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P ‘ *  ABSTRACT

. $
It is widely eaccepted that the neural mechanism for atei‘eoacopic

depth pefception can be fouﬁg in the disﬁatity—sensitive.responae of
) ' 1}
mingle visual neurons. The presént study was un’dertakeﬁ to

“

characterize the dia.parity—éensitive neuron, to elucidat\e' its
mechanisms and to investigate the transfer of dep specific visual
1nfo.rmation between tHe two sides of the brain Binocular visual
interactions were examined 1’n singlt' uni?s Eroi the 17/18 b?rder of

normal cats and comp’ared ta responses from the 17/18 border of cats
v .

with large unilateral lesioya of the opposite visual cortex. Units

were activated with sttmuli of varying disparity, moved in the same
i

(sideways motion) and
<

opposite directig{srf (motion in depth) on the
two retinae. In normal cats, neurons showing substantial binocular

interactipns couldN\pe distinguished from disparity-insensitive umnits

.by cell i:ype, ocular dominafice, directional properties and cortical
location. These data indicated cléat dimensions in the organization of

dtereoscopic depth systems if cat visual cortex. Datd from both

normal and lésioned "animals indicated that the critical meéchanism of
the disparity-sensitive respomse of single visual celld was bingcular
inhibiction. "U'nilateral lesions of ﬂé"v‘iausl cortex effected.a
specific subpopulatiot; of neurons, rendering’ them unselective for

stimulus disparity, and the location of these uni€s, nicely mimicked
\

-
the known distribution of callosal fibers in cat visual cortex. These

-

-d_ata emphasize the role of intrinsic inhibitory circuits 1n the

functidn of 4input from the two eyes and suggest that the corpue™

-

callosum plays a distinct role in the transmission of stereoscopic

depth information between the two sides of the brain.

. ’
*
i
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. INTRODUCTION

.~

I ‘ -
\., The horizontal offset of the two eyes 1’11 the head provides the

geometric basis for binocular dfsparity and atereopsis. Since each’

v 1

Deye views the same.visual scene from.,a slightly differing vamtage

\-.‘2' .
point, objects separated-in depth fall on retinal coordinates Hhich\

1

‘%ge not in perfect correspordence. This deviation from correspondence, *
i L J

called retinal disparity, was shown by Wheatstone' (1838) to b-e a

L 4
sufficient cue in tHe transformation of 2 dinens‘onal retinal {aput

. 'R
into 3 dimensional visual scenes. Wheatstone’s stgreoscope, a simple
device for produclng controlled horizontal.retinal disparities, is
still in use today, and graphically i1llustrates the fact that

-

hor{.zont’al disparity between the 1ﬁputs from the two eyes is

suffiéient in and of itself to produce a vivid sensation of depth.
Presumably, the neural mechanism which app'reciates these retinal

disparities must’ be one which involves the convei‘gence and .combination

of inputs from the two eyes. Since the visual c¢ortex is the first

point in the visual pathway where there 1is significant convergence of
input from the two eyes onto single neural elements (Hubel and Wiesel,

1962), it was here that Barlow, Blakemore and Pettigrew (1967) sought

-

the substrate for the neuronal mechanism of stereopsis. Recording from

-

siugle't}eurons in cat visual cortex, they found neuromns which
, ] .
responded dfifferentially to binocular stimuli as a function of

retinal disparity. Cells were encountered which' had receptive fields
- , \
on noncorresponding retinal coordinates, implying that at a fixed

v

point of convergence, different cells would be optimally activated by

stimuli of different depths. Other workers (Nikara, Bishop and



A

Pettigrew, 1968; Joshua and Bishop, 1970; Hubel and Wiesel, 1970; von

der Heydt, Adorjani, Hanny and Baumgp?tnet, 1978; Ferester, 1981),

while differing with %some of the conclusions of.Barlow et él"'.

. -

provided-confirmation of €he essential idea~-that visual cortical
L]

cells are sensitive to the retimal &ispanity of binocular stimili-- a
finding which has recently been extended to.a variety of frontal-eyed

species (Pettigrew and Konishi, 1976; Clark, Dgnaldson and

Whitteridéé, 1976; Poggio aﬁ& Fisch 1977; Fischer and Kruger,
. \ B
1979). ﬂ\\

i ¢

3

.
\

The problem of midline stereopsis ¥

Although disparity - sensitive neurons were only quité recently

identified, the notion tnat stereoscoplc processing involved éhe
convergence of input from the two eyes onto a particd&ar cortical
locus was not f new one. Ag-éﬁrly as 1900, this idea was expressed by
Heine (in Blakemore, 1970) in consideration of what may be calle* the
problem of midline stereopsis. 1In iight of the classic view of a
strict naso;emporal divisia&,~ﬂeine wondered how input from the two
eyes subserving ;he region o{ visual space’ directly around the
fixation point could converge onto a s}ngle cortical locus. Since‘it
was believéd th;t a partial decussation of fibers at the optic chiagm
segregateJ the output of the nasal and temporal portions of the
retina, ‘it seemed that objects lying Tight in front of, or behind the
fixation point, would be imaged respectively on the two temporal or
nasal retinae, a;d that the input from each eye would be ttagsnitted
to opposite visual cortices. Thus, there would be no opportdnity for

information from the two eyes to converge upon a single cortical

.
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Ay

Id%us. This arrangement must have seemed somewhat paradoxical,
. X R ) .

particularly in light bf'the knowle'dge (Helmholtz, 1867) that

stereopsis was most acyte in regions 1mmediqte1y su.rﬁunding the .

AN <)

fixation point. tnt1d reiatively recently, it was not g‘eéﬂm t:his

. , ™
situation how pr where the neural integration of information from the
I - ) R

two eyes occurred. . ’ R '

. In the lést decade however, ana,toinic‘l and physiologica
investigations have 1é‘§nttiied two independent routes for the.transfer
of information from the midline of ,the visual field: (1) rg_ginal

. fibers from a zone of nasotem”poxal overlap which project to both optic
g N . .
tracts and, (2) the corpus callosum. ’ ~
¥ : i Yo

L}
. The inexactitude of the nastemporal division

.

+

One of the first to chdllenge the widely ,accepted ivof a

\strict nasotemporal division appears to have been Linksz (1952). He
. . o . .o <
did so in an effort to account for the clinical ‘phenomenon’of "macular .
4 - A
* sparing". Macular_opor "foveal sffaring" refers to g perceptual

N

phenomenon observed in patients’who have undergone removal t;f dne

-

occipital lobe. Not surprisingly, the lesion produces a homdnymous -
-t .

hemianopsia--a loss of vision in the contralateral half of the wi

field. In cases of macular sparing however, the separation between -
s I4

the blind and the normal half ®f the visual field occurs about I° from

.

the midline, toward the blind half of the visual fidld. Si;nce the...
’ « &£
‘emoval of one visual hemisphege functionally'elininaten' the E.allosdl -

- *

* pathway, any vision beyond the midiine must be attributgble 't:.o.ot!let‘
[} Yy

» -

mechanisms. Linksz thought that ‘the most likely explanation was “an
. \, .
inexactitude o} the nasotemporal divisionsr . He felkt that
- ' . : -
hemidecussation at the optic chiasm was a statistical rather than an

r

. .
r ¥ - he . . .

-
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' - -
.

-¥absolute process and suspected that there must be a projection of at

least some temporal retinal cells toward the opposite side of the

- A
* brain, The" size Jf the area of spared "macular viJion and the

L4
.

phenomenon ttself would suggest that these ftbers represent at least
LN »

1° of binocular overlap and that they alone are sufficient. to subserve

midline vision.

{ Linkz’s suspicion, that hemidecussation was inexact, has since
been born out by a a rnumber of anatomical studies in: th cat (Stone,
1966; Stone end Fukuda, 1974; Kirk, Levick, Cleland and Wassle,1976;
K:.l.rk, Levick and‘Cleland, .1976) and monkey (Stone, Leicester and
Shgrm'an, 1973; Bunt, Minckler and Johanson, 1977). In primates a 1°
strip of retina has been found which straddle%. the vertical meridian

and‘ptojécts to both optic tracts. A similar amount of overlap, about

l.2°, has a%so been seen in the cat retina, among brisk-sustained

units (Kirk, Levick, Clelapd and Wassle, 76) and”X-cells (Stone and

Tap have been observed in brisk-

L]

Fukuda, 1974). Larger amounks of ov

transient umits .(Ki'tk, Levick, /Cleland and Wassle, 1976) Y-celi_s

(Stone pnd Fukuda, 1974) and in 11s with slowly coamducting axons
'  (Stone and Fukbda 1974; Kirk, lLevick and Cleland; 1976) ‘Fi;mrs from '
. this zone ¢;f nasotemporal overlap have bee; found to proj:ct to the

'n‘edﬁl ‘edge of the cat dorsal lateral geniculate fnucleus (LGNd) whence

.
0 N R

the thalamic fibers project to the b

4

($8anderson *and Sherman, 1971; Kinston, Vadas and Bishop, 1969).

order between areas 17 and 18.

Fibers terminate in:all main laminae of both LGN°s and 1in the

hl ’

adjoining regign of the medial interlamingr nucleus (MIN). In

’
<+

. general, larger amounts of overlap have been found in the thalamus and -
. , ¢ ’ .

-/
visual cortex (Hubel and Wiesel, 1§67;,- Nikara, Bishop and Pettigrew,
. ( ,

I d



1968; Blakemore, 1969; Joshua\and Bishop, 1970) than in the retina.
An electrophysiological demonstration that the input from these
’

overlapping retinal fibers could influence neurénal .responses at the

N -

level of the visual cortex wad provided by Leicestem in 1968. Mapping
the location of receptive fields along the cat 17/18 border, he found’

a cemntrally located strip of bilaterally represented receptive fields

which extended .5 to 1° into the ipsilateral hemifield. Sectioning
? P

the corpus callosum had no effect on the amournt of overlap which was

-

observed Since any possible influence from the callosum was
eliminat with the lesion, the ipsilateral representation of visual

fields was attributed to.a retino-thalamo-cortical projection.

Recently, neurons in the 'lateral suprasylvian Visual area” (LSVA) have

also been shown t; receive ipsilateral activation via a similar
projection. In a study by Marzi, Antonini and Legg, (1980)
contralateral eye receptive fieJds in the LEVA extended up to 10° 1Pto
the ipsilateral half-field after' esions of the corpus callosum. T;at
a greater degree of spared ipsilateral overlap was seen/;n the LéVA
‘th;h\io‘thefviaual cortex gorresponds well with the observatio& th;t a
larger gmount of ipsilateral representation can be found in the MIN,
the thalamic nuclems which projects to the LSVA, than in the LGNdﬂ the

nucleus projecting to the viauaf’cortex (Kiagston, Vadas, Bishop,

1969; Sandergon, 1971; Kratz, Webb and Sherman, 1978 ).
4

»

L4

The contribution of the corpus callosum:

-

In addition to a thalamo-cortical projection, a second route for
the transmission of input from the central visual fields is, of
course, the corpus callosum. Numerous investigations have demonstrated

that this commissural pathway 1is in fact a viable and functionally



)

-

I

efficacious route for the transfer of visual information between the
- .

+

two cerebra‘hemispheres. One ' of the first such demonstrfations was a

3

, o
study by Choudhury,: Whitteridge and Wilson (1965), who, after

establishing that fibers ran from the margin of area 17 to their
b

corresponding points in the oppésite cortex, isolated the visual input
') * '

to a single hemisphere by severing one optic tract. They found that

in the deafferented visual cortex, responses could be obtained oniy
L.

from cells which had receptive fields located along the vertital
meridian. This study was one of the first to show that*fhe influence

of this pathway was restricted to the central visual fields hnd also,

that cortical neurons could be activated by input received exclusively

via the corpus callosum. A*similar experimental approach, was applied
—

in a study Sy Berlucchi and Rizzolar{i (1968) who, in spliting the ¢

¥

optic chiasms of cats, restricted the input to each hemisphere to the <

. v
ipsilatera}‘ retinal projection. Recording from units along the 17/18

border, they found neurons which had clearly-defined visual receptive

fields in both eyes. Presumably, responses through the ipsilateral

»

eye were mediated by thalamo-cortical connections while responses
through the contralateral eye were due to cortico-cc;rtico, call9ea19
connections. Recentl;', a study by Cynader et al. (1979) has showvwn
that the corpus callosum not only contributes an excitatowr;y input to

cells along the opposite 17/18 border, but also, that it specifically‘

mediates disparity-sensitive responses. In these experiments,

binocular interactions were measured in cats which had undergone a
[ ]

*surgical section of the optic chiasm, and thus agaia, the only

possible route for convergence of input from the two eyes was via the

corpus callosum. Binocular interactions im these anima were

’
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s

* i
reduced relative to nor"I cats, but there was clsar gvidence for

ext®nsive binocular convergence and of disparity sensitive

+
- o
-

1pt2factions. '

The possible rble of the corpus éal%osum in the transmission of
disparity specific information and the éelevance of éhiﬁ pathway to
the problem %f midline stereops;g was an issue considered by Blakemore
(1970) in a study of a human patient who had a saggital section of the
optic chiasm. In testing this patient s stereoscopic funétfon,
Biakemore preqicted that since only the temporal retinal pathways
remained intact, the subject should be able to'discern the depth of
. stimulf lying immediately in front of the fixatfon point (crossed
disparities) while at the same tfhepbeing completely blind to objects
immediately beyond the fixation point (uncrosse§/dispar1t1esp When
measured with stitulus disparities of 5% eo 6° , this prediction was
confirmeds The data indicated that the é;llosal pathway integrated
infgormation up to 3° within the temporal rétinn of each eyes Since
there was no evidence of stereopsis for uncrossed disparities, and
since there was no sign of macular sparing, Blakemo;e eoncluded that
1; was the corpus callosum exclusively which was m diaéing this
residual stereoscopic function.

In the patient described above, section of the optic chiasm did
ndt disrupt conve;gent, fusional eye movements to a crossed disparate
stimulus, and it thu; appeared that thé'corpus callosuth was also
involved in the mediation of vergence eye movements. Further support
for this association came from Westheimer and Mitchell (1969) and
Mitchell and Blakemore (1979) who, when testing a subject who had had
a surgical d’.sbon ofithe callosum, found both a lack of depth

1
perception and a lack of vergence eye movements to centrally located

7
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N

/
’
rargets. Thé subject's stereopsis and:.vergence eye movements were
(%
normal when tested with a target lolated 5° into the peripheral visual
field, but were absent in midline vision for hoth convergent and
divergent disparities of 2°. These data suggested that the corpus
o,
callosum enjoys *a dual function, being involved not only in the

mediation of)midline stereopsis, but also, in the generation of
4

vergence eye movements el#tited by binocularly disparate stimuli.

'
Y

Fine and coarse stereopsis
A

The stqdies of Blakemore (1970) and Mitchell and Blakemore (1970)

-

suggested tHat midline stereopsis was principally medii;ed by the
corpus callosum rather than by retinal fibers of the nasotemporal
overlap. This is a conclusion however, which has been vigorously

crijicized by Bishop and Henry, (1971) and Bishop (198l). These authors

have pointed 'to the distinction between what appears to be two

=

different stereoscopic subsystems (0Ogle, 1950), one for "fine" and the
fther for "coarse" stereopsis, and they claim that the above studies

tested jrly for coarse stereopsis . They feel that coarse stereopsis

may indfact be mediated by the corpus callosum, but that fine

’
H

stereopsis relies on ghe direct retinal projection. Since the
disparities used for testing in in the above studies were too large to
measure fine stereopsis, their conclusion was that Blakemore's claims
were too sweeping and that‘his results indicated only the preservation
of a relatively coarse stereoscopic system.

According to the formulation of Bishop and Henry (1971) and
Bishop (1981), ategeopsis is a dual system composed of separate

mechanisms for fthe and coarse Stereocacuity. and fusiof'which can

operate, at least in part, independently of one another. Fine



.

st reopsis and single vision operates only vwhin a very narrow range

[N

of stimulus disparities--probably less than .S°, provides for high-
resolution stereocacuity and is always accompanied by coarse fusion.
It requires very close similarity between tHe visual images 1in the two

eyes or else retinal rivalry and suppression of one monocular input

occurd. Coarse stereopsis, on the other halzd, can operate when there

»

18 considerable difference between the two r\etinal images {in form,

2

« Pl

luminance and the temporal onset of stimuli in the two eyes, and can
tolerate up to 7-10° of retinal image disparity. Coarse s\ingle vision
requires some degree of similarity between the two retinal images; but
agai:n; can operate with ‘retinal {mage disparities of up to 2° and can
occur in the absence of fine fusion. Measured clinically, the
sensation of depth elicited with large stimulus disparities,
presumably activating only the coarse stereoscopic system, 1s
qualitatively differexylt from t\:’hat obtained with the measurement of
fine stereoacuity and single vision. .

Studies of disjunctive eye movenfen;s have lent support to the
notion of dual stereoscopic subsystems and have suggested that the
operation of these two systems is complemented by a dual control
system for vergence eye movements-one system which initiates such
movemenFs and the other which "carries them t‘ough to completion” and
underlies fusional control (Westheimer and Mitchell, 196:9; Mitchell,
1970). As Westheimer and H,:l.tchel.l (1969; ha‘demons::ra?&;l, stimuli
which are presented on non-corresponding retinal coordinates elicit
disjunctive eye movements, convergent or divergent, which are always
appropriate to the sign of the stimulating disparity. For the
initiation of vergence movements, retinal disparities can be very

”
1 .



"> .
large, up to 36100, and the visual images in the two‘eyes can be
/ ' - ~
significantlw;difﬁetent: They can be remarkedly dissimilar in shape,
»

luminance, contrast or in their temporal omnset in the two eyes, and

still elicit the appropriate vergence eye movement. Nevertheless,

although being sufficient fotr the -inittation of a disjunctive eye
, ’
movement, stimuli differing greatly in image similarity, do not permit

its ‘completion. Dissimilar stimuli, adequate for the initiation of
eﬁe movements, p%Fmit the subjective localizaEion of objects in depth

although they do not allow for the images to be subjectively fused.
. R

‘}3E’Ezshanisms which underlie the initiation of vergence eye\movementa

evoked with large stimulus disparities thus appear more closely

associated with the system for coarse than for £ine stereopsis.

’

< Although maintaining the distinction ‘etween mechanisms for fine
and coarse stereopsis, the data of Richards (1970) and Jones (1977)

suggested a further subdivision of the coarse stereoscopic system into

< »
mechanisms for "near" and for "far" vision. In a psychophysical
studxg/ﬁfzﬁihga tested the abilities of individuals to distinguish

between targets presented at zero disparity ("the same depth as') and

4
from .5° of crossed ("nearer than") and uncrosséd ("further than")

-

disparities. He found that a strikingly large proportion , about 30%,
of randomly chosen, and apparently normal human subjects, were
deficient'in at least one, of the 3 tasks. All combinations of

stereoanomaly were detected and it was found that a petson could, for
»

example, have normal abilities for distinguishing crossed or uncrossed
disparities, while at the same time be very poor at detecting oﬁpnaite
disparities. ‘With a similar experimental design, these findings were

later replicated by Jones (1977) who concurred with Richards on the
)

frequency of stereocanomaly found in'the population. However, in a

10

>

A4



¥
’

significant extension }o the previous expe}iment, Jones additiopally

L]
3

measured stereopsis.-in his éubjectg for retinal disparitiés of less
than .5°--demonstrating that all of his*subjects had normal
stereoacuity when tested with stang;rd clinical procedures. These

data indicated that the systems for}une and coarse ereopsis were

——Algsociable from one another and suggest that the st&geocanomalies

first described by Richards affected the coarse stereoscopic system

only. Jones also examined the vergence movements of his subjects and

found an incidence 6f oculomotor anomaly (20X) only slightiy less
frequent than perceptual stereoanomalies. Although the converse was
’
not alw?ys true, a perceptual stereoanomaly was always' found to be
éccomﬁanied by;a vergence anomaly. Not infrequently, vergence
anomalies” were present in a single dimension only, solthat a subject
could have normal divergence and anomalous ‘convergence or vice versa.
These data thus suggested that the 2 types of eye m;vementa,
divergence and convergengé, were guided by independent control systems

and that deficits could selec(ively effect only one of these
[

components.

Disparity~-sensitive neurons -

'In recent years neurophysiological investigations (Pﬁhgio anq
Fischer; 1977; Poggio and Talbot, 1981; Fischer and.Kruger, 1979;
Ferrester, 1981) have focussed on the identifiction of a neural
correlate for the psychophysical effects described above. If indeed
thes; observations can be attributed to the response characteristics
of binocular visual neurons then there should be at least 3 distinct

classes of disparity selective cells: one each for fine stereopsis,

11

Py X4



Iy

crossed and uncrossed coarse stereopsis, and their associated
. . 4 - ’
vergenclsgye movements. This ndtion has bee% supported Ey the

3

tdentification in bothcat (Fischer and Kruger, 1978; Feresterj 1981) °

and primates (Eoggio and Fischer, 1578; Poggio and Talbot, +981) of

cells which appear functionally capable of ptovidiugfthe substrate for
. ’ o .

the mechanisms of fine and coarse stereopsis. N . .

. The first to descriﬁe»such cells were Poggio and Fisher (1977), in
L

an experiment involving the use of awgie, behaving monkeys, under

R ‘ 9
conditions of normal binocular vision. The procedures utilized in

this study had not only the virtue of apptoaching a natural visual
ajtuation, but also permitfed a resolution in measurement which was
not only far better than had previously been obtained but, was

gsufficient to reveal that stereoacuity in the non~human primate

.closely corresponds with.that of its human counterpart. Additdonally,
- - . ,

this experiment indicated, in contrast to a previous study (Hubel and

»

Wiesel, 1970), that disparity éengitive églls can be found in\the

3

primary visual cortex of the rhesus monkey. Recording from single
neurong in both the,stti;te'and parastriate cortex, qugio and Fischer
found 2 major classes of disparity sensitive qnits. Qells in one
group (tuned excitatory and tuned inﬁibitory neurons) were selective
for very small stimulus gisparities, averaging .2° around the fixation
point, had ‘symmetrical tuning curves and properties which would make
them suiéable for a system of fine stereopsis. The other group (near
and far cells) responded over a broader range of stimulus disparities,
had asy;;etric tuning curves and were Belecfige for stimuli either jin
front of orsdehind the fixation point. These units, with‘theit less
specific stimulus deman%s could provide for a mechanism of coarse

stereopsis.

-
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. In a pravious stvudy of binocular interactions in the catf17/18

‘

'‘border (Cynader et al., 1979) ve have found that animalg which had a

gection of the ’optic chiasm} and therefore received only ipsilateral

' .
input to each hemisphere, had units wh&ch‘sh‘owed substantial binocular
> M ‘ - ’

acti‘va,tion‘, as well as dis,patity‘specific binocular interactions. It

» - «

* -

was obvious to us that the corpus callosum was an effective route for

b
communication between the two visual Hemispheres. However, examining
» _— o .

- ' s v
the binocular interactiﬁons in split-chigsm cats has at least two
) ! - -« » B

serious difgi.‘cultieé. Firstly,. sin::e chiasm section alters the nature

of binocular input to the lateral geniculate nucleus ‘and the cortex on

each side of the brain, the propertieg of tallosal projection neurons

are unlikely to be the same in ‘split-~chlasm cats as in normal cats.

-

Secondly, studies of this type can only reveal thode aspects of visual

\
function for which the callosum is sufficient, rather than those for
which it is necessary, and thus it was not clear from these data what
N
the role of this projection would be in a relatively intact cortex. A

»

recent approach to this gqlestion was that of Pa'yne_e_tg_]_._-_ (1980) who
showed that after seotion of the corpus callosum, thkre was a dramaticg
drop in the number of units which could be driven equally by the two
eyes, as well as a striking increase in the number of units (OD 1 and
7) which received excitatory inpu]t from exclusively one eye. These
data suggésted that the role of the corpus callosum for binocular
con'nectivi'ty in the ‘opposite visual hem;.sph;zge was both substantial
and necessary.

In the study of Payne et al. , the responses of visual neurons
were examined oniy under conditions of monocular stimulation. The

v

present study was undertaken to examine the contr\iiiﬁn of the

+ B -
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callosal projection to binocular interactions in cells along the

vertical midline, and to determinefif, in addition to the corpus
callosum, th?re was evidence fot: other mechanisms of binocular
convergence in cells with receptive fields located along the vertical
mdidline. ‘Binocular visual interactions were examined in single units
from the border of area 17 and area 18_ of cat visual cortex, and
compared to responses from the 17/l§ border of cats with unilateral
lesions of the opposite visual cortex. Rasponses were examined with

sti\muli ,whicl; moved in both the same (in-phase movem;nt) and in
opposite (antiphase) directions on the two retin;e, movement which
simulated motion toward or away from the animal or "motion in depth"
(Cynader and Reagan, 1978; Poggio and Talbot, 198l). The resylts

showed that stereoscopic processing depen’ds on binocular inhibition in

"monocular" neurons and that the corpus callosum play? an active role.

] -



METHODS

In all experiments, subjects were normally-reared adult cats

weighing 3-~4 kilograms. For single unit recording, animals were

.
.

initially anesthetized with intravenous Pentobarbital sodium, an
endotracheal tube was inserted and paralysis was induced witR®
intravenous Gallamine triethiodide. The skull was ;xposed and a small
bone f%?p was removed over that part of the visual cortex repfgsenting
the border between areas 17 and 18. Pentothal was discontinued at
this point, Neosynephrine was applhed to‘rettacg the nictitating
‘membranes and the pupils were dilated with atropine. Contact lenses
were chosen by retinoscopy to focus the eyes on a tangent screen 145
cm distant; the lenses contained 4 mm artificial’pupils to depteasé
scattered light and 1increaseg de}th of focus. A reversing
ophthalmoscope was used to plot the two optic discs and areae
centrales on the tangent screen. The vertical meridian for each eye
) was estimated to run through the center of the visual field
perpendicular to the floor (Cooper and Pettigrew, 1980). Animals were
‘1n1tially paralyzed with a high dose (.5 cc/kg).'of intravenous
Flaxedil (Gallamine triethiodide) and then infused continuously with a
mixture of Flaxedil (5 mg/kg/hr), D~tubocurarine hydrochloride
(.5/mg/kg/hr) and 5% Dextrose in lactated Kingers (lcc/hr). During
gingle unit recording, a level of light anesthesia was maintained by
artificially ventilatingbthe animal with a mixture of N,0 an& o,
(70:30) and intravenous anesthesia was discontinued. The animal’s
body temperature was held near 38° with a feedback-controlled heating
pad, and end-tidal 002 was monitored continuously and kept near 4.2

by varying the rate of an artificial respiration pump. The cats were

15
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usually maintajned for a three day period. At the end of the

experimental session, animals "v;qre perfused w::ardtacally with

saline, followed by a mixture of 10% fo;:malin in a .9% saline

-
-

solution. Brains were blocked in the electrode plane, removed from the

skull and allowed to aink 1in 30% sucrose formalin. Forty micron. #

sections were cut on ra“fteezing microtome and stained-with cresyl

violet.

‘

Approxminately one month prior to single unit récording,

”

extensive-legions were made of the visual cortex in 5 animaks. For
surgery, cats were aﬁes.thetized with intravenous Alfathesin, fixed in
a stereotaxic frame and a bone flap, 3 cm x 2 cm was cut through the
skull., Cortex was removed by subpial aspiration, the btne flap was
replaced, animals were administered subcutanepus .Chloromycetin and
'urned to a cage for recover;- The lesions (see figure 9) included

all of areas 17, 18 and 19 and extended laterally to intlude t}\e crown

of the suprasylvian gyrus and the Clare Bishop area.

<

A
LY

Recording and unit classification

I A}

In normal cat experiment;, a bone flap of approximately 5 mm2 was
rémoved with bone cutters under direct visual conrols In an attempt
to minimize the extent of dura left exposed after the craniotomy, a
different procedure was used on the later-recorded dec“orticate ‘cats.
In these experiments, a small hole was drilled through the skull with
a aid of dissecting microscope and less than 1 mm diameter of dura
was exposed. In both cases, platinum iridium electrodes were advanced

through the unopened dura with a hydraulic microdrive and responses of
»

single units recorded from the 17/18 border. Action potentials were

16-
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amplified by conventional methods, monitored over a loudspeaker and
d;splaye,d on a Tektronix D13 oscilloscope. Following 1solat'ion of a
single ﬁnit, the recéﬁtive field was plott;ed with a hand profector and
the ollowiné charactferisti.cs }g;e noted; 1) the range of orientations
O)Zr which ‘tpe unit would respond 2) preferred orientation 3)
direction gelectivity 4) velocity preference 5) receptive field size
6) level of spontaneous activity 7) ;::Ear dominance and 8) unit
type. Moving and flashed stimuli, which included et.iges vand light or
dark bara of va‘aried length? and widths wer“used to plot receptive
fiei;s including edges and light}g dark bars. Qualitative nethoa;
were generally emplqyed to assess these re;ponse'/prc;peftles and
quantitative analysis (see below) was reserved for the measurement of
dis‘parity sensitivity. . ‘ .

Si.mple and complex units were classified on the basig of subfield

organization as originally described t’>y Hubel and Wiesel (1962).

Units were classed simple cells if their receptive fields could be

divided into separate ‘on’ and ‘off’ areas and/orl if responses to
lgading and trailingw edges of moving 1igt3t stimuli were ev‘ol\ted at
different pointa in yhe visual field. Cells were classified as
complex if both\on ax;d off regions and leading and trailing edge
discharge regions were intermingled. Four other unit types were
distinguished. A cell was classified as hypercomplex if it was
“selective for the length of a bar positioned along .its preferred axis
% f orientation (Hubel‘and Wiesel, 1965). If a unit réuponded poorly.

or not at all to monocular s’tinulation but gave a vigorous response to
¢

binocularly presented stimuli it was called binmocular only. A
population of cells encountered gave only on or off responses

throughout their receptive fields and thepe units were considered as

—
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one type, onfoff. Some cells did not fit clearly into any of the,

above categories, or had réceptive fields which were difficult to

plot, and such units were termed unclassifiedy

The ocular dominance (OD) of a unit was determined qualitatively
' Vs
and rated on a scale of one to seven according to the scheme of Hubel

and Wiesel (1962). Units in OD g?oup 1 receive excitatiops~exclusively

through the eye contralateral to the hemiéphere -un\er study, and units

\

in higher OD groups receive successively mpre excitatory input from
the ips{lateral eye. Units in group '4 were driven equally through the

two eyes, and dnits in group 7 were excited exclusively by the

-

ipsilateral eye.

‘Elongated., stimuli of the optimum orientation presented at a

-

velocity which evoked vigorous responses from the unit were employed
I »

for the £aaessme':nt of direction selectivity., A unit was defined as
] N
"direct(on selective" if one ditection of stimulus movement produced

four times as many action potentials as movement in the opposite
-

direction. If twice as many spilkes were elicited by one direction of

movement ~than the other, a unit was considered to have a directional
]

8

preference. Non-directional cells responded with approximately the

‘same number of spikes to either direction of stimulus nov;nlent.

. . ‘
1 , * *
Presentation of stimuli for gquantitative analysis .

«
Vijual stimuli were projected from two similar but independent
folded optical systems, each of whichwas arranged as follows. A slit
of variable length and width was positioned in front of a condenser

and 1lluminated by a 300 W tungsten lamp. A 9 cm achromat lens

projected an image of the slit onto the tangent screen in front of the

" 18
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cat’s ey'es. Before reaching the screen, the beam was first reflec;:ed
through 90° by a small front-surface plane mirror mounted on a
galvanometer motor (General Scanning, type 300 PDT), then passed
through a computer—controlled rotator, was again reflected through 90°
by a large front-surface plane mirror and finally projected onto the
tangent screen. -By separating the receptivé fields of the two eyes
widely with a Risley prism, it.was ensured that the receptive fialdd of
the left eye could be stimulated by only one of the two projected

slits and that of the right eye by the other slit. The luminance of

-

the stimuli was about 2.5 cd/mz- Stimulus length, width, orientation
a.nd velocity were adjursted to match the preferences of the unit under
studyf The room and projection screen were diffusely {lluminated by
1‘ow-l’evel t:x’xgsten light (0.34 td/mz). Computer—~generated signals fed
to the two‘}ga.lvanometer motors oscillated the small mirrors so as to
move ‘the_ bar images from side to side with a ramp wave motion and the
positions. of the pars were stabilized by positional feedback from the
galvanometer. The image rotators were used to vary the orientation of
the bars! the direction of movement was always perpendicular to the
bars’ orientation. The relative speeds and di;ecti.ons of moetion could

be controlled e{itfctrically as could their absolute speeds and

repetition frequency.

Computer control of stimulation and recording

Stimulus parameters were set, an;'l stimulus sequences initiated by
typing appropriate instructions into a Tektronix model 4010 graphics
terminal, which communicted with a PDP 11/34 computer. ’l{\e terminal
provided an on-line display of accumulated spike counts for each

-
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~timulus condition. The time of each response after the initiation of
<

stimulus movement was recorded for a fixed interval, the length of

which depended stimulus velocity, and the data were recorded-on DEC
A »
RKD 5 disks for later analysis. In any given experimental run,

gtimulus velocity was held constant f{n the dominant eye. The

-~

velocity, 5 deg/sec , 10 deg/sec, 20 deg/sec, 40 deg/sec, or 80

deg/sec whiqh gave the best response from that eye was selected.

»*

Stimulus excursion was always sufficient to allow the stimuli to start

and stop outside the receptive fields. Responses to -stimuli moving in

-

the same direction and the same speed in the two eyes (called in-phase
motion) were compared with responses to stimulf moving in the opposite
directions aé the same speeds in the two® eyes (called antiphase
motion)e The direction of stimulus motion was always the préferred

. *
direction in the dominant eye and was varied fn the nomdominant eye.

r

As {llustrated in figure 1, in-phase motion on the two retinae

simulated sideways movement in tHe external world and antiphase motion

simulated movement toward or away from the animal’s nose. This-

rl

comparison was carried out at seven different disparities separated by

1° or #° intervals. Responbes to 16 or 32 sweeps at each of the seven

disparities were summed. Responses gﬁrough the dominant eye alone
were alsb measured as was the response evoked by stimulation of the
nondominant eye alone in both directionas of motion. This resulted in
a tétaf of 17 stimulus conditions which were individually interleave&.
The relative speed with which these data could be collected (5 to 153
min) helped control response Variability due to residual eye movement

and fluctuations in response rate which occur over time. In the plots

presented below, the disparities represented refer to relative

disparities between the two receptive fields, and a value of 0

w
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FIGURE ONE In-phase and gntiphase stimulus motion. DiSparlty
specific binbcular interact?ons were measured w%th two types of
stimulus motion. SFimuli presented in-phase moved across the two
receptive fields 1in the same direction (figure l,,ieft), representing
’sideways motion in the external world. Stimuli presented in antiphase
moved across the two receptive fields in opposite directions (figure
1, right), simulating motion toward or awa;,from the gnimal's nose or
motion in depth. Receptive fields were separated with a Risley prism
and each eye was"stimulated with independently controlled optical
systems. In each of the two movement conditions, responses to zero
disparity, 3 uncrossed and 3 crossed dippagities were measured.
Respo;ses were also- measured through the dominant eye alone in the

preferred direction, and the nondominant eye alone in both directions,

resulting in a total of 17 individually 1interleaved stimulus

conditions. In figures 2,3 and 9, crossed digparities are represented

» D)

with a plus sign, uncrossed disparities with a minus sign.
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.epresents the two centers. Since the use of moving stimuli confounds
the variables of space and time (Garqpet and Cynader, 1977; Cynader,

Gardn and Douglas, 1978; see discussion) no distinction made will be’

mad¢ between "spatlal" and "temporal” binocular disparities. The
tefm "binocular iateraction” refers to a nonlinear binocular response

hich 1s not(gtesumed to be a reaponse to any particular aspect of the

’,
binocular stimulus. Likewise, the terms "retinal disparity' and
'Yy

"disparitygy specific

" are general terms which refer to either or_ both

Ed

tempord? and/or spatial disparitfes. Moving stimuli were chosen for

the present experiment as they ire more effective in driving many
visual cells than are flashed stimuli, and it was important to asample

at regular intervals from an unbiased population. Procedures for data

7

reduction were chosen so that the responses of all wnits could be
\‘

quantified and that comparisons could be made across as broad a
population as possible. The principles derived from these data are -
believed to apply to both spatial and temporal mechanisms for

-

stereoscopic depth perception.

Data analysis ’

Responses to each of the 17<-conditions of visual stimulation
¢
were summed and the summed responses and/or individual histograms were

displayed on the graphics terminal. Hard copies were made usihg a :Pit:'

Textronix 4610 hard copy unit or 4662 digital plotter. The plots were
of the form presented in the \lerow of histogpams in figure 2. In ,

order to compare the degree of binocular interactions in the responses

’

of single units, three indices, binocular inhibitiopn, binocular
4

facilitation and dynamic range, were constructed to indicate the

L] L) ..
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FIGiJRE TWO Data reduc‘tion- Method of data reduction is shown for a
-unit wh¥ch displayed strong dispat:ity Specific ‘binocular interactions
to in-phase stimulus movement, and was relatively unselective for
stimul‘us disparity with antiph¥se movement. This unit was recorded
within 300 micra of the cortical surface, was dir:.ection selective and
classified as binocular only. The two rows of post-stimulus time
histograms 1llustrate the responses to 7 different disparities
elicited with in-phase (top) and antiphase (bottom) stimulus motion.
The number of spikes elicited at each disparity, in each-movement
condition, is showh in the summary histograms to the right. Responses
through the dominant eye alone to the preferred direction and the
nondominant eye alone_ to both directions of motion are also shown. As

shown in the insert, the index of binocular facilitation (BF),

. bimocular inhibition (BI) and dynamic range was calculated separately

for each of the two movement conditions. There was one index each for
combined binocular facilitation, combined binocular inhibition and .
combined dynamic range and its calculation considered responses across
both in-phase and antiphase conditions. Although the procedures
employed in- qu'antifying the neuronal responses represent a
considerable reduction in raw data, the results of the figures which
follow show a high degree of internal consistency, and indicate that
the observed effects are robust enough to withstand this degree -of

data reduction.
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degree by which the units’ firing departed from that which would be

expected on the basis of simg}e sumiﬁgion of the monocular responses.
 J -
The index of binocular inhibition (figure 2-1) for a given unit

was derived separately for in-phase and antiphase stimulation by
choosing the lowest value in the tuning c?rve and dividing that value
by the sum dﬁ the monocular responses, For in-phase stimuiation, the
denominator of this ratio was the sum of the response evoked by
stimulation of the dominant eye in the prefefred direction and
stimulation of the nondbmingnt eye in the same direction. For
antiphase stimulation, the denominator was the sum of the numbgr of
splkes evoked by stimulation of iﬁe dominant eye in the preferred
digection and stimulation of the nondominant eye in the opposite
direction. For a cell vhich shows little or no binooular'inhibiiion
this index will sho; a value of close to 1.0. Increasing degrees of
binocular 1nhi§¢tion will result\;n succgsgively lower values for this

index. The index of binocular facilitation (figure 2-2) for a given

unit was derived by choosing the maximum valug of the disparity tuning
carve and dividing it by the sum of the two appropriatg monocular
responses. This was done separately for in-phase and antiphase
responses. Again, a cell showing little or no facilitation will
display a value close to 1.0 according to this index, and cells with
increasing degrees of binocular facilitation will display successively
larger values.

In order to provide a measure of the degree to which the unit’s
firing could be modulated up or down by stimull of different
disparities, a measure caled the dynamic range was derived for each

unit. This index represents the difference between the maximum and

26



minimum response observed over the 7 disparities tested, and was
calculated by taking a ratio of the indices of binecular fpcilitation
and inhibition degcribed above (fi‘gute 2-3). As before, this was
calculated separately for in-phase and antiphase stimulation. Thug, a
cell showing substantial binocular facilitation (with a value of .4.0)
and no inhibition (a value of 1.0) yill achieve a dynamic range of
4.0, minus 1.0 for a total of 3.0. Likewise, a cell which lacks
binocular facilitation (a value of 1.0) but displays marked inhibition
(a value of .25) will also achieve a dynamic range of 3.0, as will a
cell which displays a mederate degree of both facilitation (a value of
2.0) and inhibition (a y_‘glu-e of .5)¢ The distribution of combined

s

binocular facilitation (figure 2-4), binocular inhibition (figure 2-5)
and dynamic range (figure 2-6) represents the minimum (inhibition) and
maximum (facilitation) value obtailned on these indices across the two

>

movement conditions on these indices, and their ratio.

'I'he;e measures are applied to the responses of a unit with very
large bin;gcular interactions in figure 2. In this figure, the 7
post-stimulus time histograms along the top s‘r:ow responses to
different stimulus disparities tested with in-phase movement, and to °
their right, the summary histogram indicates the number of spikes
elicited at eack‘diaparity. Beneath these, the monoculaf responses
for each eye to the same direction of movementglre also shown. To
determine the degree of binocular facilitation, the maximum response,
214, was divided by the sum of the monocular responses, 28, to achieve
an in-phase fadilitatory value of 7.6. Binocular inhibition was
calculated'by‘ dividing the minimum reapon;e, 6, again by the sum of
the monocular responses, 28, for an in-phase inhibfitory index of .21,

27



which was rounded to .2« In-~-phase dynamic range was determined by
dividing 7.6 by .2 (max/min) leading to a value of 38, minus one, }or
a total of 37- In the second row of figure 2, the responses of the
same unit to stimulation with antiphase motion at the same seven
disparities as above are shown. For this cell, the degree of
binocular interaction is less prondunced with antiphase motion than
for in-phase motion. The value of the antiphase facilitatory index is
5.1, that for the a;tiphase inhibitory index is 1.7 and the antiphase
dynamic rarge has a value of 3.0, minus 1, for a total of 2.0. To
calculate the combined dynamic range for ;his unit, the larger of the
two facilitatory values were divided by the smaller of the twq
inhibitory values for‘Fhe cell. Since in this éell, these indices are
both larger for in-phase motion than for antiphase motion, the

combined dynamic range 18 equal in value (37) to the in~phase dynamic

range.
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. RESULTS

-

I.Qualitative resultg in normal cats

P

In experiments on 10 normally-reared cats, 309 units with
receptive fields along the 17/18 bprder were studied with qualitative
metHods. In 6 of these 10 animals, binocular interactions were
exam quantitativeﬁy in 158 neurons. Electrode penetrations were
perpendi ar, or approximately so, to the cortical surface, and were
confined to the region outlined in figure 9.7 This area encompasses
Horsely-Clarke steteot;xic coordinates, anterior 3.0 to posterior 3.0
and lateral 1.5 to 4.0 (Otsuka and Hassler, 1962). Most penetrations
were made near AP 0.0, lateral 2-3, as previous experiments had shown
that this region marked the 17/18 border. At the end of sBome
representative penetrations, small electrolytic lesions were made (3
microamps for 3 sec, electrode negative) for histological
reconstruction of electrode tracks.

Quantitatively studied units had receptive fields which were
usually locaéed within 3° of the vertical meridian and generally 5-10°
into the lower visual fields. 1In fgome penetrations, the response
characteristics of the cells were similfar to those of area 18 units.
Their receptive flelds were relatively large (5-80). they responded
with only a transient burst of impulses to a flashed stimulus, and
they eferred very high stimulus velocities-frequently having no
apparefit high-end velocity cut off (Orban, 1977; Tretter, Cynader and
Singer, 1975). Other units were more reminiacent of cells found in

area 17, having smaller receptive fields, showing sustained responses

to flashed stimuli and a preference for low stimulus velocities. Most

29
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frequently however, penetrations near the 17/18 bor:ier contaiy,ned units
which showed a wide range of response characteristics. Some cells
preferreld low stimulus velocities, others very fast velocities, with a
complement of sustained and transient responses to brief stimul+.
Monocular receptive field sizes generally ranged between 2 and 5°
(86X of all units), while units with very small receptive fields (less
than 1°) such as those found often in the area centralis of area 17,
and units with large receptive fields (6-10°) were relatively uncommon
(32 an;! 11X respectively). All six cell types described in the
methods were represented in this sample. Nearly all cells recorded
displayed orientation selectivity while 88% of this units showed
direction selectivity or at least a directional prefereuceo' Many
cells were binocularly driven as shown in the normal cat ocular

)

dominance distribution of figure 8A.

Quantitative analysis of binocular interactions in normal cats

As described by previous investigtors, responses of cortical
visual neurons to binocularly-presented stimuli vary with the
d'isparity of the stimulus. Some units show binocular facilitation,
others binocular inhibition, while others respond with facilitation at
certain disparities and inhibition at oth¢rs-“ In figure 3, a variety
of such responses are shown. The response eiicited at each of the 7
different dispatit‘ies is illustrated for both in-phase (solid line)
and antiphase (dotted line) movement, and can be compared witl: the
‘predicted’ binocular response (sum of monocular responses, arrow) for

the two movement conditions. For reference, the value of the dynamic
4

range index for each condition is indicated next to the graph.

30



FIGURE THREE Disparity tumning curves in normal cats. These disparity

isual neurons of normal cats. Responses to both in-phase

tuning,curves illustratd the variety of binocular {nteractions seen
among>l

’(solid line) and antiphase (broken line) stimulus movement are shown,
and‘ the arrows indicate the sum of the monocular te;ponses
appropriate te-each stimulating condition. The responses of different
units were characterized by binocular facilitation (A-in, D=in, E=-an,
F-an), binocular inhibition* (F-in, G-in, H«in and an) or showed
inhibition at particular disparities, and facilitation at others (B-
in, D-an). Some units were ifsensitive to 'variations in stimulus
disparity (A-an, C-in and an, G-an). As these tuning curves ihdicate,
interactions to in-phase and antiphase stimulus movement could be
aimiliar (B, C, D), different (A, E, G) or opposite 1in sign (F). The
response characteristics of each of the units wef® as ‘follows: (A) OD
6‘, direction selective, unclassified (B) OD 6, direction selective,

&

simple (C) OD 4, direction select\ive, comple* (D) OD 6, direction

5

selective, on/off (E) binocular only, direction selective (F) OD 1,

v

unclagsified (G) OD 6, directionally preferentiél. complex {H) oD 5,
direction selective, simple. The values of the in-phase, antiphase
L ]
and combined dynaf'ic range indices are noted to the right of each
<

tud/ing curve. . b

L]
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+ Figure 3 1illustrates the responses of eight units located near

the area 17/lé border of normal cats to stimuli of varied disparity.
These units were, with the exception of unit.3C, rather sensitive to
variations in stimulus disparity: : Comparison of their dynamic r=nges
with that of the overall population (Figure 1l) shows that most of
these units are examples of cells which display relatively large
binocular interactions. Figure 3 illustratﬁs the richness and variety
of this binocklar selectivity in cortical responses. Selectivity
could be achieved primarily by binocular facilitation (34, 3E),
binocular i;hibition (3G,3H) or by both mechanisms acting 'in concert
(3B, 3D, 3F). Binocular facilitation could b; observed in response %o
either in-phase or antiphase stimulation (3A,3E, 3F) as could
binocular inhibition (3B,3D, 3E,3H). Some cells modulated their
firing in a similiar manner as a function of stimulus disparity
regardless of the direction of depth moti;n (3B, 3D; 3H) while in
other cells.’incteased responses for antiphase motion at one disparity

-

were reflected by deep inhibition for in-phase motion (3F). Not
uncommonly, disparity specific interactions were found only for in-
phase (3A,3G) or antiphase stimulation (3E)’in particular cellg, with
little modulation of the firing rate of the same cell by the other
type of depth motion, regardleés of variations in stimulus diséarity.
When a unit was found which displayed large binocular
interactions, it was often the case that the next 2 or 3 units Fested
(100-300 micra apart) would also show large interactions. The sign of
the interaction however, facilitatory or 1nh1bitory, could be opposite

to that of the surrounding units. As described previously, (Cynader

.and Regan, 1978) some ’clustering’ of units with strong -binocular

33



'anamic range »

interactions for antiphase stimulation was observed. Although the

. / ' .
frequency with which units with large intéractions for antiphase

- “ Al
motion were encountered was not high, when found, 2 or 3 of these
A

.

cells were often recorded consecutively.
+

¢

4

>

p
Overall, 1in-phase binocular interactions were larger than

“ ’ .

antiphase interactions. These data are summarized in figure 4, Which

-

gshows the value of the dynamic range index for in*phase (0), antiphase

(@) and in-phase and antiphase motion combined (e) for the entire

‘ population of cells examined. For purposes of .comparispon, units with

a dynamic range’ of 6.4 or greater were considered to have large

bingcular interactions while those with dynamic ranges of 0.8r lower’,
4 N .
were deemed to be relatively 1insensitive to stimulus disparity:‘ The

h

peak of the in-phase distribution was centetgd around the intermediate .
ratio of 3.2, with ab'out 27% of the ce‘lls showing arée bi'nocular
interactions and around 267 ap.peating'unselec't:i e for stimulus
disparity. Antiphase interactions, on the@lé l:l;nd, peaked at a
value of 0.8, with 54% of the population seeming 1nse|}sitive to
stimulus disparity. Only a small prZ)po'rt:lo’n B\f the units didplayed? .
large antiphase int:eracgions 82). ‘Since 73% of the units displayed
larger binocular 1nteract1c;ns with in-phage tt:an with antiphase
movement, the distribution of the combined'dynamic range 1'nde;( was
quite similiar to the dynamic range index for in-phase interactions.
In an effort to determine the components of the binocxilax‘:

response which were feaponsible for the differences between the in-

phase and antiphase selectivity, the indices of binocular inhibition



-

FIGURE FOUR Dynamic range of binocular interactions in normal cats.

Strong directien selective inhibition in the preferred direction of
motion resulted in a clear disginction b_e*en responses to in-phase

.

and antiphase stimulus movement. Binocular interactions to stimul{
moving in-phase were substantially larger than those to stimuli moving

antiphase. The distribution of the combined dynamic\range index was

Al

thus very simtliar to the distribution of in-phase interactions. Very

fewfunits showed large binocular responses (dynamic range 6.4 or

g.r ater) and many appeared umselective for stimulus disparity
(dynamic range 2.0 or below) when activated with antiphase stim\;lus
motion. No;xetheleas, although antiphase responses in general did not
display the large binocular 1nteracti,on~s, relatively common with

in-phase stimuli, almost one half of the units encountered showed
evidence of some sensitivity to binocular disparity when activated

with motion-in-depth stimuli.
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‘ .
(minimum response) and binocular facilitation (maximl;m response) were
compared across the two movemenrt conditions. These data, {ldustrated ’
the unper two graphs of figure 5, show the distribution of blnocular\
fofiikition (left) and facilftation (right) for both inphase (o) and
antiphase (e) respc')nses. The t:ao inhibitory distributfhons we;}e »
similiar J,:l.n general sh‘ape, range and variance, but there was
significantly (t-test, p>.0l)more inhibition with in-phase than with
antiphase movement. Likewise, the characteristics of the two -

N\
~
facilitatory distributions were also simfliar, but 1in striking

contrast to the inflibitory case, there was no differenc? in the degrec; »
of binocular facilitatlon across the two movement conditioms. These
data showed clearly that‘: the larger binocular interactions fo—r in- .
phase than for antiphase movement reflected a difference}n the degree
of binocular inhibition across the two movement conditions. Binocular
facilitation was similiar for in-phase and antiphase movement, but

binocular inhibition was clearly stronger for in-phase stimulus

motion.

Characteristics of disparity sensitive cells

In order to identify characteristics which distinguished cells

A -

with high from those with low disparity sensitivity, a comparison was

made between units with dynamic ranges in the top and bottom quartile
k 4 ¢

of the combined dynamic range distribution of binocular interactions

(greater than 5.7 and less than 2.4 respectively). Differences were

.

seen*bétween the ,two groups on the following measures: l. cortical

location 2.'ocular dominance 3. direction selectivity and 4. cell

»

type.
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FIGURE FIVE Binocular inhibition and %acilitation in normal cats and

in cats with unilateral lesions of the visual cortex. Since binocular
¥

interactions were substantially larger to in-phase #han to antiphase

stimulus movement, it was temlrkable to find that responses across

»

these two movement conditions differed oLly in the strength of

binocular inhibition. In both normal and decorticate cats,the

distributions of in-phase and antiphase binocular facilitation were

Y

strikingly similiar. The degree of facilitation was centered around a

x «

ratio of 1.0 (representing the sum of the nonocular responses, arrow),

and when compared to the peaks of the inhibitory distributions,

indicated that nonlinearities in response rates were far more common
with inhibitory than with facilitatory binocular interactions.

¥

-

B

e
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Cortical location

Although units of all types were found throughout the cortex,
cells with large binocular interactions were more frequently
encountered in the upper cortical layers, while those exhibiting
littlé'binocular interaction tended to be found in the lower layers of
the cortex. Seventy-four percent of the units with strong binocylar
interactiogs were fouhd above a depth of 1100 micra, while only 33X of
the relatively unselective cells were found in this region. For a
more comprehensive view of binocular interactions as a function of
cortical locati;n the average combined dynamic range was examined in
units recorded at specific depths from the cortical surface. These
data are illustrated in figure 6, which plots the mean value of the
combined dynamic range index for the subpopulation of units recorded
at each depth (ordinate), against the location of units relative to
the cortical surface (abscissa). Since in some cats, the number of
units found at the beginning and end of a penetration was quite small,
units recorded at the very top and bottom of the cortex were grouped
together as one point at the low and high end of the scale.

The data of figure 6 show that, on average, binocular
interactions are larger in the upper than the lower half of the
cortex. The mean value for the dynamic range index was quite high at
the top of QEE cortex, peaked at a depth of 800-900 micra, was minimal.
around 1200 micra, then rose and remained fairly constant below 1500
micra. Although the mean dynamic range of units encountered
immediately below the cortical surface wag somewhat less than~that of
slightly deeper neighboring cells, this difference can be attributed
to prolonged exposure of the dura, and successive penetrations , which

were found tp depress the binocular responses of units located

40
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FIGURE SIX Average dynamic range as a function of depth in the cortex
in normal and decorticate cats. The effects of unilateral
decortications appeared restricted to ﬂarticular cortical regions,
regions which corresponded well with known termination zones of
callosal projections. Differences between normal and lesioned ;ats
were Seen in two principle zones; one in and around layer III and/or
upper layer 1V, and the second was at the very bottom of the cortex,
around layer VI. A large effect was observed in the superficial‘
cortical layers{ where decorticate animals showed a substantial dro;
in dynamic range in a region extending from about 700 to 1100 wmicra,
and a second, although éopsiderably smaller effect was seen at the
very bottom of the cortex, at and below a depth of 1;6b micra. As the
data of figure 10 suggest, the reduced mean dynamic range seen in
decorticate cats at these depths probably reflects an increase in the
number of disparity insensitive cells recorded at these cortical
locations. Dispite the variance noted above, curves from the two

\
preparations shared a number of common features.
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immediately below the cortical surface. When the cortex was in
optimal condition, units with large interactions were qutite
consistently encountered very near the cortical surface. In the
middle cortical layers, & number of units found at a depth of around
1200 micra were either insensitive to stimulus dispa;ity or showed
very small binocular interactions. This appeared in figure 6 as a
’region extending for 200-300 micra with a relatively low mean dynamic
range. On the basis of the location of these unselective cells
relative to the cortical surface, and with respect to the depth at
which geniculate flbers were encountered, it 1s probable that these
units were located in the lower portion of layer IV or upper layer V.
To determine the characteristics of the binocular response which
were responsible for the larger dynamic range of units in the
superficial cortical layers the degree of binocular inhibition and
facilitation were compared in cells encountered above and below a
depth of 1100 micra from the cortical surface. The distribution of
inhibitory binocular interactions across in-phase and antiphase motion
(combined minimum and maximum response) was tabulated for the two
groups of cells and is shown in the upper left graph of figure 7.
Facilitatory interactions are si;ilarly represented in the upper
right-hand graph. As these data show, there was only a small
difference between the superficial and deep layer cells in maximum, or
facilitatory interactions, but there was a clear difference 1in
minimum, or inhibitory interactions. Units in the superficial
corrical layers had a larger combined dynamic rapge than units in the

deep layers, primarily because they showed stronger binocular

{nhibition.

43



A
g ]

FIGURE §%¥§§ Binocular inhibition gnd facilitation in the superficial
and deé; fayere of normal and decorticate cats. The larger dynamic
range of ;nits in the superficial cortical layers was principally due
to binocular inhibition. In both normal and lesioned cats, binocular
inhibition was clearly stronger in the superficial than in the deep
cortical layers. Relative to normal cats, decorticate cats showed a
substantial reduction in binocular inhibitien throughout the cortex
and a very slight decrease In the extent of binocular facilitation in

the superficial layers onmnly.
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Ocular dominance and direction selectivity
The \relationship between the magnitude of a unit’s binocular
interactidns and its ocular dominance was a clear and consistent one.
Except for\ the special case of the binocular only cells, the more
biased a cell to one eye, the larger were its binocular interactions.
This relationship held f&r both facilitatory and i;xhibitoFy bi:xocular
interactions.; The binocular only cells had the highest mean combined
dynamic range (23.6), followed by cells in ocular dominance groups 1 &
7, 2 & 6, SCG 5 and 4, with mean combined qunamic ranges of 9.7, 5.0,
3.3 and 2.0 respectively. Of the units in the upper quartile for
bfnocular 1ntera‘10ns, 77% were either driven well through only one
eye or failed to respond to monocular stimulation of either eye alone
.(OD groups. 1, 2, 6, 7 and binocular onlk Of the units in the lowest
. quartile for binocular interactions, only 32X were strongly dominated
by one eye. The top three histograms of figu‘re 8 show the ocular
dominance distribution of the entire population of units (hiatogran'on
]’.eft),‘units exhibiting substantial binocular interactions ( top 252
-of tl;e population, center ) and units little binocular interaction
(bottom 25% og the population, right). As the histograms representing N
\t‘he 2 subgopula]:ions of cells show, units with large binocular
interactions and those with 1little binocular interactien were

’
rez:ectively more "monocular" and "binocular" than the population as

whole.

A [y

Units which were strongly dominated by one eye (0D groups 1 & 7)

also tended to be more direction selective. About 80 of these

"monocular" cells were strongly direction selective, compared with 563

.

"for the population as a whole. As indicated in table 1, the mean of
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FIGURE EIGHT Ocular dominance of disparity sensitive and disparity

‘1nsensitive units in normal and decorticate cats. In normal cat;,
units highly sensitive to stimulus disparity were dominated umwequally
by the two eyes, or driven pooily to stimulation of either eye
alone. Units unselective for stimulus disparity tended to be driven
well through either eye. Data from normal cats are shown in the top
three histograms, data from deco;;icate cats below. Although there
were no large differences in the ocular dominance (0D) of cells found
in the two preparations, lesioned animals showed a slight increase in
units which received excitatory input from only one eye (0D groups 1
and 7). This difference was not obvious when the population of units
was considered as a whole (histograms on left) but became much more
apparent with a comparison of the 2 groups of unselective cells, shown
oE‘Ehe right. Since in normal cats, units in OD groups 1l and 7 are
rarely disparity-insensitive, these data indicate that an effect of
the cortical lesion w;s to generate truely monocular cells which were
insensitive to stimulus disparity. LiEew;se, since there y;re no
differences between the two preparations 1in the respons;
characteristics of highly sensitive cells, these data suggesk that
units rendeteg\‘?selective by the cortical lesion were not drawn from
that population of\gguﬁsns which show substantial disparity specific

-

responses.

.
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the combined dynamic range index was largest for directional umits,
somewh;t less for units which showed a directional preference and was
lowest in non-directional cells. As w;uld be expected, uniits showing
large binochlar interactions were more likely to show direction

selectivity than cells which were relatively insensitive to stimulus

disparity.

Other properties

Also examined was the relationship between orientation preference,
cell type and the degree of disparity selectivity amongst visual:
cortical cells. No effect of orientation was observed. Cells of any
orientation, even horizontal, could show substantial variations in
strength of response when stimulus disparity was varied. Since
stimulus disparity was always varied in a direction perpendicular to
the preferred orientation of the cell, in this latter case, these
alterations represented changes in vertical rather than horizontal
disparity. The relationship between cell type and binocular
interctions was not pursued 1in detail since only qualitative
procedures for classifying units were employed. Differences were seen
however, in the frequency of cell types seen in the groups of low and
highly sensitive cells. With only one one exception, each of the six
cell types was represented in each group, yet there were clearly more
gsimple cells among-the highly selective units (48X vs 26X among the
unselective cells) and more complex cells among units with low

binocular interactions (65% vs 23% in the highly selective group.
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TABLE ONE Mean combined dynamic range and frequency of direction

selective, non-directional and directionally preferential units in
normal and decorticate cats. In both normal and decorticate cats, a
consistent relationship was seen between a unit’s binocular
interactiouns and its directional properties. A unit was considered to
be direction selective if it responded with 4 times as many splkes to
one direction of stimulus motion than to the opposite direction.
Directionally preferential cells responded with twice the number of
spikes to one direction of stimulus movement. In both.normal and
décorticate cats, non-directional and direction selective units
regspectively had the smallest and largest mean dynamic range. Across
the two preparations, there was very little difference in either the
dynam%c range of direction selective units or in the frequency with
which they were” encountered. Decorticate cats however, had a greater

number of non-directianal cells and fewer units which showed a8

directional preference. These data suggest that a group of units

. .
.

which formerly showed a directional preference were réndered nod-

hY
directional by the cortical *lesion.
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Summary

In normal cats, fully 85% of the units along the 17/18 border
displayed clear binocular interactions and 78% of these cells showed
sensitivity to the retinal disparity to binocularly-presented stimull
moving in the same (in-phase) and/or 1in opposite (antiphase)
directions on ;he two retinae. The modulation in‘firing rate (dynamic
.range) seen in these cells was greater for s%imuli woving in-phase
than in antiphase. There was no difference in the degree of binocular

. » -
facilitation between the two movement conditions but binocular
inhibition was significantly strongerlwith in~-phase stimuluss motiqn-
Binoculﬁr interactions were more ;}ouounced for units in the
superficfal than in the deep cortical layers: this effect could be
attributed to a difference in the strength of binocular inhibit;on.
Units showing strong binocular interactions were most frequently found
in the superficial cortical layers. These cells were‘often strongly
dominated Ey one eye ‘and were frequently direction selective. é::v

o
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SECTION II

~ v
L 1
-

Visual responses in cats with unilateral lesions of the visual cortex

Unilateral ablations oé the left visual coréex were performed by
supial aspiration in 5 nprmally-reared adul% ca;s- The lesions were
large, including all of areas 17,18 and 19 of the visual cortex, the
suprasylvian visual area and invaded the complex of visual areas which
have been called the\Clare Bishop area (Palmer,'Rosenquist and Tusa,
1978). They extended -anteriorward as far as the bregma, posteriorally
to the tentorium and included most of the marginal gyrus. A
reconstruction of the lesions in the 3 cats which were studied with
quantitative methods is shown in figure 9. Lesions in two cats were
identical (broken line) while that sustained‘by the third animal
(dotted line) was slightly smaller in its lateral extent. It {is
likely however, that destruction of fibers in this third animal
resulted in a functionally similiar lesion to those of the other cats.
No differences were seen among the data obtained from the three
animals. ‘

Two hundred and thirty -units were recorded from 5 unilaterally

+ ‘

decorticate cats, and 162 cells in 3 animals were studied
quantitatively. The approximate location of eletrode penetratiouns can
be estimated from figure 9. As in normal caF experiments, the angle
ofhthe.electrode was usually within 10° of perpendicular to the
cortical surface. In almost all penetrations receptive fields~were
located in the lower visual fields, about 5~ 10° below the area
“tentralis and within 3° of “the vertical meridian. (Stereotaxic
coordinates were n4ar AP 0.0, latefﬁl 1-2.) 1In operated cats, units
E *
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FIGURE NINE Electrode penetration in a unilaterally decortdcate cat.
In lesioned animals, response; were brisk and units showed a variety
of binocular interactions, similiar to those seen in normal cats. Some
cells showed responses chacterized primarily by either binocular
facilitation (#3) or inhibition (#5), while others showed facilitation
at some disparities and inhibition at others (#1,2 and 7)¢ In both
normal and decorticate cats, binocular interactions were larger to in-
phase (solid lige) than to antiphase (broken line) movement. The
ocular dominance, cell type, directiomal charateristics and‘record}ng
location (depth relative to the cortical surface), of the 7 units
shown above were as follows:hfl) oD 6, compiex, éirection selective,
310 micra (2) OD 5, unclassified, direction selective, 493 micra (?)
binocular only, direction selective, 548 micra (4) OD 2, complex,
direction ;elective, 815 micra (5) OD 4, complex, non-directional,
1060 micra (6) OD 7, simple, direction selective, 1351 micra (7) OD
7, simple, direction selective, 1520 micra. As illustrated 1in the
1nser} on the left of the above figure, the lesions in these animals
were large, encompassing all of areas 17, 18 and 19 of the visual
cogex, the suprasylvian visual area and invading the complex of the
Clare Bishop area. In this insert, the brokgﬂ line represents the
extent of the ablations in 2 cats and the dotted line, the lesion in
the 3rd animal. All electrode penetrations were taken from the region

outlined By the solid rectangle in the hemisphere opposite the

cortical ‘ablation.
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with receptive fields on the vertical meridian Vere located more
medially in the cortex than in normal animals, suggesting mechanical
factors had caused the intact hemisphere to shift slightly toward the
space vacated by the removed visual cortex.

With qualitative evaluation, responses in unilaterally
decorticate cats appeared\normal in almost all respects. Units gave
brisk responses, displayed orientation and direction selectivity, and
their spontaneous and stimulus-locked rates of firing were not
obviously different from normal. As shown in table one, the
percentage of units displaying strong direction selectivity was the
same both normal dnd in operated cats (56X). There were however,
approxiimately twice as many non-direction selective cells in
decortiicate cats (22%) as in normal cats (l112). Thus, there were
fewer cells of the "preferential' category in lesioned cats. The
ocular |dominance histograms for normal and operated cats (figure 8A
and 8B) were similiar although decorticate cats showed a slight‘
increase (8Z) in cells of OD groups 1 and 7 and a slight decrease (6%)
in OD group 4 units. There was no change in the percentage of units
in OD groups 2 & 6 or 3 & 5.

The\ cortices of all unilaterally decorticate animals appeared to
be in exéiellent condition and many units showed large binocular
interactic;\ns. A representative penetration throughr;che 17/18 border
zone in an\opetated cat is 11lustrated in figure 9. On the left is an
outline tracing of a coronal section through the cortex showing the
reconstructed electrode track. The graphs on the right hand side of
this figure \show the in-phase and antiphase disparity tuning of 7 of

the 14 cells\ recorded at various depths during this penetration.
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Units in the most superficial layers (cells #1-3 of figure 9) showed
substantial binocular interactions, with both inhibitory and
facilitatory properties. For this penetration, alteratidns in
response rate in most cells were more pronounced for in-phase than for
antiphase motion in most cells. In the cgntral layers of the cortex
(cells #4-6 of figure 9) binocular interactions were weak, and in
general, the firing rate of cells was only slightly moduléted by
stimuli of varied disparity to either in-phase or antiphase motion.

In the deeper layers of the cortex, represented by unit 7 in figure 9,

large disparity-specific binocular interactions were again observed.

Dynamic Range

Altho many of the units from cats with unilateral lesions
showed large binocular interactions, the overall population of cells
from these animals showed reduced specificity for stimulus disparity
relative to normal cats. A summary of the binocular interactions seen
in normal (o) and decorticate (o) cats 1is show2 in figure 10. The
three graphs represent the distributions of the dynamic range index
for in-phase movement (10B), antiphase movement (10C) and the two
movement conditions combined (10A). The combined dynamic range index
was the most comprehensive measure of binocular interactions, and it
18 here that the largest effecf was seen. The difference between
normal and decorticate cats on this index was gsignificant when the
population was considered as a whole (chi square, p>0l) or when units
found above 1100 micra were analyzed separately (chi square, p>.01).

There were no significant differences on this index for units found

below 1100 micra considéred as a group. When the population was
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FIGURE TEN Dynamic range of binocular interactions in normal-and
decorticate cats. The dynamic rangé index represents the extent to
which a unit’s firing rate was modulated by stimuli of varying
disparity. A dynamic range of 12.8 or greater indicated a very high
sensitivity to stimulus disparity while a dynamic range of .8 or less
represented a unit which was relatively unselective for the
stimulating disparities. These three graphs show the magnitude of the
binocular interactions observed in normal (o) and decorticate (e) cats
to in-phase (B) and antiphase (C) stimulus motion and across the two
movement conditions combined (A). In both preparations, units
displayed larger binocular interactions with in-phase than with
antiphase movement. On all measures, binocular Ynteractions were less
substantial in decorticate cats than in normal cats. .Jhis difference
reflected a decrease in lesioned cats in the number of cells which
showed moderate binocular interactions and a dynamic range index
around 3.2, and an. increase in the number of units which were
unselect;ive for stimulus disparity. When the population was
considered as a whole, there were significant differences between the
two preparations on the combined dynamic range index (chi square
p>0l) but not on the indices of in-phase and antiphase dynamic range.
There was n; real difference between the two preparations 1in the
proportion of units with very large binocular interactions, and the
8lightly greater number of such units seen in later recorded
decorticate cats was attributed to methodlogical improvements in the

craniotomy (see methods).
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conasidered as a whole, there were no signific;m‘t differences between

7 . normals and operated cats on‘eithet in-phase br antiphase dynamic
range. When data from the superficial and deep layers were analyzed
Alg«e{aratedly however, a distinct difference yas seen between the two
praparations in the <tmgerficial laydrs only (figure 11). The in-phase
dynamic range of units in the upper cortic;l layers was significantly
(chi square p>-0.2) lower 1n‘decort1cate cats than in normal animals .
In figure l?h which gl;ows the combined dynamic range for normal

and decorticate cats, three subpopulations of cells could be
distiénguis-hed: 11s with low.( less thaan or equal to .8), moderate
(around 3.2) and substantial (greater than or equal to 12.8) binocular
interactions. The ‘distribution for decorticate cats peaked at a
dynamic range index of .8, a value whiih represented units showing
very little or no binocular interctions. The normal cat population
peaked at a combined dynamic range of 3.2, showing many cells with
moderate binocular interactions. Both preparations displayed a
similar prc;p0ttiou of units with large binocular interactions and a
dynamic range index greater than or equal to li.&' Thel? data suggest
that the lesions produced the greatest effet on cells which would have
displayed' moderate binocular interactions. Decorticate cats showed no
‘change 1in the proportion of cells 'with very large~binocular

interactions) a clear reduction in the number gthls with a moderate

dynamic rpdge index and an increase in the number of cells which were

R ) ml\et?.,':o stimulus disparity. ‘ -
As in figure 10C, the distribution of the antiphase dynamic

range index, in bosh normal and decorticate cats, peaked at a valne~of

»

v ¥ i ¥
0.8, indictuﬂ that ng cells were relatively insensitive #o ntil&ﬂus
‘ N
J .
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disparity when presented with antiphase motion. There was very

little difference between the two preparations on this index. In
decorticate animals, the distributionhf both the in-phase and the
combined dyx;amic rdange index also peaked at a value of 0.8, showing

-
that many more unselective cells appeared in operated cats than in
normal cats. In the superfi.cial layers of normal cats (figure 11A)
ve’ry few unselective cells were found, and many units displayed
moderate levels of binocular interactions. Interestingly, the in-
phase dynamic range index for deep layer normal cat units (figure 11B)
showed a bimodal distribution. There were two distinct groups of
units,’ those with minimal and ‘those with moderate binocular
interactions. Although there was no signifj:cant difference bet;ieen
the two preparations amongst deep layer cells, the variation in the
shape of the two curvgs of figure 11B illustrate a consistent trend in
the data: that the effects of the leaion were seen throughout the
cortex, although these effects were considerably larger in the
superficial cortical layers (see also figure 7).

Since units with a combined dynamic range index around 0.8 were
relatively insensitive to stimulus disparity, the data presented in
figures 10 and 11 indicate that the number of cells with little or mo
binocular interaction was increased following unilateral ablation of
the visual cortex. They also indicate that this effect was
considerably larger in the superficial cortical layers. Since both
afferent and efferent callosal fibers are known to be more heavily
distributed in the superficial cortical layers the occurrence of these
unselective cells was exmined for layer specificity. Using normal cat

data to predict the percentge of umselective units (combined dynamic
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FIGURE ELEVEN In-phase dynamic range in the superficial and deep

R layers of normal and decorticate cats. Differences between the
v .

binocular interactions of normal and decorticate cats were more
outstanding when units of the superficial and deep cortical layers
were analyzed separately. There were no significant differences
between the two preparations among deep layer cells on any of the
’ /
dynamic range indices. For superficially located units, significant
differences were seen in both the combined (chi square p>.0l) and the
in-phase (chi square p>.02) Wdynamic range index. The upper graph
{llusttatee that decorticate cats showed a decrease in the proportion
of wmits with moderate binoc;lar interactions (dynamic range 3.2 and
f6ﬂb) and an increase in units which were insensitive to stimulus
‘disparlty (dynamic ;ange 1.0 or below). In normal cats, the
disétibution of binocular interactions was bimodal , distinguishing a

«

group of disparity-insensitive units from units with moderate
bi;ocular interactions. In the deep layers of lesioned cats, this
distribution‘gas shifquxtpward the low end of the dynamic range
index, reflecting a pattern of change similiar to that seen in the
superficial cortical layers. Aithough the differences in the deep
layers of normal and decorticate cats were not significant (chi
square), the trend seen on Fhis and other measures indicates that the
effects of the lesions could be detegted throughout the cortex even

though they were considerably larger in the superficial cortical

layers.
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range less than 2.0) which one would expect tg find at-any particular
cortical depth, the X increase in unselective cells in {ecorticate
cats was calculated from the frequency with which such ca&lls were
encountered .at specific depths in normal cats. These data are shown
.
in figure 10, where the % increase in unselective cells seen in
decorticate cats 1s plotted against depth in the cortex (Qundred
micra) relative to the cortical surface (zero). Judging from the
location of geniculate afferents encountered electrode pen;trations
and the position of unita relative to the surface of the cortex and
the white matter, it was estimated that a depth of 800 micra from the
cortical surface represented layér ITII. Figure 12 dramatically
illustrates that at this depth, decorticate cats showed a iatge
increase in the proportion of units which wer; unselective for
stimulhs disparity. The region where the largest effect was seen
extended for about 400 micra, from a depth of 600 to 1000 micra below
the cdrtical surface. There was 11::1;\change in the proportion of
unselective cells at the very top or in the middle of thé cortex.
Some increase in unselective cells was seen at the bottom @f the

cortex (1600 micra and below) but this effect was small relative to

the effect seen in the superficial cortical layers.

Binocular inhibition and facilitation

In decorticate cats, binocular inhibition was clearly ‘stronger to
stimuli moving in-phase than in antiphase, and there were no
differences seen between the two preparations on the index of
binocular facilitation. This 18 illustrated in figure 5, which shows
the distributions of the in-phase and antiphase indices of binocular

inhibition (5B) and facilitation (5D) in normal (upper graphs) aund

i
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FIGURE TWELVE Increase () in decorticate cats in cells insensitive

to stimulus disparity as a function of cortical depth. At particular
depths 1in the‘cortex,‘ \\decorticate‘ cats showed a subst:\'t;al increase
in the number of cells whis:h were insensitive to stimul disparity.
The magnitude offthese effects corresponded well with the density of
known callosal projections. The large effect seen aronnd‘”boo-looo
micra 1is estimated to encompass layer III mid upper layer IV, while
the smaller effect at the bottom of the cortex a'i)‘peaped .around layer

>

. PN

»
.(’



€

138

18

16

14 -

12

1

ﬂf.u.a‘ ~, .wmmh. v ae RN
Y e oo e s S - e v
e * A b by L eM ., B Ve o
AT A i, A
. ~ &%
um, ” m%; vﬁ\%%?# %
P YO ;B.a o

40
4

2

.

.

(1001 m) -

S

DEPTH N CORTEX

.

¢



LY

decorticate (lower graphs) animals. Each pair of distributions,
regardless of preparation or movement condition, were similiar in
shape, ‘range and variance. The twq facilitatory distributions were
clearly overlapping, but the mean of the 1in-phase inhibitory
distribution was distinctly lower than that of the antiphase

'
inhibitory ,distribution=-a relationship which was seen in both mormal
\

and decorticate animals. Differences between the two preparati*ns on

P AY

this index and on the combined index of inhibition and facilitation
were not significant. These indices however, sluggested that the
reduction in combined dynamic range seen in decorticate cats was due

principally to a reduction in the strength of binocular inhibition.

Characteristics of disparity semsitive cells

dn decorticate cats, units with large binocular interactions
(combined dynamic range greater than 6.5) were in all resapects

similiar to those cells seen in normal cats. In additfion to being
‘4 i3
found more frequently in the superfieial cortical layera, they were

usually driven unequally’by the two eyes and they were strongly
direction selective. Unita showing little binocular interaction
(comﬁined dynamic range less than 2.0) however, differed in two

respects frpm those observed in normal cats: thei§ cortical ].oc%ion

A

and their ocular dominance. In lenaioneaxiats. cells insensitive to

»
-

stimulus disparity were less vften driven equally by the two.eyes

a - ]

than vere such cells {n normal cats. Alqso inm'cOntrast tb normal cets,
whére most unselec'tive cell.s were found in the lower'ﬁalf of the’
cortex, decd‘rtaicate cats showed a large' concentration of unselective

cells in the superficial cortical layers (see figure 12). : ’.‘

(]
.
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Cortical location

Of the units displaying high sensitivity to stimulus disparity,
-74% were found above a depth of 1100 micra from the cortical surface.
A number of these cells were seen at the very top of the cortex as the
data of figure 6 suggest. As previously dea;ribed,'figure 6 shows the
average combined dynamic range of units recorded at.specific cortical
depths, in both normal and decorticate cats. In both preparations,
average dynamic range was high near the surface of the cortex and then
dropped to a low value at a depth of 1100-1300 micra below the
cortical surface. At the very top of the cortex, binocular
interactions 1in decorticate cats weée actually larger than in normal
cats. This difference however, 18 probably not due to the lesion but
to methodological 1mprovements.in the craniotomy (see methods) which
resulted in less damage to the cortical surface of the later-recorded
decorticate cats. Despite some variability however, certain
reégularities can be seen in the data from the two preparations. In
both normal and decorticate cats, average combined dynamic range was
high withi? the first 600 micra, dropped off at a depth of 1200 micra
an& than rose again to a moderate level around a depth of 1500 ‘micra
in the deep cortical layers. In contrast to normal cats however,
decorticate animals showed a distinct decréase in mean dynamic range
at two depths. A large difference between the two preparations was
seen in a region extending from about 600-1100 micra, and again at the
very bottom of the cortex, around 1600-1800 micra, a second, although
considerably &‘maller effect appeaxl'ed. As table 2 indicates, the

reduced binocular interactions in decorticate cats ment that , unlike

P
snormal cats, these animals showed no difference between the dynamic

Y
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range of units in the superficial and deep layers. Since lesions were
not made after every electrode penetration, some uncertainty is
assoclated w1t£ the identification of each depth with a given cortical
layer. Nevertheless, by noting the location at which geniculate
;fferents were encountered during electrode penetrations, and taking
advantage of the fact that all penetrations were made in a uniform
manner, perpendicular to the cortical surface, 1t 18 highly likely
that this 600-110d micra zone represents cortical layer III and upper
layer IV. In normal cats, this region is the site of the heaviest
terminationﬁof callosal fibers . The site of the smaller effect seen
at the bottom of the cortex also corresponds to known callosal
projections (Jocobson and Marcus, 1970; Shatz, 1977; Innocenti, 1980),
for fibers of the corpus callosum project to layer VI of the opposite

visual cortex, terminating less densely in this region than in the

7/
superficial cortical layers.

Ocular. dominance

In both normal and decorticate cats, units which were highly
$
sensitive to stimulus disparity were generally either strongly

v

dominated by one eye (0D groups 1,2,6 and 7) or were driven poorly

vith stimulation through-either eye alone (binocular only). Figure 8

shows the oculdr dominance distribution of highly sensitive cells

3

(combinea dynamit range greater than 6.1) for the 17/18 border of

normal cats and cats with unilateral decortications. The two
ALY

distributions are similar in that they‘both show that relatively few

-

.
highly sensitive cells were driven equally by the two eyes. In normal

cats, only 20% of the units were in QD groups 3,4 and 5 and {in
£ .

)
-
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decorticate cats, only 23% of the cells were similarly classified.
Units which were insensitive to stimulus disparity (combined dynamic
range less than 2.0) however, tended to be activated well through
either eye. Sixty-eight percent of the unselective cells in normal
cats were from OD groups 3,4 and 5, as were 572 of the unselective
cells in decorticaﬁe cats. Nevertheless, a distinct difference
‘ between the two preparations was seen in the number of "monocu}ar"
cells which were found to be insensitive to stimulus disparfty. 1In
normal cats, units in OD groups 1 and 7 all showed some sensitivity to
gtimulus disparity, whereas in decorticate cats: fully 18% of the
unselective cells were classified as OD group 1 or 7.

In normal cats, cells in OD groups 1 and 7 generally showed large
binocular interactions. This ;:an be seen in figure 13, where the
eight histograms represent the combined dynamic range index for normal
(upper histograms) and decorticate cats (lower histograms) as a
function of ocular dominan.ce- Dynamic range is plotted on the
abscissa, while the number of units is shown on the ordinate. From
left to right the histograms represent uanits in OD groups 1 & ‘f. 2 &
6,3 & 5 and 4. Aé the data indicate decorticate cats showed an
increase in the number of units which were insensitive to stimulus
disparity; an increase (20%) which was seen in cells of all ocular
dominance groups.gThere was no change in any OD category in the
proportion of cells which showed very large binocular interactions.
In table 2, the average combined dynamic range index is shown for
normal and decorticate cats as a function of ocular dominance group
and cortical location. Ocular dominance groups 1 &7, 2 &6, 3 &5

and 4 are as represented on the left side of this table, and

distinctions between the two preparations and cortical locations are
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FIGURE THIRTEEN Combined dynamic range in normal and decorticate cats

as a function of ocular dominance. 1In both normal and decorticate
cats, there was a cousistent and orderly relationship between the
magnitude aof a unit’s binocular interactions and its ocular dominance
(OD). The more bias;d a unit was toward one eye, the stronger were
its binocula® interactions. Units which were largely dominated by one
eye, OD groups 1 & 7, showed the most sﬂh{tantial interactions,
followed by units in OD groups 2 & 6, 3 & 5 and then OD 4. Across all
ocular dominance groups, decorticate cats showed an increase in the
number of units which were insensitive to stimulus disparity (combined
dynamic range less than 2.0) , and very little difference in the
proportion of units whigh displayed very large interactions {(combined
dynamic range greater than 10.0). Although unigs in all OD groups
were effected by the cortical lesions, the appearance of a large
number of disparity-insensitive units among cells of OD groups 1 & 7

was particularly striking, for in normal cats, these neurons reliably

show substantial disparity-sensitive binocular {interactions.
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TABLE TWO  Mean combined d-ynamic range as a function of ocular
dominance group and cortical region. In normal cats, units in the
superficial cortical layers showed more substantial binocular
interactions than units in deep layers; in both.regions, ‘a direct
relationship was seen between a unit’s ocular dou;:iuance and the
magnitude of fts dynamic range. The more strongly biased a unit was
toward one eye, the larger were its binocular {interactions.
Differences between normal and lesioned- cats were minimal in the deep
layers and quite aubat;ntial in the superficial cortical layers. In
decorticate cats, superficially located cells showed a decrease in
mean dynamic range across all ocular dominance groups, with the
greatest drop seen among the "n:onoculat" cells of OD groups 1 and 7.
In contrast to normal cats,‘ decorticate animals had a similiar ue.an
dynﬁc range in both superficial and deep layer cells, lesioned cats

did however show the normal relationship between dynamic range and

ocular dominance. , v
'-0
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as 1nd1c‘ied n top. These data show that, in normal cats: 1)
binocular interactions were larger in the superficial than in the deep
cortical layers and that 2) the more "monocular" cells displayed the

largest binocular interactions. They further illustrate that the

D

differences in combined dynamic rdnge of normal and decorticate cats
were 1) larger sin the superficial than in the deep layers and that 2)
effects were seen in units of all OD groups. Nonetheless, it was

certainly the case that the drop in combined dynamic range was most

dramatic in cells of OD.groups 1 and 7. This does not imply however,
that these "momocular” units were most strongly affected by the
decortication, but rather, reflects that in normal® animals, cells of
OD groups 1l and 7 were rarely unselective for stinulu; disparity. In

decorticate cats, units in OD groups 1 and 7 which were disparity~-

insensitive were most striking, for they represented a distinct subset
14

of monocular cells, a type of unit rarely encountered along the 17/18

."‘boxder of normal cats.

‘

t

-

Direction selectivity and cell type

-
h ) *
s

-

I} in normal cats, units in decorticate cats which were highly
. sensitivé to stimulus disparity also showed strong direction

nelectivity- Of the group of cells with large binocular interactions
//,.(top 25Z of the populltion), 73% wvere dixectionslly selective and only

lT;Ruete men~directional. Thirty-one percent of the relatively

. - R

in‘enlitive cells (bottom 25% of the pdpulation) were direction
p * L)
% 'selective and 351 w&re non-directional. Unitg which were direction

.

1 " A N
selective  also displayed a larger co‘h;ned dynamic n&ﬂge. This can be

-
- . . )
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seen in table 1, which shows the average combined dynamic range for
units which were diréctionally selective, non-digzctional and for
those with a directional preference, in both normal and decorticate
cats. The bottom two rows of table 1 indicate the frequency with
which each type of unit was found in the two populations. The data
show very little difference in.direction;lly selective units of normal
and decorticate cats, either in their frequency or their mean dynamic
range. In operated cats, there appeared to be a decrease in the
proportion of units with a directional preference and an increase in
non-directional cells. Correspondingly, the largest drop in mean
dynamic range 1in aperated cats was seen in the population of
directionally~preferential cells.

The relationship between cell type and binocular interactions in
decorticate cats was also similar to that seen in normal cats.
Although all cell types vefe represented in each group, more simple
cells were seen among the units showing large interactions and more
complex cells among the units with little binocular 1nteracglpn. of
units in the upper quartile of the combined dynamic range ind?x,'341
were simple cells and 25% were complex cells. 0% the group wit; small
binocular interactipns, 141 were simple cells and 812 were complex
cells. The large number of complex cells among the group of

unselective units suggests that these cells were most strongly

affected by the cortical lesions.
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Summar

Binocular interactions in cats with unilateral lesions of the
visual cortex were reduced relative to those in normal cats. The
differences seen in combined and in-phase dynamic range between the
two preparations were significant only 1in cells kound in the
superficial cortical layers. No significant changes were seen among
deep 1ayer cells. Although no one component~inhibition or excitation=-
of the binocular response was exclusively responsible for these
changes, the data suggested that binbcular inhibltion was more
strongly affected by the decortication than was binocular

facilitation.

The principle effect of the lesion was to produce an increase in

-

number of cells encountered which. were insensitive to stimulué
disparity. These cells appeared primarily in two cortical locations.
A lar;e increase in the proportion of unselective cells occurred
around layer III and upper layer IVand a sméll increase was seen at

the bottom of the cortex, around‘layet VI. These regions correspond

well to the known terminations of callosal fiber&. - These unselective

cella were found in all ocular dominance groups but their appearance

)
was most striking among cells of OD groups 1 and 7, for in normal

- ‘ -
cats, these cells generally show very large binoculag igteractions.

Decorticate cats also showed a decrease in the number of cells vh{ch,
¢ .

dfsplayed moderate binocular interactions, a type of interaction which

* , ) - '
characterizes complex cells more so than sinple~c§113, and cells
‘ . - -
driven nearly equally by the tgo eyes (0D grodps 3-5) more so!than

S
¥

. 14 » 4
cells strongly dominated by one eye. Dedorticate cats also Showed a

decrease in the proportion of cells which displayed a directional =

S *

@&
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4 ‘ ,
- “

preference altbouAh there was no change among cells showing strgn%

-_ditectién selectivity. The data thus suggest that the type oqugir
most 1ikely to have been affected by the unilateral decortication were

coﬁp1e£ cells 1in the superficial cortical layers, which showed a

N .
directional preference, and exhibited moderately large Binocular

-
-

interactions.
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DISCUSSION
L4 \ )

Disparity specific interactions in normal cats

The role of facilitation vs inhibition in the "generation of in-phase
- and dntiphase selectivity near the border of area 17 and area 18

. . ~

In normal cats, fully 80% of the units encountered along the
17/18 border displayed seﬁsitivity to the retinal disparity of
binchlarly-presented visual stimuli. This high ysvel of sensitivity,
which 18 comparable to that observed‘in the striate cortex of the

awake, behaving monkey (Poggio and Fischer, 1978; Poggio and Talbot,
L "
-1981), suggests that disparity processing is a major activity of

visual .cortical neurons and is consistent with recent behavioral

findings indicating that one of the most clear-cut consequenc®s of

visual cérth removal in the cat 1is a loss of stereoscopic capacities

(Kaye, Mitchell and Cynader, 1981).

.The characteristics of the disparity sensitive responses observed

»

in individual neurons were rich and varied. Some cells displayed large
i
£a§ilitation or deep inhibition only when activated with gideways

moving stimuli (in-phase motion), while showing little or no binocular v

. .
interaction for stimuli moving in depth (antiphase movement). Other

‘cells responded in the opposite fashion, or exhibited clear disparity-

specific interaetions in both movement conditions. Some units gave a

. -

L
response which' was domInated primarily by either binocular
A\

s

facilitation. or inbihition while others displayed complex.

a

. ' interactionms, showing *facilitation at some disparities and inﬁibitiont\u,;

at others. ™M wide variety of' "symmeétric"and “"isymmetric" and complex
> Tar N
L - b Y S f %% -
tuning curves were seen in both movément conditions inecluding gagh of

g
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*

. A\
) \

the 4 types described by Poggio and coworkers in the monkey

(1978,1981) and Fischer and Kruger (1978) and Ferester (1981) 1in t}g
‘ \

\

cat.
Overall, binocular interactions were more common to stimuli
moving sideways at different disparities than to stimull mc;ving in
depth. This difference between in-phase and antiphase responses has
also been observed in the monkey (Poggio and Talbot, 198l). Whereas
18% of the units encountered in this study displayed large
interactions v’ith in-phase stimuli, only 4% showed comparébly large
interactions ‘dt,h antiphase stimuli. No,nqtﬁeless, although the\ng’ber
of units showing substantial antiphase interactions was not high, many
cells did display clear sens.itivity' to retinal disparity when
activated with gtimuli' moying' either 'toward or away from 'the animal.
For the most part‘though, this AEo-fro stimulus motion evoked only
moderate: levels of modf:lacion :Ln firing rate. I '
| .In the present experigent, the frequency with whiclh mits were

encountered which showed at’ least some degree of antiphase disparity

sensitivity was .higher than in the monkey striate cortex (Pogg:l:o and

* Talbot (1981), \\I)t .18 possible however, that a greater degree of

antiphase disparity tuniﬁ% was. revealed simply because the present
ptocedur‘es eﬁployed a wiger range of 'stimulus dispari‘ties . Si‘.nce thg
disparity tuning of cat' visual ce'lls is broader than that of the
monkey, responaea here Wer: examined over a range of plus/ninus 6° ;

w‘he.reas the rnnge used in the monkey was usually around plus/ninua 1°.

'Since in both car and monkey, antiphaae responses exhibit a broader
.

' tun'ing profile tham in-phase r'espanses, i ould be that by using a

wide range of stimulus diapat’ities 1ndv1dua1 unita, showed evidence of
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antiphase tuning that would show very little disparity-specificity
over a range of only a few degrees. This conclusion is consistent
with a possible function of such a motion~in-depth system and with
evidence from human psychophysics (Regan, Beverly and Cynader, 1979
If the antiphase system serves to alert the or.ganism to the -
possibility of an impending collision with the stimulus, then it need
. "]
not necessarily proVvide extremely precise information about the
location of the stimulus in depth. 1In fact, there is good
(pSychophysical) evidenc;e that sensiiivity to the dftgction of
stimulus motion occurs evem with very large stimulus disparitjegh, well
qutgide the range‘of fifie stereopsis. The use of a broad range of
stimulus disparities for teating may thus have enabled the
identification of a larger population of antiphase-selective neurons
-~

than would be found with tests restricted to a narrow range of
disparitiis. |

Despite thegde considerations, it was clearly the case that
sen‘sitivity‘to stimulus disparity was much wmore pronounced when tested

with in-phase than with antiphase stimulus motion. Whereas, even over

‘

the broad range of disparities examined, almost half ;f t;he.cells in
normal ca;: appeared to\b.e relatively unselective for stimuli gresen“ted
with antiphase mq\:ﬂlﬁgﬁ. onl‘y ?01 of the units fajled to show ‘some
sensitivity to 13—phase stimulus dispari;\te\s- The most striking of’
the disparity aens'i(tivg units was that group of c;ili” which telpbnded
‘with very large facilitations and inhibition over a limiped range of
in-phase disparities. These' units were dramati¢ in their appedripce.

.

and have” been the object of attention of many others (Nikdra, Bishop

' %and Pettigrew, 1968; Joshua and Bial;\op,';.lwo; Hubel and Wiesel, 1970;
L \

vorn der chdt; Adorjgni, Banny and Baungnrtner‘. 1978). Units showing
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*-
¢ detetninatign of disparity specific responses , it 18 binocular

4

-~

extremely large b;nocular mtgractions to antiphase stimulation were
however, only rarely encountered (an example 1s shown in Fig 3ID) and
thus it was somewhat surpr.ising to find, after detailed analysis, that
the only difference between binocular interactions to in-phase and to
antiphase stimuli was in the strength of binocular inhibition.
Whereas the chance of evoking the maximum response from a unit was the
same for both in-phase and antiphase motion, it was highly likely (85%
of the time) that the minimum response would be evoked by sideways
motion‘at a given diéparity rather than with antiphase motion. In-
phase and antiphase binocular ‘interactions were thus disting.uished by
- -

deep, direction selective inhibition seen in the preferred direction

N

of motion.

"

The above data emphasize the role played by bimocular inhibition

in determining the disparity sensitive response of normal cat visual

- -2 - -

neurons, and suggest t;hat inhibitory binocular. interactions are
important 1in the proceséing of disparity specific visdal information.
This notlon has recently received support frc;m both human
psychophysigal studies (Ruddock and Wigley, ¢976; Ruddock, Waterfield

and Wigley, 1979), and ffom a previous study of binocular
B X . ,
interactions in strabismic cats (Cynader, Gardner and Mustari, 1979).

These(’ca:s, made strabismic early in life, have been shown to have

—

stereoscopié capacities which are much reduc;d (Kaye, Mitchell and

Cynader, 1982). Studies of cortical area 18 in such animals revealed

~

that binocular interactions in normal, and atrabismic cats differ only

', in the strength af binocular inhibition with little or no change in
. WSr ] - s

} . .
levels of binocular facilitat#on . These data indicate that 11{ the
I

- .

I
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inhibtion which 18 the crucial process. 'Since aunit’s selectivity
yr stimulus disparity can be modified by early experience (Skeler,
1971; “Gardner, 1979) the above observationg suggest a significant role

for inhibitory neurotransmitters in both the developing and normal

visual cortex.

~
r h

The location and properties of disparity sensitive cells

-

In ndrmal cats, large binocular interactions were consistently
found in the superficial cortical layers, often among units located
directly below t{xe cortical surface. When responses from _the
superficial and deep layers were compared, the binocular interactions
of superficially located cells were consistently found to be larger.
Althoug}'l this difference could not be attributed solely to one
component of the binocular response, the major distinction between
superficial and deep layer responses was seen in the strength of
binocular inhibition. In the middle layers of the cortex, at a deﬁth
of about 1100-1300 micra, a number of units were found-which were
ﬁel;tively insensitive to stimulus dispal:-ity. In the deeper cortical
layerd, below 1500 micra, units vere again encountered which showed
substantial binocular interactions. ;Theae cells w‘iﬂxhlarge disparity
interactions were often found at the very bottom of the penetration—-:
not u‘ncou.mbnly beit.xg the 1t}st cells in the pass. In contrast to l;any
of the surrounding units, these units clearly distinguished themselves
as being disparity sensitive« Since there'is knowh to be a projection
from cortfcal ]:ayer };I, back to the LGNd, it is possible that these
cells play a role in a cortico-geniculate feedback loop which’

modulates the transmission of disparity specific informatfon through

1
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the Lcﬁa to the visual cortex (Schmielau and Singer, 1977). In this
context it 1s interesting to note that recents evidence indicates that
cortico-geniculate projection neurons of layer 6 send a recurrent
collateral back to geniculo-recipient cells in layer IV (Baughman and
Gilbert, 1980). Accordingly, layer 6 cells may be involved in the
generation of binocular inhibition and facilitation which is seen at
the level of the LGNd ( Suzuki and Kato,1966; Singer, 1970; Sanderson,
Bishop and Darian-Smith, 1971) and/or it may provide disparity
gpecific information which causes the first-order cortical cells of
layer 4 to be binocularly tuned. Since almost all of the units which
were insensitive to stimulus disparity were also driven well by either
eye (OD groups 3,4 and 5), it seems unlikely that they represented
first order cells of {ayer'IV, as these neurons are known to be highly
monocular with conventional testing (Shatz and Stryker, 1976).
Indeed, in normal cats, very few of th; unselective cells came from OD
groupe 1 and 7. This observatjon points to the possibility that .the
first-order cortical cell of layer 1V might show senaitfvity to
binocular retinal disparities: .Detailed studies involving efectrical
stimulation of the LGN vou}d be required to establish this point, but
the present data as vell as tha? of Pogglo and Fischer (1978) and
Ppgglo and Talbot (1981) who found few unselective units in monkey
striate cortex are consistent with the notion that these layer 4
geniculo-recipient cells 1§ in fact, show disparity specific tuning.
The qygstio? of disparity specificity in fir;t-order cortica%’neurons
has received little attention and is a problem which clearly warrants
further study.

One of the most consistent and orderly relationships observed in

normal cats was that. between a unigfs dégree of binocular excitatory

L o A}
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convergence and the magnitude of 1t’s binocular interactions. In
short, the more biased a unit appedared toward one eye, the more
substantial were it’s binocular interactions. This was true for units
whose 1nte€actions were characterized by binocular inhibition as well
as wunits whose primary binocular component was facilitatory. It is
interesting to note that neurons which would be conaid?red to be
"monocular" with conventional testing procedures, are the very cells
which show the largest binocular igteractions. These data are in

»

direct contfadiction to the notiop that "highly binocular cells' such
as those in ocul;t dominance groups 3-5 are for "seeing with 2 eyes"
while those in OD groups 1 and 7 are for monocular viewing. Clearly
cells of all OD grOu?s nust play a role in binocular vision.

Hod unii; in different ocular dominance groups relate to one
another in foﬁ%ributing to the sensation of depth 18 not clear at this
time. However, the observaéion that such a clear and consistent
relationship has bee; found between ocular dominance and binocular
interactions suggests that the mechani for stereoscopic depth

perception has-an anatomical substrate in the ocular dominance columns

of Hubel and Weisel. It may: be, for instance, that the cells showing

+
’

the strongest binocular interactions are located at the center of

ocular dominance columns of one eye or the other, while cells less

concerned with disparity processing occur at the borders. The notion
that disparity systems are reflected in thi ocular dominance columns
=°f cat visual cortex, is also consigtent with the formulation of
Gardner (19]7) and -Cynader, Gardner and Dougiaa (1978) and the

organization of a proposed time based mechanism for stere&scopic depth

perception. This formulation, as well as the present data, emphasize

rl
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the role of direction'aelectivity in the determination of disparity-

sensitive responses and have led to the prediction that stereoscopic

A

capacitieskin strobe-reared cats, animals which lack direction
t

selectivity (Cynader and Chernenko, 1976), should be significantlv

degraded.

., L

Comparison with other studies

Although the sensitivity to stimulus disparity observgd/:::;;A<:*

cells in the present study was comparable to that seen in the primate
(Poggio and Fischer, %5;7; Poggio and Talbot, 1981), a substantially
greater degree of selectivity was seen here than in two other recent

studies of binocular interactions in cat visual cortex (von der Heydt,

g

orjani, Hanny and Baumgartner, 1978; Ferester, 198l). In contrast to

\

the present study where 78% of the units showed at least some
sensitivity to stimulus disparity, von der Heydt et al. (1978) found

that only 10-20% of the units, and Ferester (1981), that only 37% of

a—
the units encountered were selective for stimulus disparity. Although

the reason for these discrepencies is unclear, possible soﬁrce- of

variabilty include, differences in the cortical areas studied,
| .

procedures and/or criteria. This study was conducted on the 17/18

3

border whereas the previous studies involved area 17 (von der BHeydt et
al, 1978; Ferester, 1981) or area 18 (Ferester, 1981). We have found
(Gardner and Cynader, 1980) that binocular interations are more
substantial along the 17/18 border than in area 18 although’a
comparison has not yet been made between the 17/18 border and area 17.
;n the present analysis, nonlinear responses, both inhibitory and

14
excitatory we{e considered in the calculation of binocular
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interactions . A unit was considered to be disparity-sensitive 1if its
tuning curve showed an orderly modulation in firing rate across the
disparities tested. Since, in almost all cases, units with a dynamic
range of 2.0 or above fulfilled this criteria, thil’ value was taken as
a cut-off in categorizing unselective cells. In the studies of von
"der He(ydt (1978) and Ferester (1981) éhe proportion of disparity-
sensitive cells was calculated on the basis of a unit’s tuning curve
profile and based on a measure of binocular facilitation only. ‘In
contrast to the approach used here, these authors would ha\\re
considered units showing only inhibitory interactions to be disparity-
insensitive. Additionally, in the experiments of both von der Heydt
(1978) and Ferrester (1981) stimuli were presented in an unintet‘{caved
manner which was considerably more time consuming ‘than the p&:ceduren
used 1n/t;xe present experiment. In the preseant study stimuli were
always presented in an interleaved fashion and a unit’s disparity
profile co?ld be geﬁeta:ed within 3-15 minutes, in contrast to, for‘
example, 2-3 hours (Ferester, ..'l"981). It 18 possible that the
procedures used in the. present study helpead to reduce variability in
the data and to reveal small mter'f;tionu which otherwige would not
have been apparent.

A second discrepancy between the present results and those of

.

recent studies (Fischer and FKruger, 1979; Ferester, 198l) involves the

-

reported relationship between a unit’s ocular dominance and the shape

of 1t’s disparity tuning curve. These studies claimed that units with

"inbalanced ocularity" (0D groups 1,2,6 and 7) had tuning curves whiché” ™

were asymmetric around zero disparity, and were thus "tuned" for

either crossed or uncrossed, non-zero disparities (Ferester, 1981;
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. !
Fischer and Ki'uge%1978) Units with balanced ocular input (OD groups
o .
3,4,.5 and b;dqcplar only cells) were said to be symmetric about, and

4
. . .’“

< 1 4
thus tuned to around zero disparity. In the present study, a varlety

"of disparity tuni'ng curves were obselrved in units of all oaular

dominance groups, a f'incking in agreement with that recently seen in
the monkey (Poggio and Talbot, 1981).
The fact that wving stimuli were used for disparity

measurementg, and that cells were not tested for their sensitiv;l.ty to
[ w

1nte£‘ocﬁlar delay .makes it impossible tp say whether wmits which were

’

strongly dominated by one eye had tuning curves which were fpffset from |,

zero[disparity. In previous experiments which utilize ashed,

-

stationary stimuli{, we have found that cat visual neurons are

: . y
sensitive to both the ,spatial and temporal' characterjstics of
binocular stimuli (Gardner and Cy}nader, 1977; Cynad\qr, ardner and

Douglas, 1978, Gardner 1979). Cells were shown to b ensitive to

.

interocular delays as small 4s 1 millisecond, indicatinhg a level of

*

temporal sensitivity on the order of what has been shown for neurons
in the auditory system (Kitzes, 1978). Response latencies of 'x‘mitﬁ
,8trongly dominated by one eye were different thx"ough the 2 eyes , and

the latency through the domitant ey? was congsisently shorter. Cells

-

driven equally through the two eyes had equal response latencies
/throuéh each eye. Sinte the strongest response is elicited from a
cell when the input from both eyes reaches the cortical cell at the

same time the use of moving stimuli in the calculation of binocular
« . N !
spatial disparities confounds the variables of space and time, and can
3 ‘ .
make a tenporally“‘ised response appear as An apparent gpatial

disparity. Since ce‘llq\ost strongly biased toward one éye lmve been

-

shown to have the largest interocular latency diffe/r«fces, a confound

’
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-
of sface/time variables would have the effect of selectively 'shifting

t tuning curves of the "ocular unbalanced”" cells away.from zero,

while having no effect on the tuning curve of a tnit driven equally by

.

the two eyés. In this situation data similar to those described by
Fischer and Kruger (1978) and Perester (1981) would be predicted. At

this time therefore, it must be concluded that the question of whether
) - ’ R

N - v
units strongly dominated by one eye disblay tuming curves which are

1

off-get from zero, remains unanswered. However, in previous studies of

temporal tuning in cat cortical cells, we havg found that units

.

strongly dominated by dne eye do respond best at a particular non-zero

»

+ interocular delay and on this basis have proposed (Gardner and

1
\

Cynader, 1977; Cynader, Gardner and Douglas: 1978) thnAt these cells
code specific non—ze;.'o tempéral dispavﬂifies- On a theoretical basis
th'erefote, our ideas as t#® the fupgtion of gells‘ strongly dominated by
one eye are in alignment with those c;f both Fist':her and Kruger (1978)

and Ferester (1981). N

. . N 3

.

L}

~

Binocular Interactions after unilateral decortication;
&

Cats with unilateral lesions of,'the visual cortex’ showed a clear

.

reduttion in di.sparity specific binocular interactions in neurons of
the 17/18 border of the opposite visunal hemisphere. These data

indicate that the-Torpus callosum contributes signifigantly to the

binocular responses of visual cells and support the findings of

previous investigators (Ch‘ou:gﬁury, Whitteridge and Wilson, 19635;

Berlucchi and*Rizzolatti, 1968; Cynader, Dobbins, Gardumer,- Lepore and

Guillemot, '19‘79) that this pomniséural pathway -i8 an effective route

- ,

¢ ' ’
. for the transfer of visua'l information across the two sides of the

LY
brain.
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In decorticate cats, upit reponses were brisk and 1in almost ali
LY

respects reminiscent of responses in normal cats. Comparing normal
.

. -4 -
and lesioned ocats, nb differences were sten among units which showed.

very large binocular interactions. These cells yere generally

! 5
encountered in the superficial cortical layers, vgfe strongly

dominated by one eye and usually direction selective. 1In both
Y

" preparations these wmits represented about 20% of the cells and were
characterized by strong disparity sensitive responses, often with deep
inhibition and/or facilitatigns- Thus, their presence in decorticate -

‘h
cats was unmistakable, particularly by coﬁfragt with the sparcity of

’ - .
cells with "moderate” binocular interactions. These latter cells

app ed to be the ones most strongly effected by thg\iebion. In

normal cat, ese units are more frequently complex eells than simple

c?lls and as a group, tend to be' non-direction selectiv; or to show a
directional preference rathe; than strong directiﬂu sele?tivity.
Acrogs the normal and decorticate cat preparations there‘yaé no cﬁﬁhge
in the proportion of units which were direction;lly selective but the
number of units with a directional ptefere;ce was‘decreased, coupled
with an increase in nondjrectional cells. These dafa raise the
possibility that units vhich formerly showed a directional preference
wete rendered nondirectional by the cortical lesion. Gi\{en 'hgt
changes were observed primarily in the superficial. corticel layers,
the data suggested that the type of~sunit most likely to have been
affected by the lesion was a sup;rficially locateé/Cx cell, with,

moderate binocular interactions and a preference for one direction of

stimulus motion. /\
[}
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fﬁe primary effect of the corc%cal lesions was thﬁjgenetation of
a. large number of cellsivhich were iQsensitive t? stimulus disparity.
These‘ts_ vere found mostly in the superficial cortical layers,
around the border between layers IIJ and layer IV and a small number
appeared ‘at the very bottom of the cortex, around layer VI. The
location of these:cells and the relative size of the two effects very

-

nicely wmimicked the location and density of the.hnown’callosal

* -

projections in cat visual cortex. This projection undoubtediy exerts
f? powerful enfluence on the binocular responses ;f neuronsa along the
17/18 border for although only a relatively small proportion of units
appeared altered by the lesions (20X), these differences were
significant even when the pogulation was considered as a whole.

' -

Whereas in normal cats, binocular interactions were’sub;Eantially
larger in th;.superficia¥ cortical layers, 1;teractions in decorticate
cats. were of similar magnitude in both the superficial and deep
layers. There were howev;r, no significant effects found in the deeper
layers. although consistent trends:in the data suggested that at least
small changes occurred throughout all cortical layers. Although no one
component of the binocular response showed significantly large
changes, the data suggested that in décorticate cats, binocular
inhibition was more strougly effectgd than binocular facilitation.
This-probably {;jlccts‘she fact that in normal cats, 1nhibitoty.
binocular interactiond play a very large role in determining the
disparity sensitive response. The action of the corpus callo;um need
not be inhibitory in and of itself, but may function to activate local
inhibitory circuits within the vis;al ;ortex-

flthotgh the type of neuron which sends its axon across the
corpus callosum has recently been characterized (Harvey, 1980; Hornung

: ‘

a
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and Garey, 1980; Innocenti, 1980) mucn less 18 known about the

»

callosal recipient ceils. In the visual cortex, callosal projection

cells are found along the border of layers III and 1V, have been

«

identified as being pyramidal in shape and frequently complex in type.
L]
Given the location and tga characteristics of units effected by the °

. L
decortications the data suggest that cgllosal‘ neurons have a strong

influence on homotypical"cell types in homotopical lcﬁations in the
. s i J
opposite visual cortex® The view that the callosal recipient cells

are al‘}o likely to be complex 1in type 1s one which has recently been
expressed by Innoc;nti (1980). Interestingly, in observatTons which
are consistent with the findPhgs of the present study, he has

$ .
concluded that these post~callosal complex neurons have properties
onenne e
which are similar to those predicated for inhibitory interneurons of

v

area [7

In pr!.nciple, the da)a of the present experiment agree with the

findings qf Payne, Elberger, Berman and Murphy (1980) and Zeki and

Fries (1980), that the corpus calloapx(lends "binocularity" to c5tv
’ /

3

visual neurons. However, in contrast to these studies, it was found "(,'
\
that removal of the callosal pathway substantally influenced the

-

binocularity of visual cells only when responses were measured under

L)
-

]
conditions of binocular stimulation and not when the response from
each e'ye was tested separately. Unlike the very large increase in
"monocular "cells (OD groups 1l 'and 7) which appéar afterycallosal

sections, a relatively small ipcrease (8%) in the units of OD groups.l .
. ’ *
A
and 7 was observed after unilateral decortications. There were

-

however, an sbnormally large number of units in decorticate cats which
hY +

received 1;put fromynly one eye (0D 1 and 7) and which proved to be

A L3
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insensitive to stimulus disparity. Since in normal cats, units in OD
groups 1 and 7 generally phow very large binocular interactions and

+are only rarely unselective for stimulus disparity, the presence of

+

these un’t’xsual cells in decorticate cats was unmistakableq, Although in

1

decorticate cat’s, thete wag a similar fncrease in the proportion of
N

unselective cells (20%) across all ocular dominance groups, the

~

relative change in the number of uselective cells among wnits in OD Y
groups 1 and 7 chatdcterized these units as a ctionally distinct
subg‘roup‘of monocular cells whicl; were Ins¢nsitive to stimulus

disparity. . -
( . ’
In monkey, Poggio and cowofkers found a large proportion (45%)

of cells (tuned exé:icatory) which gave a poor résponse when activated
- , .
through eacf/' eye separately but.responded with substa'n.tial

facilitation under condit{ons of binocular stimulation. Theas cells

.
»

\
Y were tuned to very small stimulus disparities and were thought to

(S

. provide the substrate "for a systeh of fine étereopsis. A much.smalle'r :
. ]

’

/pﬁpbrtion (3%) of these cells was encountered here,in the paralyzed

cat, than in the monkey. It is not possible to say whether this was
due to proc.edural dffferences or whether this represents a real “

~

difference between the two gspecies. It might be that more of these

1

/ facilitatory units can be found in alert preparations or thyt they are

»
more numercus immediately around the fovea or area centralis rather

than the regions of the lower vigual fields, where the present
4

recordings were made. Nevertheless, a fairly large (20%) sproportion
of the units which were considered to be in the "highly‘sénsitive"

.
group, were binocular-only cells or units' which .ould have been

classified as tuned excitatory or inhibitory cells according to the'

4

sharpness of their disparity tu‘ning curves. Thus, many of the units

g . 93
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3 -
which were considered to be "highly sensitive" in Rpe present
classification were siﬁ;}ar to the units’which Poggio amd coworkers
consider to underlie fine stereopsis in the mOnhgy striate cortex.

~

Certainly, the very dramatic facilitations and inhibipion observed in
. -
these cells in the.cat make them appear as 4f they would play a very

fundamental role in stereoscopic function.

L)

The findﬂnﬁ/that units witﬁ the very largest binocular
interactions werge spared by the-cortical leéi;ha is consistent with
the noE}on of Bishop and Eenry (1971): that fine stereopsis 1is
mediated by fibers "of the nasotemporal overlap. Virtually no changes
were seen in the proportion units showing substantial -nonlinear
interactions in cells of any ocular dominance group. This group of
highly sensitive cells contained a large number of direction selective
gsimple cells. Since the breatg of the disparity tuning “in individual
cells is directly related to receptive field size (Fer ester, 1981) it
would seen that simplg cells, with their relatively. small receptiwes
fields and precise stimulus specificities would be well suited for a
gystem of fine stereopsis and central- fusion. Complex cellsn on the
other hand, with their larger receptive fields, would seem more
apprépriate for a system of cqarse ﬁpan fine stereopsis. The mean
dynamic range of compiéx cells, indicated that these units commonly
showed only moderate binocular interactions. It was this type of
cell, showing moderate binocular interactions and broader disparity

[}

tuning which was most “strongly affected by the lesion. Since complgx
célls have been associated with oculmotor structures (eg the cortico-
tecal projection), the notion that the corpus.callosum is involved

with the mediation of vergence eye movements is consistent with the
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apparent dodinance of this cell type in the callosal system.

4 Although it would seem likely , that no one visual area works

. , $
independently in'the genetation of all phases of stereoscopic fuqctlor‘l

and vergence eye ‘movemqnts, it would, appear that fine stereopsis:and

~

central fusion are a function of the primary‘visual cortex, for the

s
o ¥ .

7 1imits of stereoacuity have been fouhd- to parallel the limits of

visual acuity ('Bishop, 1980) and it is in the fovea/area tengfalis of

* area 17 where the”smallest cortfcal visual receptive fieldé have been

i . - x

found. That the area centralis of the cat '(Albua‘, 1975) contains a
large proportion of monoculariy-driven cells 18 consistent with the
N -

results bf the present study indicqting that these cells play a

»

critical role in stereoscopic function.

7
If the neural substrate for fine stereopsis ,j,\.\ lqcalized in the

priLaty visual cor.tex, ight we not then ask if the mechanisms for
f

-

cqarse stereopsissand vergendge may not also originate here? Although

P—

very digsimilar and very disparate sftimuli do not immediately seem to
be optimal stimuli for cellg in the visual cortex, this point has
never really been examined. The possibility does exist therefore that
under dynamic and optimal stimulating conditions, response
charac’:eristics of cells in the vfsual cortex may manifest a
considerable transform.ation fé\pgih se obserted under conventional
testing procedures (Hammond, 197'9; Frost, 1978). We have found for
example, that under conditions of-binocular stimulation, in ‘which both
the Spatia}l "tnd temporal characteristics of the stimuli were varied,
that the size of appare'ht visual receptive fie'].d} eot;ld\ be
d}'amat/icall‘y la'tggr (100-3901) i:han they were when plotted

monocularly. These datd emphasize the lipit:'ations of any twb-

dimensional analysis of visual response-properties, and for the

A}
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preeﬁnt time, discourag® sweeping conclusions concerning the

- .

information processimg capacities of cells in the visual cc;rtex.

It does seem however, that cells in the extrastriate visual

» * ’ ‘

. 4 y
areas, which have large x}eceptive fields and lack the pre’c&ae stimulus

' - . L] .
requirements of units %n the visual cortex, could well be responsible
e

. -

for the initia'tion of vefgence eye movements évoked_ with different and
. * )
very Hisparate (Westheimer and Mitchell, 1969) stimuli. In area 19,

. for example, electrical stimulation will evoke both accommc;dation and

vergence movements (.fanpel, 1964). It has also been shown (Sanid‘es,

1978) that, in additidf to having an extensive representation of thé
ipsilateral visual figld achieved by the retinal-thalamo ;;rojection,
the LSVA, a's well as area l}, rece‘ﬂves an exteénsive callosal

k projectid‘n.*f'[he extent of the vigual field represented %in the corpus

+ .
callosum does not appear to be unitorm throughout the visual cortex

but increases in width from area 17 thYough areas 18 and 19, possibly

<

extending further in the LSVA. The f.\mct‘ion' of the extrastriate
. ; R

~wisual areas 1in the ,generation of steyeopsis and vergence eye

~ . >

s, .

movements 18 1is.a’ question which would demand a series of controlled *
lesion studies; but 1y 18 one whose answer-would lend much to our
’ P b " ~ M .

understanding of the prganization of disparity-sensitive neuronal
' .. - - - . -
systems. * . T y . ‘
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