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SUMMARY AND CONCLUSIONS 

1. The early visual experience of nine 
cats was restricted to viewing horizontal or 
vertical lines inside opaque goggles. 

2. When the kittens were 3-4 mo old, 
extracellular recordings were made in the 
primary visual cortex. To obtain a repre- 
sentative sample of cortical cells, units were 
studied at regularly spaced intervals along 
the course of electrode penetrations travel- 
ing oblique to the cortical surface. An 
automated assessment of preferred orienta- 
tion using a computer-driven optical display 
was employed, and during the recording ses- 
sion the experimenters did not know which 
orientation(s) each animal had viewed in 
early life. 

3. In the cats that viewed horizontal 
lines with one eye and vertical lines with 
the other during rearing, two major findings 
of previous workers (14) were confirmed. 
First, a majority of units were not selective 
for orientation. Second, units with preferred 
orientations near vertical tended to be ac- 
tivated exclusively by the eye that had 
viewed vertical, and likewise for horizontal. 

4. In cats that viewed lines of the same 
orientation with both eyes during rearing, a 
substantially smaller proportion of units 
were selective for orientation; the preferred 
orientations of these units also tended to 
match the orientation to which the cats had 
been exposed. 

5. Portions of some electrode penetra- 
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tions showed an orderly arrangement of 
cells according to preferred orientation simi- 
lar to that seen in normal cats, but with 
regions over which only nonselective cells 
were found. Many penetrations appeared 
less orderly. 

6. The results are consistent with a role 
for early visual experience in maintaining 
the responsiveness and innate selectivity of 
cortical neurons, although they cannot en- 
tirely rule out the possibility that experience 
may alter or determine the preferred orien- 
tation of some cells. 

INTRODUCTION 

Some response properties of cells in the 
cat’s visual cortex can be modified by re- 
stricting early visual experience. This was 
first demonstrated in 1963 by Wiesel and 
Hubel(36), who showed that the relative ef- 
fectiveness of the two eyes in activating 
cortical cells could be changed by prevent- 
ing vision through one eye; in kittens reared 
this way almost all cells could be activated 
only through the eye that had remained 
open (21, 36). 

In 1970 Hirsch and Spinelli (13) reported 
that another aspect of cortical organization, 
the distribution of orientation of elongated 
receptive fields, could be modified by re- 
stricting a kitten’s early visual experience 
to a pattern of parallel stripes. In these 
experiments, each kitten viewed an array of 
three horizontal stripes with one eye and 
three vertical stripes with the other, so 
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that cortical cells received different and 
perhaps conflicting inputs from the two 
eyes. In these kittens, as in monocularly 
deprived kittens, some of the response 
properties characteristic of cortical cells 
in normal cats were absent. Determining 
receptive-field shapes by scanning the visual 
field in a raster pattern with a 4” dark 
spot, Hirsch and Spinelli (I 3, 14) found that 
two-thirds of the receptive fields were not 
elongated, and that almost all cells could 
be activated only through one eye or the 
other, but not both. Most striking, however, 
was the correlation between the axis of 
elongation of the receptive fields and the 
orientation to which the effective eye had 
been exposed: if the field was elongated 
vertically, the cell could be activated only 
through the eye that had seen vertical 
stripes, and the converse was true if the 
field was elongated horizontally. None of 
the 32 elongated receptive fields studied 
were elongated on an oblique axis. 

Hirsch and Spinelli (13, 14) suggested that 
receptive-field elongation plotted using their 
techniques corresponds to the preferred 
orientation of a given cell, and subsequent 
studies support this (25). Hence, their re- 
sults have generally been interpreted as a 
modification of the distribution of preferred 
orientations in the cortex. In another at- 
tempt to modify orientation selectivity in the 
visual cortex, Blakemore and Cooper (2) 
directly assessed the preferred orientation 
of each cell. Their method of restricting the 
kitten’s visual experience was, however, 

less rigorous than that of Hirsch and 
Spinelli, and a recent attempt to modify 
orientation selectivity in kittens using 
Blakemore and Cooper’s rearing procedure 
failed to produce changes in the distribu- 
tion of preferred orientations (34). It seemed 
worthwhile, then, to use Hirsch and 
Spinelli’s rearing procedure and to test the 
orientation selectivity of a large sample of 
cortical cells using quantitative methods. 

While Hirsch and his associates (13, 14, 
25) presented conflicting inputs to the two 
eyes, Blakemore and his co-workers (1, 2, 
4) reared kittens with concordant binocular 
input. One aim of the experiments to be 
described here was to determine whether 
conflicting input from the two eyes is re- 
quired to modify the distribution of pre- 
ferred orientation. Kittens were reared 
viewing stripes of different orientations in 
the two eyes and were compared with other 
animals raised viewing the same stripe 
orientation with both eyes. 

The experiments were carried out using 
recording techniques intended to minimize 
the possibility of bias in the data due either 
to the experimenter or to the inherently 
orderly arrangement of cortical cells accord- 
ing to preferred orientation (34). First, the 
preferred orientation of each unit was tested 
using an automated, computer-driven opti- 
cal system. Second, in order to sample as 
uniformly as possible across different orien- 
tation columns (17, 22, 24, 33), preferred 
orientation was tested at regular, 100~pm 
intervals along electrode penetrations trav- 

Cat Pattern 
Dark, 
Days 

Exposure, 
Days 

Time, 
h 

of Exposure, 
Days 

Recording, 
Days . 

I HV 2 31 146 61 79 
2 HV 5 31 122 63 64 
3 HV 4 28 103 44 44 
4 HV 4 28 121 48 48 
5 HH 2 31 144 68 70 
6 vv 3 28 122 58 60 
7 HH 3 28 139* 80 81 
8 vv 2 27 148 72 74 
9 HH 2 27 149 72 77 

Cats 3 and 4, 6 and 7, and 8 and 9 were littermates. Column 2 indicates pattern viewed inside opaque 
goggles: H, horizontal; V, vertical stripes. Cats were put in continuous darkness from the age shown in column 3, 
and between the ages shown in columns 4 and 6 were given 2-5 h/day of visual experience using goggles 
until the total number of hours of visual experience shown in column 5 had accumulated. * Exposure 
interrupted for 5 days because of illness, then resumed intermittently. 



898 STRYKER, SHERK, LEVENTHAL, AND HIRSCH 

cling oblique to the cortical surface. Third, 
a blind procedure was used so that during 
the recording sessions the experimenters 
did not know which stripe orientation each 
kitten had viewed. 

METHODS 

Ret2 ring 

The kittens were placed with their mothers in a 
dark, light-tight room 2-5 days after birth. 
Beginning about 4 wk of age the kittens were 
allowed 2-5 h/day of restricted visual experi- 
ence until a total of 100-150 h of visual ex- 
perience had accumulated+ Table 1 gives details of 
the rearing history for the nine animals of this 
series. Visual experience was restricted as de- 
scribed previously (14). Briefly, the kittens wore 
opaque goggles within which each eye viewed 
three parallel black stripes, 1” wide and 6” 
apart, on a white field. Four of the animals 
viewed vertical stripes with one eye and hori- 
zontal stripes with the other. Five of the ani- 
mals viewed the same orientation, either 
horizontal or vertical, with both eyes. The 
goggles were fitted and removed in the dark room 
so as to preclude any extraneous visual ex- 
perience during this procedure. 

Following the end of the exposure period, the 
kittens were kept in total darkness until electro- 
physiological recordings were made, except for 
the day or two prior to the recordings when 
an additional 4-12 h of restricted experience 
were given using goggles of the same pattern 
which the animal had seen previously. During 
the subsequent recording, the experimenters 
did not know the orientation to which the ani- 
mal had been exposed. 

Recording 

The animals were prepared for recording as 
described previously (30, 32). Anesthesia was 
induced with U-4% halothane in a 70% 
N,O-30% O2 mixture. The goggles were re- 
moved, the eyelids were taped shut, and tracheal 
and venous cannulas were inserted. Gas anesthe- 
sia was then discontinued and pentobarbital used 
for the rest of surgery. The animal was placed 
in a stereotaxic instrument; the skull was ex- 
posed; and a craniotomy 2-3 mm in diameter 
was drilled, the center of which was about 2 
mm posterior to the ear bars and 1 - 1.5 mm 
lateral to the midline. The electrode carrier 
was inclined 20-50’ in the parasaggital plane 
so that the track would traverse the medial 
bank of the lateral gyrus at an oblique angle. A 
hole was made in the dura where the electrode 
would enter, and the skull opening was covered 
with 2% saline agar at 40°C and sealed with 

dental casting wax. Surgical anesthesia was dis- 
continued. 

The eyes were covered with contact lenses, 
and hyoscine and Neo-Synephrine applied to 
dilate the pupils, paralyze accommodation, and 
retract the nictitating membranes. The animal was 
paralyzed using a mixture of Flaxedil(7- 10 mgkg * 
h) and d-tubocurarine (0.7-l mg/kg oh) in 
0.5- 1 m1ikg.h 5% dextrose in Ringer solution, 
and artificially ventilated with a mixture of 70% 
NJI and 30% 0, at a minute volume sufficient 
to maintain end-tidal CO2 between 4 and 4.5%. 
Contact lenses of the curvature necessary to 
bring the eyes to focus on a tangent screen 
at 1.5 m were fitted, and retinal landmarks 
(optic disk and area centralis) were plotted on 
the screen using a double-beam ophthalmoscope. 

During recording our aim was to study pre- 
ferred orientation and ocular dominance in a 
sample of cortical cells which would be represen- 
tative of the cortex as a whole. To this end, 
we followed a procedure of quickly advancing 
the electrode about 80 pm after each unit 
had been studied and then searching for another 
unit within the next 20-30 pm. This procedure 
resulted in a sample of units taken at fairly 
regularly spaced IOU-pm intervals. Occasionally 
two units were studied less than 80 pm apart 
and found to have similar preferred orienta- 
tions; in these cases one unit was excluded 
from the analysis of the distribution of preferred 
orientation. Also it was occasionally impossible 
at an intended sample site to isolate a single 
unit well enough to trigger the computer reli- 
ably; if the multiple-unit activity which could 
be recorded at that site had a clear preferred 
orientation, it was used to generate trigger pulses 
and included in our distribution of preferred 
orientations of “sites” (see footnote 18 of Ref. 
34). To examine as many cells as possible we did 
not attempt to classify each cell as simple or 
complex (15). 

Preferred orientation for all units and multiple 
unit sites in eight of the nine animals was as- 
sessed using the computer-driven optical display 
described previously (30). Briefly, the location of 
the receptive-field center, and optimal stimulus 
length, width, and velocity were estimated using 
hand-controlled stimuli. The computer then 
swept an optimal light bar across each cell’s 
receptive field in a sequence of 72 different 
orientations, 5” apart; these were presented in 
changing pseudorandom order. This sequence 
was sometimes repeated several times. The 
unit’s response was displayed as a function of 
orientation in an orientation-tuning histogram 
(see Fig. 1); a hard copy was made of each 
of these histograms. The computer program 
smoothed the histograms in three ways by aver- 
aging each value with the two, four, or eight 
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FIG. 1. Orientation-tuning histograms typical of 

three types of units found in deprived cats. Each his- 
togram plots the response of the unit under study in 
spikes per stimulus sweep on the ordinate against the 
orientation of a bar or edge stimulus on the abscissa. 
Each orientation is represented twice, once for each 
possible direction of motion. Top: histogram for a se- 
lective cell, like almost all cells found in norma cats. 
Center: histogram for a weakly selective cell, showing 
the erratic nature of the response; stimuli at the optimal 
orientation sometimes fail to elicit a response, while a 
vigorous discharge is sometimes elicited by a stimulus 
orthogonal to the optimal orientation. The preferred 
orientations of such weakly selective cells were clearer 
after the histograms had been smoothed by averaging 
together several adjacent bins. Bottom: histogram 
typical of a nonselective cell. Response is usually er- 
ratic, as shown, and no significant peak is evident even 
when the histogram is smoothed. 

adjacent values. We used the least averaging re- 
quired to generate a smooth curve, and the 
highest point of this curve was taken to be the 
preferred orientation. 

At the end of the recording experiments cats 
were perfused with 10% form01 saline, and for 
most cats cresyl violet-stained sections were 
prepared from blocks of the cortex containing 
the electrode tracks. Tracks were located within 
area 17, the primary visual cortex. 

RESULTS 

Orientation selectivity 

Visual response properties of the cortical 
cells studied in kittens reared wearing 
goggles differed markedly in two ways from 
those in normally reared animals. First, 
almost half of the cells in each animal were 

not selective for stimulus orientation; they 
either responded to all orientations or 
responded extremely erratically and poorly, 
if at all, to any visual stimulus. Second, the 
preferred orientation of those units which 
were selective tended to match the orienta- 
tions of the stripes to which the kitten had 
been exposed. 

Recordings were obtained from 775 iso- 
lated single units in the nine experimental 
animals. These units constitute the sample 
on which our analysis of response quality is 
based. Each cell was categorized subjec- 
tively on the basis of its orientation- 
tuning histograms generated by the com- 
puter, in which the cell’s response was 
plotted as a function of the orientation of a 
bar or edge stimulus moved through the 
receptive field. A selective cell produced a 
histogram with a single well-defined peak or 
two peaks separated by 180” on the abscissa. 
Almost all cortical cells in normal cats 
are selective by this criterion (29, 30, 35). In 
the experimental animals, a strikingly small 
proportion of cells could be classified as 
normally orientation selective (mean 2 I%, 
range 9-47%). Histograms from these cells 
were readily distinguished from those de- 
rived from the remaining cells, which were 
not typical of the visual cortex in normal 
cats. These remaining cells were described 
using three additional categories. Cells 
which showed some bias toward one orien- 
tation, but responded more erratically and 
over a much broader range of orienta- 
tions than did cells in normal cats, were 
classified as weakly selective (mean 25%, 
range 14-39%). For nonselective cells 
(mean 34%, range 17-61%) no preferred 
orientation could be determined, and their 
responses were also often erratic and vari- 
able. Finally, completely unresponsive 
units were encountered in every kitten. 
These units were easily missed when they 
exhibited no spontaneous activity, and the 
number we observed (mean 20%, range 
14-28%) probably underestimates the 
actual proportion present in these animals. 
Table 2 gives the number and percentage 
of the units studied in each animal that 
were classified as orientation selective, 
weakly selective, nonselective, or visually 
unresponsive, 

The most profound consequence of this 
method of restricting visual experience ap- 



900 STRYKER, SHERK, LEVENTHAL, AND HIRSCH 

TABLE 2. Response quality of isolated units 

Weakly 
Selective Nonselective Cat Selective Unresponsive Total 

I 
2 

33 (47) 
25 (29) 
19 (21) 
24 (21) 

101 (28) 

12 (17) 
15 (18) 
35 (39) 
26 (23) 
88 (25) 

12 (17) 
28 (33) 
19 (21) 
34 (30) 
93 (26) 

13 (19) 70 
17 (20) 85 
17 (19) 90 
30 (26) 114 
77 (21) 359 

; 
Total HV cats 

5 
6 
7 
8 

Total HH and VV 
with computer 

24 (25) 23 (24) 35 (36) 
4 (11) 5 (14 17 (47) 
6 (9) 11 (16) 43 (61) 

13 (12) 31 (27) 43 (38) 

14 (15) 96 
10 (28) 36 
10 (14) 70 
26 (23) 113 

47 (15) 70 (22) 138 (44) 60 (19) 315 

9 
Total HH and VV 

cats 

14 (14) 37 (37) 32 (32) 18 (18) 101 

61 (15) 107 (26) 170 (41) 78 (19) 416 

Total experi- 
mental cats 162 (21) 195 (25) 263 (34) 153 (20) 775 

Values are number (percentages in parentheses) of all isolated cortical cells studied which were classified 
according to their visual response properties into one of four categories described in the text. Totals are 
shown separately for the two groups of experimental cats. Two totals are shown for the second group of 
cats, including and excluding cat 9, which was the only animal of the series to be studied without the aid 
of the computer-driven optical display. Units with the spontaneous activity and receptive-field properties 
characteristic of cells in the lateral geniculate nucleus were excluded from this analysis. 

pears to be a grossly abnormal visual 
cortex, in which most cells lack the orienta- 
tion selectivity and visual responsiveness 
characteristic of units found in normal cats. 
However, this lack of selectivity among 
cortical cells was not random: the response 
properties of the selective cells were cor- 
related with the visual experience of 
the kitten. In animals that had viewed 
vertical stripes with one eye and horizontal 
stripes with the other, most cells were monoc- 
ularly driven, presumably reflecting the 
disparate inputs to the two eyes (X9). In 
addition, the units with preferred orienta- 
tions near vertical were generally activated 
by the eye exposed to vertical stripes, and 
there was similarly a tendency for the eye 
exposed to horizontal stripes to activate 
the units with preferred orientations near 
horizontal. 

The analysis of the distribution of pre- 
ferred orientation across the cortex is pre- 
sented by sites (see METHODS), using 
multiple-unit activity or imperfectly isolated 
units when the electrode failed to isolate 
a single unit at one of the regularly 
spaced sampling sites. For this analysis the 
sample consisted of 328 of the 357 iso- 
lated units that were orientation selective 

or weakly selective (29 units were excluded 
because they were located closer than 80 
pm to another unit that had a similar 
preferred orientation) plus 94 sites at which 
multiple or imperfectly isolated units were 
studied and found to have a clear preferred 
orientation. For the cats reared with the 
two eyes viewing different orientations, the 
13 binocular units that were at least weakly 
selective in both eyes were counted in this 
analysis as if they were two separate monoc- 
ularly driven units. The total number of at 
least weakly selective sites is, thus, 435: 
328 + 94 + 13. Table 3 shows that con- 
clusions about the bias in the distribution 
of preferred orientation that follow from 
such an analysis by sites are similar to those 
from analysis of the isolated units alone 
(excluding the sites with multiple-unit 
activity, columns 7 and 8) or of the 
selective sites alone (excluding the weakly 
selective sites, columns 5 and 6). The bias 
index (34) used in Table 3 is described 
below. 

Figure 2 shows the distributions of pre- 
ferred orientation by sites for the kittens 
reared viewing horizontal stripes through 
one eye and vertical stripes through the 
other. Two polar plots are drawn for each 
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Cat 

29 20 
27 

+0.95 15 +0.60 
+0.54 19 +0.93 

-to.30 4 0.00 
+0.51 21 +0.21 

+0.60 15 +0.30 
+m 17 +m 

+0.48 21 +0.51 
+0.90 22 +0.80 
+0.68 134 +0.58 

2 H 14 
V 32 

9 
17 

3 H 26 
V 30 

10 
11 

4 

Total HV cats 

H 28 
V 27 

Both 223 

4 
18 

116 

39 
9 

15 
42 

+0.59 
+0.30 
+0.30 
+0.35 

23 -t-O.68 
4 +0.48 
5 +O. 18 

15 +m 

35 +0.53 
6 +0.30 

13 +0.35 
39 +0.30 

ii 
7 
8 

Total HH and VV 
cats with 
computer 105 -t-O.42 47 +0.76 93 +0.39 

9 38 +0.45 12 +1.04 38 +0.45 

Total HH and VV 
cats 143 +0.43 59 +0.80 131 +0.40 

Total experi- 
mental cats 366 +0.52 175 +0.72 265 +0.49 

Bias index is log (E/C), where E is the number of recording sites with preferred orientations within 30 
of the exposed orientation and C is the number of sites with preferred orientations within 30” of the orientation 
at right angles to the exposed orientation. N is E + C; that is, it excludes the sites with diagonal preferred 
orientations. Columns 3 and 4 give bias indices for all selective or weakly selective sites; these are the data 
plotted in Fig. 4. Columns 5 and 6 give bias indices calculated for the selective sites alone, excluding the 
weakly selective sites. Columns 7 and 8 give bias indices calculated from the isolated single units alone, 
excluding the sites at which multiple-unit activity was studied. 

animal, one for the sites driven through 
each eye. The relative paucity of oblique 
orientations is evident, as is the tendency 
for each eye to drive the units whose 
preferred orientations match the orienta- 
tion which that eye had viewed during early 
life. In the five kittens that had viewed 
stripes of the same orientation with both 
eyes, the distributions of preferred orienta- 
tions were also biased toward those seen by 
the kittens, as shown in Fig. 3. 

The skewed distributions of orientation 
preference evident in the polar plots of 
Figs. 2 and 3 can be described quantita- 
tively by a numerical index (34). The 
index employed is log (E/C), where E 
gives the number of recording sites with 
preferred orientations within 30’ of the 
orientation viewed during rearing, and C 
gives the number of sites at which the pre- 
ferred orientation was more than 60’ away 

from the exposed orientation. For the 
experimental kittens that were exposed to 
both vertical and horizontal stripes, two 
bias indices were computed-one for the 
monocular cells activated by the eye which 
had viewed verticals and the other for the 
monocular cells activated by the eye ex- 
posed to horizontals. Figure 4 shows the 
bias indices for all nine experimental 
kittens. Included for comparison are the 
bias indices for seven normally reared adult 
cats (computed as if the animals had been 
exposed to vertical stripes) and for seven 
kittens reared in striped drums (34); these 
last kittens showed bias indices like those of 
normal animals, 

All the samples of cortical units from the 
kittens reared with goggles had positive 
bias indices, reflecting the greater number 
of selective cells with preferred orienta- 
tions near the one to which the eye driving 
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GOGGLE K tTTENS: TWO EYES DIFFERENT 

HORIZONTAL 

VERTtCAL 

FIG. 2. Polar plots for the selective and weakly selective sites (see text) in four experimental cats reared 
wearing goggles within which one eye viewed horizontal stripes and the other eye viewed vertical stripes. In 
these plots, each line is drawn at the preferred orientation of the unit or multiple-unit activity at one recording 
site. For each animal, a plot of units activated through the eye which had viewed horizontal stripes during 
early life is shown above a plot for units activated through the eye which had viewed vertical. Results from cats 
2 through 4, in serial order, 

the cell had been exposed during early that viewed the same orientation with both 
life. The likelihood that the 13 bias indices eyes and those that viewed different orien- 
would all be positive by chance is less than tations with the two eyes, this difference is 
0.001. Although there was some difference not statistically significant and may not be 
in the degree of bias between the kittens genuine. 

HORIZONTAL 

VERTICAL 

GOGGLE KITTENS: BOTH EYES SAME 

FIG. 3. Polar plots for the selective and weakly selective sites (see text) in five experimental animals: cats 
5, 7, and 9, reared wearing goggles within which both eyes viewed horizontal stripes, are shown above; cats 6 
and 8, reared viewing vertical stripes with both eyes, are shown below. In these plots, each line is drawn at the 
preferred orientation of the unit or multiple-unit activity at one recording site. 
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FIG, 4. Bias indices for seven normal adult cats, seven cats (from an earlier study (34)) reared in striped 
cylinders, and the nine experimental cats of the current study. The bias index employed is log (E/C), where E is the 
number of recording sites at which the preferred orientation was within 30” of the exposed orientation and C is 
the number of sites at which the preferred orientation was more than 60” different from the exposed orientation. 
This bias index has a value of 0 for a uniform distribution of orientations, and positive values indicate a bias toward 
the exposed orientation. Numbers above or below each bar are E + C, the total number of sites minus those 
at which the preferred orientation was diagonal. For the goggle cats reared viewing two different orientations 
through the two eyes, the bias indices for sites driven from the eye which had viewed horizontal stripes are 
plotted as open bars, while the bias indices for sites driven from the eye which had viewed vertical stripes are 
plotted as hatched bars. Indices for animals reared with the two eyes viewing the same orientation are plotted as 
filled bars. 

Functiunul architecture 
The 

perim en ts-the lack of orientation sele C- 

tivity in most cortical cells and the bias in 
preferred orientation among the selective 
cells toward the orientation to which the 
kitten had been exposed-could be ex- 
plained by a preferential loss of selec- 

two main findings of these ex- 

tivity or of visual responsiveness in the cells 

Figure 5A shows the sequence of pre- 
ferred orientations encountered in a typical 

which had been innately selective for the 
orientations that the kitten never saw. If a 

electrode penetration through area 17 of a 

preferential loss of this sort were imposed 
on the orderly arrangement of orientation- 
selective cells shown by Hubel and Wiesel 
(17, 22, 23, 36, 37) in the cat’s cortex, one 
might expect to find regions of orientation- 
selective cells separated by intervals of un- 
responsive and erratically responding cells. 
Thus, it was of considerable interest to 
see how this order was affected by rearing 
kittens with goggles. 

shows examples from three electrode pene- 
trations in the goggle-reared kittens. In por- 

Effects uf concordant compared to 

tions of many penetrations, like those 
shown in C and D, gradual and progres- 

discordant binocular experience 

sive changes in preferred orientation remi- 
niscent of those seen in normal cats were 
found. These penetrations also revealed 
regions of orientation-selective cells sepa- 
rated by gaps containing only nonselective 
or unresponsive cells. Many penetrations, 
however, like that of E, showed con- 
siderable disorder, sometimes with abrupt 
changes in preferred orientation. These re- 
sults are therefore difficult to interpret. The 
disruption of the normal orderly pattern of 
preferred orientations that was evident 
along the course of these electrode penetra- 
tions is consistent with a loss of orienta- 
tion-selective response properties as a result 
of disuse, but it provides no strong evi- 
dence for such a loss. 

normal adult cat; preferred orientation 
changes gradually and progressively as the 
electrode is advanced. Similar orderly pro- 
gressions of preferred orientation were ob- 
served by Sherk and Stryker (30, 32) in 
young, visually inexperienced kittens; one 
such sequence from an earlier study (30) is 
shown in Fig. 5B. Figure K, D, and E 

The loss of orientation-selective cells was 
greater in animals exposed to a single stripe 
orientation than in animals exposed to both 
vertical and horizontal stripes (see Table 
2). The proportion of cells that were as 
selective as those found in normally reared 
cats averaged 28% (range 21-47%) in kit- 
tens exposed to two orientations, but only 
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FIG, 5. Preferred orientation (ordinate) as a function of distance along the electrode track (abscissa) for five 
electrode penetrations. A : typical penetration from a normal adult cat, showing except at the beginning a 
gradual and progressive change in preferred orientation from unit to unit. B: penetration from a 22-day-old 
visually inexperienced kitten (from Ref. 30). Large dots indicate isolated single units; smaller dots indicate 
multiple-unit activity. C: penetration in cat 9, reared viewing horizontal stripes with both eyes. In C, D, and E, 
large symbols plot selective sites; small symbols plot weakly selective sites; round symbols indicate isolated 
single units; square symbols show multiple-unit activity; and triangles at the bottoms of light vertical lines 
plot locations along the abscissa of nonselective or unresponsive units. D: penetration in cat I, reared viewing 
horizontal stripes with one eye and vertical stripes with the other eye. In D and E, filled symbols indicate 
sites driven through the eye that had viewed horizontal; open symbols indicate sites driven through the eye 
that had viewed vertical. E: penetration in cat 4, reared like cat I shown in D. Dotted line connects two 
symbols which show the two different preferred orientations of one cell when driven separately through one 
eye or the other. Other cells were monocularly driven or were selective only when driven through one eye. 

15% (range 9-25%) in those exposed to cats. Finally, the proportion of nonselective 
a single orientation. Nearly equal per- and unresponsive cells was higher in the 
centages of weakly selective cells were kittens in which both eyes were exposed to 
found in the two groups of experimental the same orientation (mean 60%, range 
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50-75%) than in the kittens which saw 
different orientations with the two eyes 
(mean 47%, range 36-56%). These results 
suggest that there is a difference between 
the two groups in the proportion of selec- 
tive cells, but the small number of indepen- 
dent samples studied, four cats in one group 
and five in another, precludes statistical 
evaluation of this difference. 

The two groups of experimental kittens 
differed from each other in another respect: 
more binocular cells were found in the 
animals that had viewed the same stripe 
orientation with both eyes than in those 
that had viewed two different orientations. 
Ocular-dominance histograms, using the 
classification scheme of Hubel and Wiesel 
(15), are shown for the two groups in 
Fig. 6. Of the 55 binocularly driven cells 
in the kittens that had viewed different 
stripe orientations with the two eyes, 76% 
were nonselective when driven through 
the nondominant eye. There were, how- 
ever, 13 cells which were at least weakly 
selective through both eyes. Figure 7 shows 

that seven of these cells had similar pre- 
ferred orientations (-+20”) in the two eyes, 
but six of them had preferred orienta- 
tions roughly 90” apart in approximate 
correspondence with the orientations viewed 
during rearing. A preliminary report on cells 
of this type in animals reared with two 
different oblique orientations has ap- 
peared (25). 

Units in the last six animals of this 
series were tested with the pattern viewed 
during rearing, three 1” black stripes 6” 
apart, and none were found to be selective 
for such a visual stimulus. No quantitative 
assessments were made using this stimulus. 

DISCUSSION 

The present experiments provide evi- 
dence that distributions of preferred orien- 
tation of cortical cells can be modified by 

A 

FIG. 7. Polar plots for the 13 cells which were at 
least weakly selective when driven through either eye 
in cats ! through4, which had viewed different orienta- 
tions with the two eyes during early life. Solid lines are 
drawn at each cell’s preferred orientation when driven 
through the dominant eye; arrowheads show the ori- 
entation which the dominant eye had viewed during 
early life. Dotted lines indicate each cell’s preferred 
orientation when driven through the nondominant eye. 
A: seven cells with similar preferred orientations when 
driven through the two eyes. B: six cells with very dif- 
ferent preferred orientations when driven through the 
two eyes. 
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limiting the visual experience of kittens to 
only one or two contour orientations. These 
distributions were biased toward the orien- 
tations to which the kittens had been ex- 
posed in both the kittens exposed to identi- 
cal patterns of stripes in the two eyes and 
those that viewed vertical stripes with one 
eye and horizontal with the other. However, 
these changes were accompanied by severe 
losses in orientation selectivity and re- 
sponsiveness to visual stimulation: about 
half of the cells encountered showed no 
orientation selectivity at all, and in most of 
these cells visual responses were either 
erratic and poor or completely absent. 

We considered two reasons why the ob- 
served distributions of preferred orienta- 
tion might appear biased even though drawn 
from an unbiased population. First, because 
of the high degree of order among cortical 
cells, it is difficult to obtain a sample of 
cells from the visual cortex with preferred 
orientations representative of the whole 
cell population. All cells in a column per- 
pendicular to the surface prefer similar 
orientations, and this preference differs 
slightly between adjacent columns, so that 
preferred orientation changes gradually in a 
plane tangential to the cortical surface 
(17, 22, 24, 33). In an attempt to sample 
uniformly across this orderly structure, we 
tested preferred orientation at regular MO- 
pm intervals along oblique trajectories 
through the visual cortex and studied as 
large a region as possible in each animal. 
Compared to distributions of preferred 
orientation taken from comparable regions 
in normally reared cats, all of the samples 
from the experimental kittens were biased. 
Furthermore, the observed biases matched 
the orientation viewed by the eye activat- 
ing the cells in each sample. Thus we think 
that the asymmetry of the distribution that 
we observed is not an artifact of sampling 
from a limited portion of an ordered array 
of cells. 

A second possible source of error in the 
present experiments is the poor and often 
erratic response of many of the units. Re- 
sponses of this type make it difficult to 
judge the preferred stimulus orientation 
accurately. Consequently, experimenter 
bias could give rise to a bias in the distribu- 
tion of preferred orientations. For this rea- 
son, preferred orientation was plotted by 

computer for the cells in all of the animals 
but one, In addition, in all cases the experi- 
menters did not know the exposure history 
of the kitten during the recording session. 

The results of the present experiments of- 
fer an interesting contrast to those obtained 
from animals reared in a less restricted visual 
environment. Using recording techniques 
nearly identical to those employed here, a 
uniform distribution of preferred orienta- 
tions was found among the cortical cells of 
kittens that viewed only stripes on the inside 
surfaces of cylinders during rearing (32, 34). 
This rearing procedure was originally used 
by Blakemore and Cooper (2). Unlike a kitten 
viewing stripes mounted inside goggles, a 
kitten in a striped cylinder can move rela- 
tive to the pattern and can change the orien- 
tation of stripes relative to its retinas by 
tilting its head, or by looking up or down at 
the cylinder walls. Such exposure condi- 
tions, at best, bias the kitten’s experience 
in favor of one orientation; the degree of 
bias must also vary from cat to cat, depend- 
ing on each animal’s activity within the cyl- 
inder. The results of the earlier experiments 
using striped cylinders together with the find- 
ings of the current experiments thus suggest 
that a stringent restriction of experience with 
contour orientation is necessary to modify 
the distribution of preferred orientations in 
the cortex. The recent report (7) that when 
kittens’ heads were restrained during early 
visual experience in striped cylinders, 3 1% 
of the cells were nonselective (“pathologi- 
cal”) while the remainder tended toward 
the exposed orientation, reinforces this 
suggestion. 

To explain the cortical effects of restrict- 
ing early visual experience using goggles, 
Hirsch and Spinelli (14) offered two hypoth- 
eses. The first hypothesis, termed “instruc- 
tional , ’ ’ states that the preferred orientation 
of each cortical neuron can be determined 
or modified by sensory input. The results 
of the present study offer little support for 
this hypothesis. If one assumes that all cells 
would eventually come to prefer a single 
orientation in an animal exposed to only one 
orientation during early life, the large pro- 
portion of abnormal cells found in the pres- 
ent experiments are unaccounted for. In 
view of this result the instructional hypoth- 
esis must be revised, thereby losing its ap- 
pealing simplicity. 
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On the other hand, the small number of 
binocular units with different preferred ori- 
entations in the two eyes found in the pres- 
ent experiments and previously (25) might be 
interpreted to demonstrate at least a limited 
instructive effect of early visual experience. 
Such cells constitute less than 2% of our 
sample, but they are even more rare in nor- 
mal adult animals (1, 3, 27, 28) although 
there are reports that they are more numer- 
ous in visually inexperienced kittens (5, 6). 
It should also be noted that some hypercom- 
plex cells found in area 19 of normal cats 
show two orthogonal preferred orientations 
when tested with bar stimuli (18), although 
the proportion of these cells in area 17 is 
uncertain (8,20). These binocular units may 
represent an abnormal form of such cells. 
Most of the binocular units, however, had 
similar preferred orientations in the two 
eyes or were nonselective in one eye, and 
thus do not provide evidence for an instruc- 
tional hypothesis. 

The possibility may be raised that the kit- 
tens’ eyes were relatively immobile when 
they wore the goggles so that the stripes 
always stimulated the same retinal loca- 
tions. If this were the case, an instructional 
hypothesis might suggest that cells with re- 
ceptive fields falling between the stripes were 
never stimulated by any visual contour and, 
thus, became unresponsive or nonselective, 
while those cells whose receptive fields 
overlapped a stripe became selective for its 
orientation. This hypothesis is refuted, how- 
ever, by our observation that receptive fields 
of nonselective cells occurred in the same 
region of the visual field as those of selective 
cells. 

The second hypothesis, termed “selec- 
tional” (14), proposes that cortical neurons 
which receive appropriate stimulation during 
early life maintain their innate orientation 
preferences, while the remaining cells lose 
visual responsiveness or selectivity. The ori- 
entation-selective cells present in cats whose 
early visual experience has been controlled 
using goggles would then represent a pre- 
served subset of the total population of ori- 
entation-selective cells present in the young 
kitten. This hypothesis provides an explana- 
tion for the results found in kittens reared 
with goggles in terms of two processes: one 
process like that which must occur d uring 
binocular deprivation, and another like 

that which gives rise to the effects seen 
in experimental strabismus. In binoc- 
ularly deprived animals, most cells eventu- 
ally lose their visual responsiveness or 
selectivity for orientation (10, 26, 31, 37). 
Similarly, in the kittens reared wearing gog- 
gles there may be a substantial fraction of 
cortical cells that are never visually driven, 
and thus also lose their responsiveness or 
selectivity. In the case of experimental stra- 
bismus, there is a breakdown of cortical cell 
binocularity, with each eye driving about 
half of the total cells (19). In our kittens that 
viewed vertical lines with one eye and hori- 
zontal lines with the other, one can imagine 
that cells innately selective for vertical stim- 
uli would be activated effectively only by the 
eye exposed to vertical lines, which would 
thus take over exclusive control of most of 
these cells (36). The converse would apply 
to cells responding preferentially to hori- 
zontal stimuli. Evidence for such an orienta- 
tion-dependent change in ocular dominance 
has been presented (9). 

The selectional hypothesis, then, can ex- 
plain the changes that occur in kittens reared 
viewing horizontal stripes with one eye and 
vertical stripes with the other by assuming a 
dual mechanism: a loss of selectivity and 
responsiveness among cells which are not 
driven by the stimuli presented in the gog- 
gles, and a drastic reduction in the binocu- 
larity of cells responding preferentially to 
horizontal and to vertical lines. This hypoth- 
esis predicts both the large number of un- 
responsive and nonselective cells found in 
these animals and the great proportion of 
cells that could be activated only through 
one eye. 

The selectional hypothesis further pre- 
dicts that kittens raised viewing the same 
orientation with both eyes would have fewer 
normally responsive and selective cells than 
kittens that saw two different orientations. 
In theory, about twice as many cells would 
be activated by exposure to two different 
stripe orientations as by exposure to one. 
In the present experiments, this prediction 
was also confirmed. A substantially greater 
number of selective cells was found in kit- 
tens that had viewed both vertical and 
horizontal stripes than in kittens that had 
viewed a single stripe orientation. 

Another possible line of evidence for a 
selectional hypothesis depends on the in- 
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trinsic columnar organization of cells ac- 
cording to preferred orientation (17, 22, 23, 
30,33). One might expect to find that cortical 
regions of cells selective for the exposed 
orientation were separated by regions of ab- 
normal cells, those which innately had pre- 
ferred orientations which the animals never 
saw. Such areas of abnormal cells were en- 
countered in some penetrations in the ex- 
periments reported here, but did not occur 
consistently. Limited evidence for such ab- 
normal regions was also reported previously 
(14). This line of evidence, though consistent 
with a selectional hypothesis, does not pro- 
vide strong support for it. 

Several lines of evidence have suggested 
to Leventhal and Hirsch (11, 12,25,26) that 
the orientation selectivity of a certain class 
of cells, which is predominantly selective for 
orientations near horizontal and vertical, 
is relatively insensitive to the effects of 
visual deprivation. The results of the present 
study do not bear directly on this question, 
for kittens were exposed only to horizontal 
or vertical contours during early life. The ex- 
tension of our conclusions to cells selective 
for other orientations should, therefore, be 
approached with caution. 

Two additional limitations to the findings of 
the present study should be noted. One limita- 
tion relates to possible differences among 
the cells in different cortical layers in their 
susceptibility to the effects of the visual dep- 
rivation we have employed (26). The dif- 
ferences observed between the two groups 
of experimental kittens might thus arise ar- 
tifactually if different cortical layers had 
been sampled in the two experiments. We 
are not able to exclude this possibility be- 
cause we were not able to determine within 
which cortical layer each of the cells we 
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