing stimuli. 

We have confirmed these findings for 
a second random dot kitten. We could 
find no edge detectors among the 40 
neurons studied in this animal's cortex. 
Twelve of these neurons were spot de- 
tectors (12) and the remainder were 
nonselective for stimulus configuration. 

The present results are sufficiently 
detailed and striking to raise again the 

question of nature and nurture in re- 

gard to neuronal connections. The re- 

port that certain neurons in the cortex 
of visually inexperienced kittens have 
the same properties as neurons in the 
adult (14) has been recently questioned 
(15). Our findings that only two cells 
of the random dot kittens had the spe- 
cific properties of normal adult neurons 
suggest that the usual high degree of 
specialization in cortical cells is largely 
derived from visual experience. Or, if 
the specificity is determined via innate 
connections, it can easily be altered 
to match the requirements of the early 
visual input. 

J. D. PETTIGREW 
Department of Physiology-Anatomy, 
University of California, 
Berkeley 94720 

R. D. FREEMAN 
School of Optometry, 
University of California, 
Berkeley 94720 

References and Notes 

1. D. H. Hubel and T. N. Wiesel, J. Physiol. 
160, 106 (1962); ibid. 195, 215 (1968). 

2. H. V. B. Hirsch and D. N. Spinelli, Science 
168, 869 (1970); Exp. Brain Res. 13, 509 (1971); 
C. Blakemore and G. F. Cooper, Nature 228, 
477 (1970). 

3. C. Blakemore and D. E. Mitchell, Nature 
241, 467 (1973); J. D. Pettigrew, C. Olson, 
H. B. Barlow, Science 180, 1202 (1973). 

4. At this age, kittens are extremely sensitive 
to the nature of their visual input [see (14)]. 

SCIENCE, VOL. 182 

E 

D spot 



5. The minimum and maximum possible viewing 
distances to each hole were used to com- 
pute spacing so that no two holes were closer 
together than 3?, a typical central field size 
[J. D. Pettigrew, T. Nikara, P. 0. Bishop, 
Exp. Brain Res. 6, 373 (1968)]. 

6. We verified the adequacy of the precautions 
prior to the investigation. A 35-mm camera 
with a wide angle lens, loaded with Tri-X 
film, was transported with its shutter locked 
open from the dark room to the sphere in 
the same lighttight bag to be used for the 
kitten. The camera was left in the sphere for 
a period of 30 minutes. With the film de- 
veloped to its maximum sensitivity, we found 
no evidence of stray light or of shadows 
cast from the point sources to the blackened 
lower hemisphere. 

7. Preliminary surgery was carried out under 
fluothane. After intravenous and tracheal 
cannulation, positioning in the head holder 
and craniotomy, ventilation was controlled 
with a mixture of oxygen, carbon dioxide, 
and nitrous oxide. Standard controls for 
corneal maintenance, eye position, stimulus 
presentation, and recording were used. [H. B. 
Barlow, C. Blakemore, J. D. Pettigrew, J. 
Physiol. Lond. 193, 327 (1967).] 

8. W. R. Levick, Med. Biol. Eng. 10, 510 (1973). 
9. The stimuli were bright spots which varied 

in size between 0.05? and 10?, extended black 
or white (or both) edges of all orientations, 
and bright line stimuli of all orientations 
which could be varied upward in size from 
0.10 by 0.5?. 

10. P. 0. Bishop, W. Burke, R. Davis, J. Physiol. 
Lond. 106, 409 (1962); P. O. Bishop and 
G. H. Henry, Invest. Ophthalmol. 11, 346 
(1972). 

11. Since incoming fibers from the lateral genicu- 
late nucleus in a normal cat have con- 
centrically organized receptive fields, it might 

5. The minimum and maximum possible viewing 
distances to each hole were used to com- 
pute spacing so that no two holes were closer 
together than 3?, a typical central field size 
[J. D. Pettigrew, T. Nikara, P. 0. Bishop, 
Exp. Brain Res. 6, 373 (1968)]. 

6. We verified the adequacy of the precautions 
prior to the investigation. A 35-mm camera 
with a wide angle lens, loaded with Tri-X 
film, was transported with its shutter locked 
open from the dark room to the sphere in 
the same lighttight bag to be used for the 
kitten. The camera was left in the sphere for 
a period of 30 minutes. With the film de- 
veloped to its maximum sensitivity, we found 
no evidence of stray light or of shadows 
cast from the point sources to the blackened 
lower hemisphere. 

7. Preliminary surgery was carried out under 
fluothane. After intravenous and tracheal 
cannulation, positioning in the head holder 
and craniotomy, ventilation was controlled 
with a mixture of oxygen, carbon dioxide, 
and nitrous oxide. Standard controls for 
corneal maintenance, eye position, stimulus 
presentation, and recording were used. [H. B. 
Barlow, C. Blakemore, J. D. Pettigrew, J. 
Physiol. Lond. 193, 327 (1967).] 

8. W. R. Levick, Med. Biol. Eng. 10, 510 (1973). 
9. The stimuli were bright spots which varied 

in size between 0.05? and 10?, extended black 
or white (or both) edges of all orientations, 
and bright line stimuli of all orientations 
which could be varied upward in size from 
0.10 by 0.5?. 

10. P. 0. Bishop, W. Burke, R. Davis, J. Physiol. 
Lond. 106, 409 (1962); P. O. Bishop and 
G. H. Henry, Invest. Ophthalmol. 11, 346 
(1972). 

11. Since incoming fibers from the lateral genicu- 
late nucleus in a normal cat have con- 
centrically organized receptive fields, it might 

be thought that they would be confused with 
the spot detector cortical cells. But apart from 
waveform criteria, the spot detector cells 
could always be distinguished by their ir- 
regular field shape, absence of spatial sum- 
mation and binocularity. The lateral geniculate 
nucleus fibers studied in this preparation were 
in marked contrast to those of a normal cat 
because of their tiny, hard-to-locate, regularly 
shaped receptive fields. The fields were only 
0.2? in diameter, which is unusually small 
considering the 8? eccentricity at which they 
were recorded. In addition, they were monoc- 
ular and exhibited an exact correspondence 
between field size and optimal stimulus size. 

12. Area threshold estimations were carried out 
in one case for a unit with a field size of 
1.7? by 2.70. Over a narrow range of spot 
sizes (0.05? to 0.3?) we could maintain a 
constant response by increasing the spot size 
while decreasing intensity or by decreasing the 
spot size while increasing the intensity. A 
0.5? spot, however dim or bright, gave no 
response, suggesting that the large field was 
made up of small subunits less than 0.5? 
in size. 

13. The ocular dominance histogram was slightly 
atypical, with a bias toward cells dominated 
by the ipsilateral eye. 

14. D. H. Hubel and T. N. Wiesel, J. Neuro- 
physiol. 26, 994 (1963); T. N. Wiesel and 
D. H. Hubel, ibid. 28, 1029 (1965); D. H. 
Hubel and T. N. Wiesel, J. Physiol. Land. 
206, 419 (1970). 

15. H. B. Barlow and J. D. Pettigrew, J. Physiol. 
Lond. 218, 98 (1971). 

16. We thank B. Rogers and C. Olson for help 
with the investigation. Supported by PHS 
grants from the National Eye Institute to 
R.D.F. (EY01175) and H. B. Barlow (EY- 
00276). 

19 March 1973; revised 23 July 1973 [ 

be thought that they would be confused with 
the spot detector cortical cells. But apart from 
waveform criteria, the spot detector cells 
could always be distinguished by their ir- 
regular field shape, absence of spatial sum- 
mation and binocularity. The lateral geniculate 
nucleus fibers studied in this preparation were 
in marked contrast to those of a normal cat 
because of their tiny, hard-to-locate, regularly 
shaped receptive fields. The fields were only 
0.2? in diameter, which is unusually small 
considering the 8? eccentricity at which they 
were recorded. In addition, they were monoc- 
ular and exhibited an exact correspondence 
between field size and optimal stimulus size. 

12. Area threshold estimations were carried out 
in one case for a unit with a field size of 
1.7? by 2.70. Over a narrow range of spot 
sizes (0.05? to 0.3?) we could maintain a 
constant response by increasing the spot size 
while decreasing intensity or by decreasing the 
spot size while increasing the intensity. A 
0.5? spot, however dim or bright, gave no 
response, suggesting that the large field was 
made up of small subunits less than 0.5? 
in size. 

13. The ocular dominance histogram was slightly 
atypical, with a bias toward cells dominated 
by the ipsilateral eye. 

14. D. H. Hubel and T. N. Wiesel, J. Neuro- 
physiol. 26, 994 (1963); T. N. Wiesel and 
D. H. Hubel, ibid. 28, 1029 (1965); D. H. 
Hubel and T. N. Wiesel, J. Physiol. Land. 
206, 419 (1970). 

15. H. B. Barlow and J. D. Pettigrew, J. Physiol. 
Lond. 218, 98 (1971). 

16. We thank B. Rogers and C. Olson for help 
with the investigation. Supported by PHS 
grants from the National Eye Institute to 
R.D.F. (EY01175) and H. B. Barlow (EY- 
00276). 

19 March 1973; revised 23 July 1973 [ 

Oceanic Growth Models Oceanic Growth Models 

Chase and Perry (1) have presented stant fractionation with respect 
a model involving isotopic interactions water, from both igneous ro 
between crustal and mantle rocks and sediments. These last two I 
oceanic waters that allows the calcula- affect SO but not the mass of the 
tion of 80, the 8180 value (2) of they can be regarded as cons: 
the oceans, during the past 3.3 X 109 the 1 : 1 transformation (in 1 
years. Using this model, they obtained 160. contents) of igneous r 
a limit of about 10 percent for the either sediments or metamorph 
amount of oceanic growth that would be The rate of change of So w 
compatible with the increase of 15 per t (in years) derived by Chase a: 
mil in 8o suggested by the 8180 values from these four processes 
of chert samples formed within this written as 
time period. Al- 
though the model dao muo4uo + qIsrso + qsIM8IMO - (muo + qIs + qIM)BO 
itself is reason- --t 
able, some errors Mo(O) + j muodt + Jfo poudt 
made by Chase 
and Perry in its evaluation nullify the where muo, qou, qIs, and q1j 
conclusions they have drawn (1, 3). rates of processes (i) to (iv) 

The model assumes that just four tively, in units of moles of 16( 

processes control both the mass of the ferred per year; Suo is the 81 
oceans (measured in terms of the moles of the water outgassed from the 
of 1602 making up the water) and the SIso = sI - g+ o , where E 
value of So. These are (i) outgassing 8180 value of igneous rocks 
of water from the mantle into the is the 8180 value of sediments 
oceans, affecting both the mass and 8o; in equilibrium with the oceat 
(ii) subduction of water trapped in the given time; SIaO = 81 - sM + 
oceanic crust, affecting the mass but SM is the 8180 value of tE 
not 8o; (iii) formation of sediments, in morphic rocks being formed ir 
isotopic equilibrium with ocean water, rium with the ocean at ar 
from igneous rocks; and (iv) formation time; and Mo(0) is the mas 
of metamorphic rocks, having a con- oceans (in moles of 1602) at 
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t = 0. As defined in the model, Suo, 
8so, and 8,am are constants, Pou is 
negative, and the denominator of Eq. 1 
is always positive. Equation 1 is general, 
in the sense that all rates may be varied 
with time. 

Two properties of the model are 
particularly relevant to a discussion of 
the conclusions of Chase and Perry. 
First, it can be seen from Eq. 1 that 
the value of 80 should be subject to 
certain limits, independent of the var- 
ious rates of transfer, determined only 
by the values of 8ue, 8sIMO and 8 so. 
When So equals the largest of these 
three values, dSo/dt must be either 
zero or negative, and 8o cannot become 
any larger. When 8o equals the smallest 
of these values, dSo/dt must be either 
zero or positive, so that 80 cannot 
become any smaller. Thus, if o8 has 
a value at t = 0 lying within the limits 
set by 8uo, 8Imo, and 8Iso, it must re- 
main within these limits for all values 
of t greater than zero. Should 80 have 
a value at t = 0 which lies outside these 
limits, the model will cause it to move 
within the limits and then remain 
there. The actual limits turn out to be 
determined by the values of Suo, ap- 
proximately +7 per mil as chosen by 
Chase and Perry, and Sso, which has 
an extreme value of about -30 per 
mil for the formation of pure chert 
sediments (4). 

The second significant property of 
the model is seen when Eq. 1 is in- 
tegrated. For the simplest situation, 
where all four processes have constant 
rates, there are two solutions: one for 
an ocean of constant mass (muo + Pou 
= 0) and one for an ocean of chang- 
ing mass (mvo + Pou O0). For the 
second case, 8o as a function of time 
is given by 

A A- B&o(0) 0o =-f~---B-X B B 

M Mo(0) q 1rn(moO + pou) 
LMo(O) + (muo + pou) () 

where A = mTeO8uo + qIso8Is + 
qIM8Imo, B = muo + qIs + qIM, and 
8o(O) is the value of So at t = 0. Inspec- 
tion of Eq. 2 shows that, as t increases, 
0o changes monotonically from the value 

So(0) to a final value of A/B. These 
initial and final values are independent 
of the rate of variation of the mass of 
the ocean (independent of muo + Pou); 
only the path taken by 8o between these 
initial and final values varies somewhat 
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