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DUE LARGELY TO the pioneering work of 
Wiesel and Hubel (10, 1 I, 24, 25), we have 
been aware for some time of many func- 
tiunal effects of early visual deprivation at 
the single-neuron level. Their results from 
normal, monocularly deprived (MD), and 
binocularly deprived (BD) cats have dem- 
onstrated that cells of the striate cortex de- 
veloped permanently abnormal receptive- 
field properties in the deprived cats. For 
instance, they reported that most cells in 
the normal cat’s striate cortex had recep- 
tive fields which could be activated by ap- 
propriate visual stimuli applied to either 
eye, and that these fields generally had 
orientation and/or direction selectivity 
(10). In the MD cat, the striate neurons’ 
receptive fields appeared normal for the 
nondeprived eye, but stimuli applied to 
the deprived eye activated very few of these 
cells (1 I, 24, 25). In the BD cat, only about 
half of the striate neurons had normal re- 
ceptive-field properties, the remainder 
either being unresponsive to visual stimuli 
or lacking orientation and direction selec- 
tivity (25). These results have since been 
substantially confirmed by others (2, 5). 

More recent studies of functional path- 
ways in the cat gcniculocor tic al sys tern 
have yi&led new and fruitful directions of 
research into the functional effects of early 
deprivation. For instance, data were com- 
piled suggesting that two parallel pathways, 
largely functionally independent, transmit 
visual information in the geniculocortical 
system (8, 9, 18, 19). These can be termed 
the X-pathway and the Y-pathway. For the 
former, retinal X-cells synapse onto dorsal 
lateral geniculate nucleus (LGN) X-cells (3, 
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9), which in turn project to area 17 (ZO), 
possibly onto simple cells (8, 20). For the 
latter, retinal Y-cells synapse onto LGN Y- 
celIs (3, 9), which project both to areas 17 
and 18, possibly onto complex cells (8, 20). 
Analogous to the receptive-field cliff erences 
between cortical simple and complex cells 
(lo), X- and Y-cells differ in retina and 
LGN both by virtue of their receptive-field 
properties and the fact that X-cell axons 
conduct more slowly than Y-cell axons (3, 

9> l 

In this context, an investigation of the 
LGN in MD and BD cats disclosed that Y- 
cell activity could only rarely be recorded, 
although X-cells were frequently encoun- 
tered (16). in the LGN of MD cats this Y- 
cell “loss” was very severe in laminae 
receiving direct retinal afferents from the 
deprived eye and lscated in the medial, 
binocular segment, 1 but not at all apparent 
either in laminae receiving direct retinal 
afferents from the nondeprived eye or in 
the lateral, monocular segment2 In BD 
cats, there was a moderate loss of Y-cells 
throughout the LGN. Subsequent data 
from MD and BD cats revealed both that 

1 The binocular segment of the visual field is 
that central portion normally seen by both eyes, 
each monocular segment being the peripheral 
crescent seen only by the ipsilateral eye. In the cat, 
the binocular segment of visual field is mapped 
onto the binocular segment of the LGN, this being 
the medial portion including all of lamina A,, 
and the corresponding parts of lamina A and the 
C laminae. The monocular segment of the LGN 
is then the most lateral portion of lamina A and 
the C laminae where these extend beyond lamina 
A,. Likewise, the binocular and monocular seg- 
ments of the visual cortex and SC each has 
mapped onto it the binocular and monocular seg- 
ments of visual field. 



MONOCULAR DEPRIVATION AND VISUAL INPUT 1277 

retinal ganglion cell populations and their 
axons were normal (1’7). Consequently, the 
effects of visual deprivation seem to occur 
central to the optic tract. 

A recent investigation (7) of visual affer- 
ents to the normal cat’s superior colliculus 
(SC) was analogous to the above-mentioned 
geniculocortical analysis. Data from elec- 
trical stimulation of the visual pathways 
revealed that, among SC units: 1) most 
(73%) were directly activated by axons of 
retinal W-cells in the W-direct pathway 
(cf. ref 21), 2) a few (9%) were directly ac- 
tivated by the axons of retinal Y-cells in 
the Y-direct pathway, and 3) the remainder 
(18%) were activated through the cortico- 
tectal loop in the Y-indirect pathway. The 
Y-indirect pathway involves retinal Y-cells, 
LGN Y-cells, and cortical complex cells, the 
last sending axons into the corticotectal 
pathway (12). 

Based on this classification of normal 
visual input to the cat SC, we investigated 
these same pathways in MD cats. Evidence 
is presenteld below that in such cats a dis- 
tinct abnormality exists among these path- 
ways. The Y-indirect input transmitting 
information from the deprived eye was 
missing among SC afferents, while the other 
inputs were routinely found to respond 
normally. This finding is in accord with 
the earlier demonstration in MD cats that 
very few Y-cells driven by the deprived eye 
could be recorded from the LGN (16) and 
that complex cells (as well as other cortical 
cells) become unresponsive to visual stimuli 
(2, 5, 11, 24, 25). 

MATERIALS AND METHODS 

Subjects 

Electrophysiological experiments were per- 
formed on six cats which were 6-12 mo of age. 
They were born and reared in the laboratory 
under conditions of monocular deprivation. 
The deprivation resulted from suturing to- 
gether the lids of one eye during the 8th post- 
natal day. The lids were parted just prior to 
the experimental sessions so that the depriva- 
tion extended throughout the “critical period” 
as defined by Hubel and Wiesel (11). 

Preparation, recording, and stimulation 

Cats were anesthetized initially with ether 
for the surgical preparation and with N,O/O, 

(60/40) for the remainder of the session. They 
were then immobilized by continuous intrave- 
nous infusion of gallamine triethiodide and 
artificially ventilated. The pupils were dilated 
with atropine and Neo-Synephrine. A zero- 
power contact lens protected each cornea and 
served as a 3-mm-diameter artificial pupil. The 
eyes were focused onto a l-m frontal tangent 
screen with spectacle lenses chosen by use of a 
Rodenstock refractometer. 

Activity of SC units was recorded either with 
4 M NaCl micropipettes having impedances of 
4-10 MQ at 50-300 Hz or with electrolytically 
sharpened tungsten wire electrodes varnished 
with Insl-X and having a similar impedance 
range. Rectangular pulses up to 25 or 30 mA 
and 50-100 ps in duration were delivered with 
bipolar stimulating electrodes in various posi- 
tions along the visual pathway (see below). One 
cat had no stimulating electrodes and was 
studied solely for receptive-field features. The 
remaining five all had an electrode pair on the 
optic chiasm (OX). Of these five, three also had 
electrodes in the deprived eye’s optic nerve 
(ON), one had electrodes in the nondeprived 
eye’s ON, and one had electrodes in the optic 
tract (OT) contralateral to the deprived eye. 
The ON electrodes were placed extracranially 
at the exit of the nerve from the eyeball. This 
was accomplished by carefully dissecting parts 
of the surrounding periorbital tissue in such a 
manner as to preserve excellent optics for the 
eye. 

In a previous study of normal cats, Hoff- 
mann (7) devised a means for distinguishing 
three types of afferent input to SC neurons US- 
ing criteria based on the conduction velocity 
of the retinofugal axons and the latency of 
the collicular neurons’ responses to electrical 
activation of the OX. Conduction velocity for 
a given neuron was determined by the latency 
difference between responses to OX and either 
ON or OT shock (7). Consequently, the three 
types of afferent input are: 1) the W-direct 
with a conduction velocity of less than 15 m/s, 
2) the Y-direct with a conduction velocity of 
greater than 35 m/s and an OX latency of less 
than 3.0 ms, and 3) the Y-indirect with a con- 
duction velocity of greater than 35 m/s and an 
OX latency of greater than 3.0 ms (see INTRO- 

DUCTION). Figure 1A summarizes Hoffmann’s 
data on the distribution of SC afferents in nor- 
mal cats (7). 

Visual stimulation 

Targets were moved by hand across the tan- 
gent screen to map SC unit receptive fields. 
These targets were spots and light bars I-50 
in width, with varying luminanccs a 
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background luminance of either 35 or 70 cd/ 
m? Target movements were monitored by a 
light-sensitive resistor (9). As previously de- 
scribed (4), three receptive-field characteristics 
were noted: I) ocular dominance, 2) direction 

selectivity, and 3) speed selectivity. Only excit- 
atory receptive fields were considered; no 
attempt was made to study inhibitory compo- 
nents. 

In addition to the above, direction selectivity 
in some units was analyzed in more detail with 

the aid of poststimulus histograms which re- 
late frequency of cell discharge to stimulus po- 

sition. For this we adhered closely to previously 
described techniques (1, 4). 

RESULTS 

A total of 419 SC neurons from six MD 
cats were studied in this experiment. All 
were recorded within 1,500 pm of the col- 
licular surface, and thus were presumably 
either in the superficial gray layer or the 
stratum opticum. Not every unit could be 
investigated for the full range of features 
described below due to technical limita- 
tions. 

Electrical activation 

In the present study five MD cats were 
implanted with two pairs of stimulating 
electrodes, and we thus successfully identi- 
fied the afferent input to 131 SC units by 
measuring the response latencies to stimu- 
lation of the OX and either the ON or OT. 
These units were all recorded from the bin- 
ocular segment of the SC contralateral to 
the deprived eye. Because we were inter- 
ested in differences between SC inputs from 
the deprived and nondeprived eyes, we 
concentrated on units with monocular re- 
ceptive fields in this section of the experi- 
ment (with our methods we were unable 
to determine the contribution of each eye 
to binocular SC neurons; see also below). 
Therefore, most of our latency data is from 
monocular units (i.e., with monocular re- 
ceptive fields), anId these comprised 100 of 
the 131 units. There was no difference in 
the latency range for monocular and bin- 
ocular units, but latency data from the 31 
binocular units will not be further consid- 
ered in this section and are not included 
in Fig. lB, C. However, receptive-field data 
from these neurons are discussed below. 

In addition to determining the type of 
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FIG. 1. Diagrams showing the relative latency- 
frequency distribution for SC units in normal (A) 
and MD cats (B, C). For each of A-C, the horizon- 
tal axis represents the latency of SC unit discharge 
in milliseconds after electrical activation of the 
OX, and the vertical axis shows the percentage of 
units in each I-ms-wide latency group. The units’ 
afferents were classified according to both their 
conduction velocities and latencies of evoked dis- 
charge (see text) as: W-direct (open bars), Y-direct 
(black bars), and Y-indirect: (stippled bars). A: 170 
units recorded from normal animals (data from 
ref 7). B: 50 units driven by the deprived eye in 
MD cats. C: 50 units driven by the nondeprived 
eye in MD cats. For B, C, the data were all collected 
in the SC contralateral to the deprived eye. 
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afferent input for each SC neuron, we also 
determined the eye of origin of that input. 
From the four cats with OX and ON elec- 
trodes, 50 of the monocular units could be 
activated from both stimulation sites, and 
an additional 31 monocular units could be 
activated only by the OX electrodes. These 
31 SC units thus could not be used for data 
on afferent type, but they are used below 
for receptive-field analysis. It is important 
to note that the receptive fields of the 50 
units activated by the ON electrodes were 
restricted to the eye from which the ON 
originated. In contrast, the 31 units driven 
only by the OX electrodes had receptive 
fields restricted to the eye associated with 
the other nerve. Given this, we could de- 
termine the eye of origin for the afferent 
input to the 50 SC units activated by both 
OX and ON electrodes. Of these 50 units, 
30 were driven by the nondeprived eye and 
20 by the deprived eye. We also concluded 
that monocular SC units are electrically ac- 
tivated only through the ON corresponding 
to the visually active eye. That is, there is 
a perfect correlation between the visual 
and electrical identification of the active 
eye. 

We then made use of this conclusion to 
determine the eye of origin for 50 addi- 
tional monocular units which could be ac- 
tivated bv OX and OT stimulation in the 
final MD cat of the series; 30 of these were 
driven by the deprived eye, 20 by the non- 
deprived eye. There was no apparent 
difference in the distribution of afferent 
types among the 50 monocular units classi- 
fied with ON and OX electrodes and the 
50 monocular units classified with OX and 
OT electrodes. Thus the two populations 
were pooled to give the 100 units shown in 
Fig. lB, C. Figure 1 includes only OX laten- 
ties which, for the MD cats, are within 
normal bounds for each afferent group. Al- 
though ON and OT latencies are not 
illustrated they too fall within the normal 
bounds (cf. ref 7). 

Figure lB, C clearly indicates that in 
MD cats the deprived eye drove many 
fewer SC units via the Y-indirect pathway 
than did the nondeprived eye (P < O.OOl)? 

2 Unless otherwise indicated, all probability lev- 
els given in this paper were derived by means of 
the ~2 test. 

However, comparing data from MD cats to 
those from normal cats (Fig. IA) shows not 
only that the deprived eye had fewer than 
normal Y-indirect afferents (P < O.OOZ), but 
also that the nondeprived eye had more 
than normal (P < 0.001). These data im- 
ply three possible consequences of early 
monocular deprivation: 1) the deprived eye 
provides a greatly reduced Y-indirect affer- 
entation of the SC, 2) the nondeprived eye 
provides extra Y-indirect afferentation of 
the SC, or 3) both of the above. However, 
it is emphasized that data from Fig. lB, C 
are from the same MD cats, whereas Fig. 
1A represents data from a different experi- 
ment. Therefore this could obscure com- 
parisons between the data of Fig. 1A and 
B, C, a point reiterated below. Our tenta- 
tive conclusion is that in MD cats the de- 
prived eye drives very few units via the 
Y-indirect pathway. Whether or not the 
nondeprived eye’s afferentation to SC is 
also affected (i.e., by a relative increase in 
the Y-indirect pathway) must remain an 
open question. 

Ocular dominance 
Figure 2 shows the ocular dominance dis- 

tribution for SC neurons in normal cats 
(Fig. 2A; data from ref 7) and in MD cats 
(Fig. 2B-D). All units which reliably re- 
snonded to visual stimulation of each eve 
separately were counted as binocular. A cell 
which responded reliably only to stimula- 
tion of one eye was counted as ipsilateral 
or contralateral according to which eye 
drove the cell. Three points emerge from 
these data. First, for cells located- in the 
binocular segment of the SC (Fig. 24 B, 
D), a smaller proportion had input from 
the deprived eye than had input from the 
nondeprived eye in MD cats or either eye 
in normal cats (P < 0.001). Second, the de- 
prived eye, even with this reduced drive, 
was much more effective in activating units 
in the contralateral than ipsilateral SC 
(P < O.OOl), and this presumably obtains 
from the normal preporrderance of the con- 
tralateral retinotectal pathway over the ip- 
silateral one (13, 18a, 22). Third, for the 
monocular segment 0 f the SC contralateral 
to the deprived eye, visual stimulation of 
the eye drove every unit encountered (Fig. 
2C; see also below). In the five binocularly 
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FIG. 2. Ocular dominance distribution for SC 
neurons from normal (A) and MD cats (B-D). For 
each of A-D, the horizontal axis represents the 
ocular dominance grouping: c represents units ac- 
tivated only by the contralateral eye (open bars); 
b, units activated by either eye (striped bars); and 
i, units activated only by the ipsilateral eye (black 
bars). A circle around the c or i indicates the de- 
prived eye. The vertical scale shows the percentage 
of c, b, or i units in each group. A: 188 units from 
the SC of normal cats; data partly from Fig. 6 of 
ref 7. R: 2’78 units from the binocular segment of 
the SC contralateral to the deprived eye. The con- 
tralaterally driven units represented by the stip- 
pled part of the open bar were all recorded from 
one animal in three electrode penetrations. We 
found these in “monocular islands” of the binoc- 
ular segment; that is, no units influenced by the 
nondeprived eye were found in these penetrations. 
More typical penetrations for all MD cats are 
shown in Fig. 3. C: 46 units from the monocular 
segment of the SC contralateral to the deprived 
eye. Of these 46 units, 5 were binocular presum- 
ably because the medial edge of their receptive 
fields extended into the binocular segment of vis- 
ual field. II: 95 units from the binocular segment 
of the SC ipsilateral to the deprived eye. 

driven units, portions of their receptive 
fields actuallv extended into the binocular 
segment. That is, the ipsilateral (nonde- 
prived) eye’s fields by definition were con- 
fined to the binocular segment, but the 
corresponding fields for the contralateral 
(deprived) eye were much larger and ex- 
tended peripherally well beyond the ipsi- 
lateral eve’s fields into the monocular 
segment. 

In the binocular segment an inverse cor- 
relation existed between recording depth, 
measured in microns from the collicular 
surface, and the strength of input from the 
deprived eye, measured by the ocular dom- 
inance classifications as in Fig. 3 (r = 
-0.75 P < 0.001 for the SC contralateral 
to the deprived eye; r = +0.41, P < 0.05 

for the other SC). This was seen through- 
out the experiment, but was most obvious 
for one cat which provided the results il- 
lustrated in Fig. 3. Figure 3a-d represents 
the relationship between ocular dominance 
and recording depth in the SC contralateral 
to the deprived eye, and Fig. 3e, f repre- 
sents this relationship for the SC ipsilateral 
to the deprived eye. 

Direction selectiuity 

Figure 4 illustrates the loss of direction 
selectivity among SC cells driven by visual 
stimuli to the deprived eye, and all of these 
data are from the binocular segment. A cell 
was considered to be direction selective if 
its discharge to stimulus movement in the 
preferred direction exceeded its discharge 
to movement in the opposite direction by 
at least 2:l. By this criterion, 57% (216/ 
384) of SC units had direction selectivity in 
normal cats (Fig. 4A; data from ref 4, 7). 

For monocularly activated neurons in 
the SC of MD cats (Fig. 4B, C), the de- 
prived eye clearly drove fewer cells with di- 
rection selectivity (19%, 12/63) than did 
the nondeprived eye (68%, 76/l 12), and 
there was also less direction selectivity for 
the deprived eye than found for normal 
cats (P < 0.001). There is a suggestion that 
the nondeprived eye activated more direc- 
tion-selective SC neurons than normal 
(P < 0.05), but as mentioned above this 
comparison between experiments could 
suffer from sampling errors. It may be, 
however, that monocular neurons driven 
by the nondeprived eye represent a differ- 
ent population than that of all cells in the 
normal cat (i.e., the normal population in- 
cludes binocular cells which could include 
a lowered proportion of direction-selective 
units). Therefore, while it is clear that for 
monocularly driven cells in MD cats, the 
deprived eye drives fewer with direction 
selectivity, it is not clear whether or not 
the nondeprived eye has an abnormal pro- 
portion (i.e., higher) of direction-selective 
units. 

Data from the binocular neurons in MD 
cats also indicate a loss of direction selec- 
tivity for units driven by the deprived eye. 
When tested with both eyes open, only 

38% (39/95) of these units were direction 
selective (Fig. 4D), a proportion less than 
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FIG. 3. Representative ocular-dominance distributions in penetrations through the SCs of one MD cat. 
The horizontal scale indicates five ocular-dominance groups: 1 indicates exclusive drive from the contra- 
lateral eye; 2, strong drive from the contralateral eye and weak drive from the ipsilateral eye; 3, equal 
drive from both eyes; 4, weak drive from contralateral eye and strong drive from ipsilateral eye; 5, ex- 
clusive drive from ipsilateral eye. The binocular units in Fig. 2 comprise groups 2-4 of this figure. The 
vertical scale indicates depth in microns from the SC surface which was determined by the first appear- 
ance of background activity. a-d: 33 units recorded in the SC contralateral to the deprived eye. e, f: 24 
units recorded in the SC ipsilateral to the deprived eye. 

normal (P < 0.001). Of considerable inter- 
est is the result of testing each eye inde- 
pendently for direction selectivity in 26 
binocular units (Fig. 4E--G). Of these, di- 
rection selectivity was ascertained in 6 cells 
for either eye, in 15 cells for neither eye, 
and in the remaining 5 cells only for the 
nondeprived eye. Examples of this last 
group were never found in 
and the responses from one S 

normal cats, 
uch uni t are 

illustrateId in Fig. 4li, G. 
In contrast, no loss of direction-selective 

units driven by the deprived eye was de- 
tected in the monocular segment of the SC. 
In the normal cat, 50% (17/34) were direc- 
tion selective, and of units driven by the 
deprived eye in MD cats, 55% (21/38) were 
direction selective (P > 0.05). These data 
and those of Fig. 2 would suggest that the 
effects of early monocul ar depri vation in 
the cat’s SC are limited to the binocular 
segment. 

Speed selectivity 

preferentially to slower stimulus speeds 
(<500/s), although some respond well to 
fast stimulus speeds as well (>lOO”/s). In 
a previous experiment (7), responses in the 
SC to high stimulus speeds were correlated c 
with input from retinal Y-cell axons, and 
the same correlation was seen in this ex- 
periment. Among all groupings of SC units 
in the MD cats (monocular units driven by 
either the deprived (Fig. 5B) or nonde- 
prived eye (Fig. SC), and binocular units 
(Fig. SO)), most preferred slower stimulus 
speeds, and there is no significant difference 
among these populations (P > 0.05). There 
is some suggestion of a higher proportion 
of cells preferring fast stimulus speeds in 
the normal cat, and when this is compared 
to the other three groups of cells a slight 
difference is apparent (P < 0.02). However, 
as mentioned above, data from the normal 
cat were taken from a separate experiment, 
and comparisons with data in this experi- 
ment may not be valid. In any case, there 
is little if any change in the speed selectiv- 

In the normal cat (see Fig. 5~2, redrawn ity of SC cells due to monocular depriva- 
from Fig. 6 of ref 7) most SC units respond tion. 
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DISCUSSION 

Evidence has been presented in this pa- 
per for three effects on cells in the cat’s SC 
following early monocular deprivation. 
Comparing cells driven by the deprived eye 
either with those driven by the nonde- 
prived eye or with those from normal cats, 
these effects are: 1) a large reduction in the 
Y-indirect input from the deprived eye to 
the SC, whereas the direct retinotectal in- 
put is apparently normal; 2) a reduced 
drive of cells by the deprived eye, more 
severe in the contralateral than in the ip- 
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FIG. 4. Direction selectivity of units from the 
binocular segment of the SC in normal (A) and 
MD cats (B-G). The black bars represent direc- 
tion-selective units (see text), and the open bars 
represent units lacking direction selectivity. The 
vertical scale in A-E shows the percentage of units 
in each group. A: 384 units from normal cats (data 
mostly from ref 4). B: 73 monocular units driven 
by the deprived eye. C: 112 monocular units driven 
by the nondeprived eye. D: 95 binocular units 
tested with both eyes open for the same stimuli. 
-E: 26 binocular units tested with each eye sep- 
arately. In this last group, five neurons (indicated 
by the stippled bar) showed direction selectivity 
for the nondeprived eye but not for the deprived 
eye. The black bar represents units with direction 
selectivity for either eye and the open bar repre- 
sents units with direction selectivity for neither 
eye. F, G: average response histograms of one of 
the five units indicated by the stippled bar in E. 
Each histogram consists of 200 bins (100 for each 
direction of stimulus movement). The bin width 
is 40 ms, sweep amplitude 400, and thus the stim- 
ulus speed is loo/s. V indicates the turn-around 
point in the movement of a 2”-diameter spot of 
light. F: 50 sweeps of the stimulus to the deprived 
eye. The first bin has 50 counts. G: 25 sweeps of 
the stimulus to the non-deprived eye. The first 
bin has 25 counts. 
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FIG. 5. Selectivity for stimulus speed measured 
in SC units of normal (A) and MD cats (B-D). 
Units responding to speeds well above 100°/s are 
represented by the black bars, and the open bars 
indicate neurons responding well only to stimulus 
speeds below 500/s. A: 115 units from normal cats 
(data from ref 4 and 7). B: 64 units driven only by 
the deprived eye. C: 108 units driven only by the 
nondeprived eye. D: 86 binocular units. 

silateral SC; and 3) a reduction in the num- 
ber of directionally selective neurons driven 
by the deprived eye. Selectivity for stimulus 
speed apparently was unaffected. 

Comparison with other studies 

Although much normal data are avail- 
able for SC units using essentially the same 
methodology (4, 7), it proved impossible to 
determine if monocular deprivation af- 
fected only the deprived eye’s input to SC 
or if the nondeprived eye’s input was also 
altered. This failure could be due to sam- 
pling differences in the different experi- 
ments (see RESULTS). For these reasons, a 
comparison between thes’e data and those 
of Wickelgren and Sterling (23) becomes 
somewhat tenuous. Yet it is interesting to 
point out that where comparable data were 
compiled (i.e., for direction selectivity and 
binocular interaction) good agreement ex- 
ists as to the effects of monocular depriva- 
tion. 

Wickelgren and Sterling (23) indicate in 
their study that most of the 23 SC units 
which were influenced by the deprived eye 
lacked direction selectivity. The present 
study quantitates and adds more detail to 
this reduction of direction selectivity in the 
responses originating from the deprived 
eye. It is interesting to note that in monoc- 
ularly as well as binocularly driven units 
the direction selectivity has dropped to less 
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than 20% when tested through the de- 
prived eye (Fig. 4B, 0). Another 20% of 
the binocular units were direction selective 
when tested through the nondeprived eye, 
but nonselective when tested through the 
deprived eye, so that this interocular dif- 
ference could be demonstrated in single 
SC units (Fig. 4&G). Finally, when both 
eyes were tested together, such units re- 
vealed direction-selective properties, pos- 
sibly because, for the nonpreferred 
direction, input from the nondeprived eye 
via the visual cortex inhibited input from 
the deprived eye. Some form of inhibition 
is suggested by the fact that in the non- 
preferred direction we consistently found a 
less brisk response with binocular testing 
than with monocular testing of the de- 
prived eye. 

This study, as well as that of Wickelgren 
and Sterling (23), indicates a greater de- 
crease in input from the deprived eye to 
the ipsilateral than to the contralateral’ SC. 
These intercollicular differences were per- 
haps expected, since: a) the SC receives vi- 
sual input from both the retinotectal and 
corticotectal pathways; b) the retinotectal 
pathway is predominantly crossed whereas 
the corticotectal is not (cf. ref 13, 18a, 22); 
and c) as shown, monocular deprivation 
appears to affect the corticotectal (i.e., Y- 
indirect) but not the retinotectal input. 
Supporting this explanation of the inter- 
collicular differences is the finding that the 
loss of input from the deprived eye in- 
creases with depth in the superficial gray 
of the SC (see Fig. 3). With Sterling’s re- 
port (17) that retinal fiber terminals are 
particularly concentrated in the upper part 
of the superficial gray, these data suggest 
that the effect of deprivation is most severe 
in the zone where corticotectal fiber ter- 
minations predominate, i.e., in the deep 
part of the superficial gray. 

However, there is another possible ex- 
planation; namely, that the intercollicular 
differences reflect interhemispheric differ- 
ences in visual cortex instead of, or in ad- 
dition to, the contralateral dominance of 
the retinotectal pathway. This possibility 
is raised because of the recent demonstra- 
tion in MD cats that, for striate cortex 
units with receptive fields well away from 

the area centralis, the deprived eye is con- 
siderably more effective in driving units in 
contralateral than in ipsilateral cortex (15). 
Previous studies not showing interhemi- 
spheric differences were largely limited to 
the area centralis representation in the 
striate cortex (11, 23, 24). SC units of the 
present study had receptive-field locations 
equally spread over the binocular segment, 
including the area centralis. No differences 
in ocular dominance distribution with ec- 
centricity of receptive fields were detected. 
However, the determination of afferent in- 
put to the SC in MD cats (Fig. 1) were all 
made from neurons in the SC contralateral 
to the deprived eye, and only 2 of 50 units 
driven by that eye had a Y-indirect input. 
It thus seems unlikely that the cortex con- 
tralateral to the deprived eye provides 
significantly more of a deprived-eye corti- 
cotectal input than does the ipsilateral car- 
tex. Until these various factors are more 
clearly understood, however, the cause of 
the intercollicular differences in ocular 
dominance should remain an open ques- 
tion. 

Diflerential eflects in binocular and 
monocular segments 

Previous data indicate that, for MD cats, 
the deficits in the geniculostriate system 
are limited to the binocular segment, 
whereas the monocular segment develops 
normally. For LGN laminae innervated by 
the deprived eye, the binocular segment 
was found to have histologically smaller 
cells and Y-cells were recorded only rarely. 
In contrast, the monocular segment ap- 
peared histologically normal with the nor- 
mal proportion of Y-cells (6, 17). For the 
striate cortex, neurons driven by the de- 
prived eye were rarely found in the bin- 
ocular segment (24, 25), but were routinely 
identified in the monocular segment (15). 
Sherman (14) recently described analogous 
behavioral results for MD cats, reporting 
that the deprived eye’s deficiencies were 
limited to the binocular segment of visual 
field. He suggested that in the MD cat this 
represented “. . . normal development of 
the monocular segment of visual cortex 
(and perhaps also the superior colliculus) 

. . ” The results presented in this paper 
lend to confirm this suggestion. 
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Development of visual inputs of SC 

Three separate visual inputs have been 
identified for the normal cat SC (7). Two 
of these arrive via the retinotectal pathway 
and include axons of retinal W-cells and 
Y-cells; these were termed the W-direct and 
Y-direct pathways. The present study pro- 
vides no evidence that either of these in- 
puts is affected by early monocular 
deprivation. The third, Y-indirect, input 
to the normal SC travels via the LGN and 
visual cortex. Y-cells in the LGN and a 
class of cortical complex cells are involved 
(7, 8, 12, 20). In MD cats, this Y-indirect 
pathway is largely missing for the deprived 
eye but intact for the nondeprived eye. The 
site of disruption of this pathway must re- 
main speculative. It is probably central to 
the optic tract (17), and could be in the 
LGN due to the loss of Y-cells there (15). 
Alternatively, it could be in the visual cor- 
tex because geniculocortical synapses on 

A: Normal 

$$ W-cell @ X-cell 0 Y-cell 

complex, and perhaps other, cells related 
to the deprived eye fail to develop prop- 
erly, and this in turn could cause retro- 
grade changes in the LGN which are 
manifested as a failure to record Y-cells. 

Figure 6 summarizes the above hypothe- 
sis with the suggestion that the main de- 
velopmental abnormality in MD cats is 
located somewhere in the geniculocortical 
region. Affected are the Y-axons (and per- 
haps X-axons) plus their postsynaptic com- 
plex (and perhaps simple) cells. As a 
consequence, these complex cells, which 
are the cells of origin of the corticotectal 
pathway (12), can no longer be visually or 
electrically driven from the deprived eye, 
and the Y-indirect input to the SC is lost 
for that eye. Since the nondeprived eye 
maintains normal connections via the ge- 
niculocortical system (11, 16, 24, 25), this 
eye develops a Y-indirect input to the SC. 
Finally, the deprived eye maintains a Y- 

BAD 

@Simple cell @Complex cell 

FIG. 6. Schematic diagram of afferents to the SC in normal (A) and iUD cats (B). It is stressed that 
these diagrams are partially speculative. A: normal afferentation of the SC. Both eyes contribute to all 
three pathways: 1) the W-direct originating from retinal W-cells, 2) the Y-direct originating from retinal 
Y-cells, and 3) the Y-indirect originating from retinal Y-cells and relayed through the LGN Y-cell and 
the cortical complex cell. The retinal X-cells synapse onto LGN X-cells which, in turn, project to cortical 
simple cells (see text). B; afferentation of the SC in MD cats. All three branches of visual input are main- 
tained to the SC via the right nondeprived eye. For the left deprived eye, the two retinotectal (W-direct 
and Y-direct) pathways remain intact, but the Y-indirect pathway is lost. This is presumably due to a 
defect in the geniculocortical portion which is indicated by broken lines. We have placed a question mark 
in the geniculocortical portion of the deprived eye’s pathway involving X-cells, since these cells appear 
physiologically normal in the LGN, yet very few cortical cells have receptive fields for the deprived eye. 
The defect shown for the deprived eye is apparently limited to the binocular segment of the Y-indirect 
pathway since available evidence suggests that the monocular segment for the deprived eye develops nor- 
mally in MD cats. 
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indirect (and thus normal) input to the 
monocular segment of the SC, because in 
MD cats the geniculocortical system devel- 
ops normally in this segment (see above 
and ref 15, 16). This hypothesis implies that 
in the cat’s visual system the major func- 
tional effect of early visual deprivation is 
limited to the geniculocortical portion. 
Thus the retinogeniculate, retinotectal, 
and corticotectal pathways develop nor- 
mally despite early deprivation. Regarding 
corticotectal development, it is worth not- 
ing that BD cats also seem to lose the Y- 
indirect input despite the fact that electri- 
cal activation of their visual cortex drives 
the SC cells normally (unpublished obser- 
vations). We stress that this hypothesis is 
very tentative and that others may well be 
consistent with the available data. 

CONCLUSIONS 

The SC normally receives visual input 
both from the retinotectal (W-direct and 
Y-direct) pathway terminating in the up- 
per part of the superficial gray layer and 
the corticotectal (Y-indirect) pathway ter- 
minating in the lower part of this layer (7, 
18). Three separate experimental results in 
this study point to the disruption of 
corticotectal influences originating from 
the deprived eye. First, electrical stimula- 
tion data indicate that the Y-indirect path- 
way from this eye is lost. Second, SC 
neurons driven by the deprived eye were 
least-frequently recorded in the lower part 
of the superficial gray where the corticotec- 
tal terminals predominate. Third, the re- 
ceptive-field properties affected by early 
visual deprivation-ocular dominance and 
direction selectivity-are those which seem 
most dependent on the corticotectal path- 
way (13, 22, 23). Taken together, the avail- 
able evidence strongly suggests severe dis- 
ruption of the corticotectal pathway in MD 
cats. 

SUMMARY 

1. Previous work has demonstrated three 
separate visual pathways to the superior 

REFERENCES 

1. BISHOP, P. O., COOMBS, J. S., AND HENRY, G. H. 
Responses to visual contours: spatio-temporal 
aspects of excitation in the receptive fields of 

colliculus (SC) in cats: a) the W-direct ret- 
inotectal pathway; b) the Y-direct retinotec- 
tal pathway; and c) the Y-indirect pathway 
involving retinal Y-cells, LGN Y-cells, and 
cortical complex cells which send axons 
into the corticotectal pathway. We investi- 
gated the afferentation to the SC in six 
monocularly deprived (MD) cats by study- 
ing electrically and visually elicited re- 
sponses in 419 neurons. 

2. The nondeprived eye had grossly nor- 
mal input to the SC through all three af- 
ferent limbs. However, our data suggest 
the possibility that a slight 
development of the Y-indirect 
occur for this eye. The three 
features which were tested 

-- 
relative over- 
pathway may 

receptive-field 
(ocular domi- 

nance, direction selectivity, and speed se- 
lectivity) were normal for -the nondeprived 
eye. 

3. For the deprived eye, the two retino- 
tectal pathways appeared intact, but the Y- 
indirect pathway was virtually lost. 
Furthermore, the deprived eye drove fewer 
cells than normal, and of the cells driven, 
fewer had direction selectivity. Interest- 
ingly, the deprived eye drove many more 
neurons in the contralateral SC than in the 
ipsilateral SC. Speed selectivity among units 
driven by this eye was normal. 

4. The above abnormalities for the de- 
prived eye were limited to the binocular 
segment 
segment 

of the SC, 
had normal 

since the 
physiologi 

monocular 
.cal proper- 

ties. 
5. A hypothesis is put forward which 

suggests that in MD cats the developmental 
abnormalities in visual afferentation to the 
SC are located in the binocular segment of 
the geniculocortical system. 

ACKNOWLEDGMENTS 

K.-P. Hoffman 
schungsgeneinscha .E .as supported 

SFB-A1.3. 
by Deutsche For- 

S. M. Sherman was supported by National Sci- 
ence Foundation Grant GB-38264. 

Present address of K.-P. Hoffmann: Institut fur 
Zoologie, Johannes Gutenberg Universitgt, 65 
Mainz, Postfach 3980, Germany. 

simple striate neurones. J. PhysioZ., London 
219: 625-697, 1971. 

2. CHOW, K. L. AND STEWART, D. L. Reversal of 



1286 K.-P. HOFFMANN AND S. M. SHERMAN 

structure and functional effects of long term 14. SHERMAN, S. M. Visual field defects in mon- 
visual deprivation in cats. Exptl. Neurol. 34: ocularly and binocularly deprived cats. Brain 
409-433, 1972. Res. 49: 25-45, 1973. 

3. CLELAND, B. G., DUBIN, M. W., AND LEVICK, W. 
R. Sustained and transient neurones in the 
cat’s retina and lateral geniculate nucleus. J. 
Physiol., London 217: 473496, 1971. 

4. DREHER, B. AND HOFFMANN, K.-P. Properties 
of excitatory and inhibitory regions in the re- 
ceptive fields of single units in the cat’s su- 
perior colliculus. Exptl. Brain Res. 16: 333- 
353, 1973. 

15. SHERMAN, S. M., GUILLERY, R. W., KAAS, J. H., 
AND SANDERSON, K. J. Behavioral, electrophys- 
iological and morphological studies of binoc- 
ular competition in the development of the 
geniculo-cortical pathways of cats. J. Camp. 
Neurol. In press. 

5. GANZ, L., FITCH, M., AND SATTERBERG, J. A. 
The selective effect of visual deprivation on 
receptive field shape determined neurophys- 
iologically. Exptl. Neurol. 2a 614-637, 1968. 

6. GUILLERY, R. W. AND STELZNER, D. J. The dif- 
ferential effects of unilateral lid closure upon 
the monocular and binocular segments of the 
dorsal lateral geniculate nucleus in the cat. J. 
Corn@ Neurol. 139: 413-422, 1970. 

7. HOFFMANN, K.-P. Conduction velocity in path- 
ways from retina to superior colliculus in the 
cat: a correlation with receptive-field proper- 
ties. J. Neurophysiol. 36: 409-424, 1973. 

16. SHERMAN, S. M., HOFFMANN, K.-P., AND STONE, 

J. Loss of a specific cell type from the dorsal 
lateral geniculate nucleus in visually deprived 
cats. J. Neurophysiol. 35: 532-541, 1972. 

17. SHERMAN, S. M. AND STONE, J. Physiological 
normality of the retina in visually deprived 
cats. Brain Res. 60: 224-230, 1973. 

18. STERLING, P. Receptive fields and synaptic or- 
ganization of the superficial gray layer of the 
cat superior colliculus. vision Res. Suppl. 3: 
309-328, 1971. 

18a STERLING, P. Quantitative mapping with the 
electron microscope: retinal terminals in the 
superior colliculus. Brain Res. 54: 347-354, 
1973. 

8. HOFFMANN, K.-P. AND STONE, J. Conduction 
velocity of afferents to cat visual cortex: a cor- 
relation with cortical receptive field properties. 
Brain Res. 32: 460-466, 1971. 

9. HOFFMANN, K.-P., STONE, J., AND SHERMAN, S. 
M. Relay of receptive-field properties in dor- 
sal lateral geniculate nucleus of the cat. J. 
Neurophysiol. 35: 518-531, 1972. 

10. HUBEL, D. H. AND WIESEL, T. N. Receptive 
fields, binocular interaction and functional 
architecture in the cat’s visual cortex. J. Phys- 
iol., London 160: 106-154, 1962. 

11. HUBEL, D. H. AND WIESEL, T. N. The period 
of susceptibility to the physiological effects of 
unilateral eye closure in kittens. J. Physiol., 
London 206: 419436, 1970. 

19. STONE, J. Morphology and physiology of the 
geniculocortical synapse in the cat: the ques- 
tion of parallel input to the striate cortex. 
Invest. Ophthalmol. 25: 338-344, 1972. 

20. STONE, J. AND DREHER, B. Projection of X- and 
Y-cells of the cat’s lateral geniculate nucleus 
to areas 17 and 18 of visual cortex. J. Neuro- 
physiol. 36: 551-567, 1973. 

21. STONE, J. AND HOFFMANN, K.-P. Very slow 
conducting ganglion cells: a major new func- 
tional group. Brain Res. 43: 610-616, 1972. 

22. WICKELGREN, B. G. AND STERLING, P. Influence 
of visual cortex on receptive field properties 
in the superior colliculus of the cat. J. Neuro- 
physiol. 32: 16-23, 1969. 

12. PALMER, L. A., ROSEN,QUIST, A. C., AND SPRAGUE, 
J. M. Corticotectal systems in the cat: their 
structure and function. In: Corticothalamic 
Projections and Sensorimotor Activities, edited 
by T. L. Frigyesi, E. Rinvik, and M. D. Yahr. 
New York: Raven, 1972, p. 491-523. 

23. WICKELGREN, B. G. AND STERLING, P. Effect on 
the superior colliculus of cortical removal in 
visually deprived cats. Nature 224: 1032-1033, 
1969. 

24. WIESEL, T. N. AND HUBEL, D. H. Single cell 
responses in striate cortex of kittens deprived 
of vision in one eye. J. Neurophysiol. 26: 1003- 
1017, 1963. 

13. ROSENQUIST, A. C. AND PALMER, L. A. Visual 
receptive field properties of cells of the supe- 
rior colliculus after cortical lesions in the cat. 
Exptl. Neurol. 33: 629-652, 1971. 

25. WIESEL, T. N. AND HUBEL, D. H. Comparison 
of the effects of unilateral and bilateral eye 
closure on cortical responses in kittens. J. Neu- 
rophysiol. 28: 1029-1040, 1965. 


