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° • ABSTRACT ' 
* , S B * ' ' * 

J? ' _ Visual responses*wefe ex&Mned "quan t i t a t ive ly i n ' 173 un i t s in t h e ^ • 

l a t e r a l (LTN) and d o r s a l -fDTN) t«rtnlna»l n u c l e i of the normal dod' ^ 

- - ' v i s u a l l y d e c o r t i c a t e c a t a c c e s s o r y o p t i c system-"(AOS). In bo th pr«e-

p a r a t i o n s the r e c e p t i v e f i e l d s were q u i t e l a r g e , witft a.n ave rage 

- * diameter-of approximate ly 60 deg,1 learge moving textured s t i m u l i p ro - , 

voked optimal modulation in a l l c e l l s . 

. - , ' . . ' • ' i 
» " The p r e s e n t r e s u l t ' s d e m o n s t r a t e t h a t - 1 ) the normal LTN c o n t a i n s 

, -° almost equal numbers'of c e l l s which prefer e i t h e r upward or downward 

, • v e r t i c a l motion; 2) in con t ras t , the DTN contains c e l l s which predomi-

. t nant ly prefer hor izon ta l s t imulus toward the recorded hemisphere; 3) 

on average? the m a j o r i t y of upward d i r e c t i o n s e l e c t i v e LTN c e l l s * 

prefer faste"r s t i m u l u s " v e l o c i t i e s than the' downward d i r e c t i o n s e l e c -

' t i v e LTN u n i t s ; 4) desp i t e - t h e v i r t u a l l y comple te c r o s s i n g of the . ? 

r e t ina l " pro jec t ion , most LTN and""DTN„units may be 'd r iven through both • 
t : ' • \ * * • • • 

eyes;_ 5) following visual .cortex lesions which deprive the AOS" nuclei 
v . ^ 

. of a s u b s t a n t i a l c o r t i c a l a f f e r e n c e , most LTN and DTN c e l l s d i s p l a y 

1 much slower •velocity tuning and show^ much l e s s upward d i r e c t i o n s e l e c - " 

t i v i t y ; 6) the^ normally^ h i g h l y binoc,u>rar LTN and DTN c e l l s become 
. " • * 

a l m o s t c o m p l e t e l y dominated by the c o n t r a l a t e r a l eye a f t e r v i s u a l 

c o r t e x l e s ions . * 

•Throughout t h e l i f e of an o rgan i sm- ' the re w i l l be many types of 

eye , head* or body movement which w i l l g e n e r a t e whole f i e l d mot ion 

i n f o r m a t i o n i n the v i s u a l system- The d i r e c t i o n and v e l o c i t y s e l e c - -

c 
t i v i t y of c e l l s i n t h e c a t AOS, a long w i t h „tUeir l a r g e r e c e p t i v e 

<• • , 
» f i e l d s , r e n d e r t h e s e uni t ' s w e l l s u i t e d to d e t e c t t h e v i s u a l c o n s e -
• , , dhaences of some of these movements. 
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•• V I -
t 

' ' . GENERAL INTRODUCTION „ 

r • • . : m/\ 
,- Most p h y s i o l o g i c a l I n v e s t l g a t i q n s ,of v i s i o n ' e m p l o y ' t y p e s of 

« " J -

s t i a u l a t l p n whi.'h are relevant to the Issue of how moving objects In 

the world may be d e t e c t e d and" pe rce ived by t h e nervous .system._ An 

important-but^of ten neglected aspect of v isual perception is the way 

in which the visual system deals, with ttfe 'v isual consequences of the 

organism's own. motion which may" accompany eye, head, or .body* movements 

during o r ien ta t ion aijd locomotion. Whenever an organism- moves in the 

environment," an o p t i c a l ' f l o w - f i e l d i s gene ra t ed a c r o s s the r e t i n a l , 

surface which provides valuable Information concerning the d i rec t ion 

- and r a t e of whole-field motion, change In perspect ive, and even future 

p o s i t i o n ^ ' G i b s o n (1966) has po in ted out th-at the r eg ion in space 
v ». 

toward which the organism is moving,"occupies a unique position in the 

optical array which,distinguishes itself as a' focus of expansion from 

' Xhich the flowing lines of texture appear'to emerge. 
* , ' • • 'v'* 

Neurons' in the principle optic pathways (i.e.,^ the genioulo-
i ' * 

striate and retlnotecta'l systems), display physiological response 

properties which indicate that these cells perform local operations 

within tJ*ly a restricted region of the visual field. Since a shift in 

position ,Ojf the eye or head results in image displacement across the 

entire,retina, a radically different form of receptive field is re-

quired to detect the visual consequences of self-induced motion. 

There is, however, a third relatively, unknown branch of the pri-

mary visual system which contains cells whose response functions are' 

better suited for the task of whole .field motion detection: the acces-

sory opt'iof system (AdS)". Because of its relatively small s,ize and 

' < • 1 , ' 

V. 



7 ; , 
. . obscure si'gnifIcance, the-AOS has only recently received-the prolonged 

* * . 
a t t e n t i o n of n e u r o p h y ^ i o l o g l s t s . I i tmammals, the AOS consis"t,s of,a 

1 * t r i - n u c l e a t e system In t he , an t e r i °o r ' b r a in s t em inne rva ted by f i b e r s 
> - « 

\ ' * ' " • ' *t 

from the con t ra la te ra l eye: the mjedial (J4TN), l a t e r a l (LTN) "and dorsal 

,(BTN) t e r m i n a l n u c l e i . In a d d i t i o n , in mammals l ike* the ca t (Berson 

and Grayjjiel 1980, Marcoite-and Updyke 1982), these sub-nuclef receive 

t 

/ *. 
r tex. Sjjctg a subs tan t ia l input from the visual cortex. Sjftgle unit recording from 

' * • i ' • 

ce,lls within each of the three nuclei of the'cat^AOS reveals a pro-

vocative picture. AOS units display a hi'gh degree of selectivity .for 

the direction, velocity and size of visual stimuli. It is of special 

interest, that the receptive fields of these cells are ex*tremely large 

(sometimes as much as 100 deg in. diameter). The most effective stimu-

lus for AOS units is a large textured patte'rn moving across the recep-

tive field along â  particular"direction. AOS receptive fields exhibit 
» " '•> " * ' - . - ' 

no obvious center-surround organisation. These properties of AOS cells 

^ • ' V ' 
make them well suited to detect -the visual consequences of self-motion 

' * 4 <• . ' 

•re
generated by an organism moving around within I t s environment. 

\ * . ; -
In t h i s thes i s t»he physiological responses of cejlls in the AOS of 

• * * 

the ca t have been i n v e s t i g a t e d us ing q u a n t i t a t i v e methods. Part . I 
c o n t a i n s the e l e c t r o p h y s i o l o g y of t h e n o y m a l LTN and DTN of the gat 

AOS. P a r t I I d e s c r i b e s the e f f e c t s of v i s u a l c o r t e x l e s i o n s on the 

response proper t ies of LTN and DTN c e l l s . 

\ 
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ELECTROPHYSIOLOGY OF THE LTN AND DTN IN THE NORMAL CAT ACCESSORY OPTIC 

,* • . , SYSTEM 

, t 

*-i ̂ v * 
\ . • 

1 4 



• ' . . : • • • . . : - • * 

•„ > INTRODUCTION * ° * •£,- , '• 

Detailed anatomical studiM,, of t-hê  accessary opti-c .system-(AOS) in 
. •, * , 

r - > - • t 
the \cat began with Hayhow~(1959)*who d^stfaiguished three ' re t ina l t e r -

' ' ' . % " " ' * * " « * * -
* minal zones i n thre* an te r id r midbrain which he named tb^s dorsal (DTN), 

l a t e r a l (LTN)) and^ medft^i, (MTN) terminal nuclei . A subsequent degen

era t ion study by Laties;ana Sprag^e (196*) cbnfirmed.Hayhow's observa-

t lons and further emphasized" the almost en t i re ly crossed character of 

.the r e t i n a l projection to the AOS. The t e r m i n i nuclei of the AOS 'are 

.a lso dep i c t ed *ln the ca t midbrain a t l a s "of Berman (1968) as ' t j t i r ee ' 

sparse, b i l a t e r a l networks^of cells-forming synaptic cont$$A§jwith the" 

fibers, of, the accessory opt ic tra^ct (AOT). , , - * 

^ S i n g l e - u n i t e x t r a c e l l u l a r r e c o r d i n g in.t 'he AOS o.f• the r a b b i t b ^ 

Simpson, Soodak, and Hess (19$"9). demonstr*atedlfcthat "-cells in t h i s ' 

system are d i rec t ion se lec t ive , "display slow excitatory, and "inhibitory"" fc 

veloci ty tuning, and have extremely large receptive f i e lds . Simpson"et a 

v ^ . ' • ' ' ' •' v." ' 
a l . observed t h a t the p r e f e r r e d and nuM. d i r e c t i o n a l axes o„f: r a b b i t 

* ' " • v ' ' ' • ' • • 
AOS neurons are not separated by 180 deg (noncoli-ftear),* and -that both 

axes appear to be aligned with the planes of rotation of» the semicirr 

cular cairals of the vestibular system. The studies of Simpson „and -co- * 

workers provided the first articulation of the hypothesis that the AOS I . 

may be involved in signaling the visual consequences of self-motion 

which arfse from movements within the rotational planes of the ve~sti-

bular system. x '-
\ - ' • 

Burns and Wallman (1980) examined the s i n g l e - u n i t behavior of 

c e l l s in the chicken AOS. Their f i nd ings ijfhow t h a t c e l l s in t h e 

chicken nucleus of the basal option rqot (NBOR), .a nucleus* presumably 



homologous with the MTN of tfammals, usually display direction selec

t i v i t y . These un i t s can be divided Into two groups dis t inguished by 

t he i r preference" for e i t he r upward or downward v e r t i c a l motion of 
« 

large textured t a r g e t s . "Receptive f ie lds were reported to be very 

la rge . The 'major exc i ta tory and inh ib i to ry axes of, most notably, 

c e l l | displaying downward d i rec t ion s e l e c t i v i t y , were found to be"f ' 

noncolineaf-.This f inding is very s imilar ' to»the d i r ec t iona l tuning 

properties^-of rabbi t AOS neurons (Simpson et* a l . 1979). Burns an# 

Wallman alsp postulated that the excitatory-and inhibitory directional 

axes may be aligned with the planes of the semicircular canals. 

, The"AOS has been implicatedk in the neufat contrpl of optokinetic 

nystagmus (00)," a. bi-phasic oculomotor reflex induced by rotation of-

large parts of the visual world. Impairment of OKN'has been observed 

following les ions of the AOS (Conley and F i t e 1980, F i t e , Reiner and 

Hunt 19.79,-Jjazar 1973 and Gruberg and Gfasse,. unpublished observa

tions). Similar findings have -fieen obtained following lesions of the 

nucleus of the-^optic' t r a c t (NOT) and neighboring pretectum J.n the 
* * * w 

rabbit (Collewijn 1975) and cat (Precht and Strata 1979). NOT/pretec-

t a l l e s ions -p re fe ren t i a l ly effect OKN induced by hor izonta l whole-

* f i e ld motion, a finding consis tent with the hor izonta l a i r e c t i o n 

selective visual* responses observed in NOT units in rabbit (Collewijn 

1975 a & b) and cat (Hoffmann and Schoppmann 1975, 1981). 

Despite these investigations, the electrophysiology of the cat AOS 

has only recently been investigated (Grasse and Qynader 1982). In that 

study, v isua l responses of cat MTN c e l l s were described: most c e l l s 

exhibited markeck direction selectivity in response to large stimulus 

targets moving slowiy downward. An additional but much smaller popula-

4 

4 



tion preferred upward vertical motion. The receptive fields of cat MTN 

un i t s averaged 60 deg v e r t i c a l l y by 40 deg hor izon ta l ly in extent , 

invariably included the area centralis and frontal visual field, and 

were driven most e f fec t ive ly through the eye con t r a l a t e r a l to the 

recording s i t e . In cont ras t to the non-colinear arrangement of 

preferred and null directions observed in the rabbit and chicken AOS, 

the ' mean angular separat ion between^the preferred and non-preferred 

axes 'was 190 deg. 

A comprehensive functional interpretation of the role of the cat 

AOS i s not possible u n t i l a detailed, physiological inves t iga t ion i s 

made of a l l three terminal nuc le i , and, therefore , ther previous 

studies of cat AOS have ,been extended by quantitatively examining the 

visual response features of single cell$ In t'he cat LTN and DTN. 

> 
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I * % 

I 
METHODS 

\ t 

Recording preparat ion 

« f 1 # 

Most aspects of the recording preparation employed in t h i s .study 

have been desc r ibed p r e v i o u s l y (Grasse 1981", and Gras'se and Cynader 

1982). Briefly, cats were anesthetized with intravenous! (i.v.) sodium 

thiopenta l (2.5mg/kg) as required, , the trachea was intubated, , and the 

, „ a n i m a l was p laced in a modified s t e r e o t a x i c frame which 'minimal ly 

o b s t r u c t e d , t h e f i e l d of view. P a r a l y s i s was induced and main ta ined 
.1' . 

throughout the expe r imen ta l s e s s i o n with1 i .v . a d m i n i s t r a t i o n of 
* * *'" 

gallaiMne tr iet 'hiodide (10mg/kg/hr} dur ing which t ime an imals were 

a r t i f i c i a l l y r«espired w i t h a 70:30 mix ture of N„0 a n ( j 0 Halothane 

(1.5%) was introduced in to the gas-mixture for the en t i r e duration of 

•surgery and discontinued thereaf ter . End-tidal CO w a s m o n i t o r ed and 

maintained near 4.0%. Wound margins were generously i n f i l t r a t e d with a 

long l a s t i n g loca l anes the t ic (Bupivacaine hydrochloride 0.25%). Body 

t e m p e r a t u r e was kept a t 37.5 C and c o n t r o l l e d by a t h e r m o s t a t i c 

h e a t i n g pad. P u p i l s were d i l a t e d wi th a t r o p i n e (1%) and n i c t i t a t i n g 

• membra,nes re t rac ted with neosynephrine (10%). Contact lenses with 4mm 

a r t i f i c i a l p u p i l s were s e l e c t e d by r e t i n o s c o p y to focus images 

, projected pnto a tangent scre.en 46 inches' from the eye*. The locat ion 

of o p t i c d i s c s and a r e a e c e n t r a l e s on the tangent sc reen was 

de te rmined by the r e v e r s i n g ophthalmoscope t echn ique . A 6mm by 6mm 

-bone flap was removed over Horsley-Clark coordinates AO.O to A6.0, L2 

t o L8. 

, 6 
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V 

Electrical recording and stimtilatipn 

4 Single-unit recording methods were conventional and are described 
•» 

in more.detail elsewhere (Grasse 1981 and Grasse and Cynader 1982). 

• \ " • • 

The procedure used\to locate the LTN and DTN involved an initial 

determination of receptive field position on the surface of the 

superior•colliculus. The electrode was' repositioned until the 

collicular deceptive fields were close to, or directly upon, the area 

centralis, and then laterally until the lateral extreme of the 

*collicular surface was reached. . The.',region lateral to the edge of the 

colliculus was distinguished by a deeper overlying ventricular space 

(an electrically "silent" zone). On most occasions, the first neuronal 

elements encountered were responsive to auditory stimulation, which 

' probably reflected the activity of the fibers of the bra'chium of the 

inferior colliculus. In these cases the electrode was moved anteriorly 

in "0.5mm increments. The visual units descmbed as_ DTN cells in this 

report were always found within 0.5mm anterior to this auditory region 

on the'dorsal surface of the'midbrain. ' * 

The LTN was found by advancing the electrode ventrally beyond the 

DTN region, through the auditory cells of J:he medial geniculate body, 

into the most ventral depths of the lateral midbrain. On many occa

sions, the LTN was located in the same penetration as the DTN, some 

4.0 to 5.0mm ventral. Otherwise, the LTN was found immediately la-

teral, or slightly anterior (i.e., approximately 0.5mm), tb the DTN. 

Once visual cells were isolated in either region, further electrode 
1* ' I 

displacements were on 'the order of 0.1 to 0.3mm in any direction. 

To verify electrode positions, electrolytic lesions^ were made at 

^ 7 
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the site of recorded units, near the end of recording sessions by 

passing 3 uA of DC current through the recording electrode for 5 sec. 

The animals were overdosed with Sodium pentobarbital and perfused 

through the-heart, as previously described. Lesions and electrode 
. ' . * . • - ,. «• 
tracks *were compared with the location of AOS nuclei given by Berman 

(1968), and with autor.adiograms of cat midbrain obtained following 

intraocular injections of [3Hj p r o l i n e (Feran and Grasse }982). Figure 
" 4 

1 shows a recording s i t e taken from a brain in which ce l l s were 

recorded in the DTN and the LTN. The track of the .electrode is clearly 

v i s ib l e on the l e f t side of the sect ion immediately l a t e r a l to the 
' ' / ' . * . 

superior colliculus (SC). This is the precise 'location of^the DTN and 

LTN given by Berman (Berman 1968, plate 29, p. 5fi). 

Conduction latency measurements were obtained by e l e c t r i c a l l y 

stimulating.units through bipolar e lectrodes implanted in the opt ic 
' / 

I • . 
Visual stimulatian and data collection/analysis 

Unlike the preyio'us study of the MTN (Grasse 1981 and Grasse a,nd 
• ' • * • • . I A 

Cynader 1982), a random-dot pa t tern (Jule-sz 1964, figure -1) was 
f 

employed as a stimulus target, rather than a square-wave grating, both 

as a search stimulus and for quantitative data collection. When a DTN 

or̂ -IrTN unit was encountered, visual responses were f i r s t evaluated 

qualitatively by manual projection of a 40 x 40 deg random dot pattern 

onto the tangent screen. For quan t i t a t ive a s s e s s m e n t of 'visual 
f 

responses, a larger random-dot pa t te rn was employed wlaich extended 

approximately 100 deg vertically By 80 deg horizontally 

-subtense of each dot was equal to 1 deg on the ret ' ina). 

. . • i • 
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Figure 1 

*-o <* • * f . 
A coronal section through the midbrain of*an animal in which cells* 

1 • ' 
were recorded in both the DTN, and LTN. The track made by the recording 

electrode may be seen running from a point on the dorsal surface (DTN)% 

. * JK 

immedia te ly l a t e r a l to the s u p e r i o r c o l l i c u l u s (SC), through the 

e n t i r e ' t h i cknes s of the midbrain to the LTN a t the v e n t r a l , surf ace . 

• ' " * * « fc * 
Dors.al i s up . / .- .. 

i- 4 

*A-
r* 

\ . 

/• 
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r e s p e c t s , the computer c o n t r o l l e d .s t imulus d e l i v e r y sysfem used to 

examine di rec t ion "select ivi ty , velocity*spefcificity, ocular dominance, 

d i f fuse l i g h t s e n s i t i v i t y , and the q u a n t i t a t i v e . m e t h o d s of'dat-a 

• dol lect ion and analysis , were as previously described (Grasse 1981 and 

Grasse .and Cynader 1982>r* % 

Vector Calculation i - , . 

To. determine an overall d i rec t ional bias for individual ce l l s and 

of large groups of cel lular , responses^ a form of vector analysis was 

applied to the direct ional-response data. F i r s t , the mean spike ra te 

values were segregated' into two groups by dividing each vector magni

tude by the res t ing discharge and t r ea t ing r a t i o s greater than 1.0 a's 

exci tatory and r a t io s less .than 1.0 as inhibi tory . Horizontal (x) and 

ve r t i ca l (y) components were derived by multiplyij-ig the vector magni-
' ' , -i 

tude in the case of the exci ta tory vectors, and the reciprocal of the 

vector magnitude* in the cas'e of the inhibi tory vectors, ,by the cosine 

and s i n e of the vec to r angle ( the f i r a t d i r e c t i o n on the far l e f t in 

^ f i g . 2A has been a r b i t r a r i l y called-0 deg,„the second clockwise d i r ec -

- , t i on 30 deg, and so on). The sum of these products furjiished the x and 

y components "of the exci tatory and inhibi tory vector se t s . A resul tant 

for each group was-'then determined by t ak ing the a r c t a n g e n t of the 

r a t i o of' y/x* (for the angle)*. In a pre'ceding study (Grasse 1981 and 

Grasse and Cynader 1982) the length of the resu l tan t was determined 

i by c a l c u l a t i n g the s q u a r e ' r o o t of the sum of the squares of the (x) 

^f-and (y) co-m p o i n t s * . In the p r e sen t report", a l l v e c t o r s have been 

given u n i t - l e n j ^ « . For convenience, a l l vec to r i l l u s t r a t i o n s h a v e 

been p resen ted in po la r coo rd ina t e s r e f e r r e d to the v i s t a of the 

* u 
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" "V animal's left eye". Thus, "lateral" in-the vector figures**refers to the 
. • ' \ - . •' ' . 

"temporal", aspect/of the visual field,J»and "medial" to the "nasal" 
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* ^RESULTS -

The data "presented in this report were obtained from.22 cats. Most 

« v • „ * " " 

f r equen t ly e l e c t r i c a l r eco rd ings were ma.de in bo th the LTN and DTN, 

and l e s s ' frequently in botk side^ '"of the brain, of the same animal._A 
' • >. " . 1 ' ' " 

population o*f 96 single"" units was'examined: 49 units in the LTN and 47 
, " I •. > 

u n i t s in the DTN. " 
t. •* » . ' 8 ' 

' V ' 
I * , 

„ Direction s e l e c t i v i t y , * . ' 

# • / * * & 

'.The di rec t ion se lec t ive , responses of individual ce l l s in t]pe LTN 

. and DTN were eva lua ted i n ' t h e same manner as the p r e v i o u s s'tudy 

- (Grasse 1981 and Grasse and Cynad'er 1982). In the LTN, d i r e c t i o n 

select ive ' responses f e l l na tu ra l ly i n t o two ca tegor i e s : - u n i t s whose 
° * 

d i r e c t i o n tuning p r o f i l e s showed maximal' e x c i t a t i o n for downward 

ve r t i ca l motion (23 of '49), and un i t s whose d i rec t ion tuning,-proflies 

d i sp l ayed maximal e x c i t a t i o n for upward v e r t i c a l n o t i o n (25 of 49). 

0 Only one LTN ce l l displayed a preference for horizontal motion. Figure 

2A shows,, t-he d i r e c t i o n a l response p r o f i l e of a LTN'unit "exhibi t ing 

maximal exci ta t ion for downward stimulus motion. Stimulus veloci ty was 

10 deg/sec. .The arrow on the ordinate ind ica te s / the res t ing discharge 

of t h i s ce l l obtained while the random-dot patj/ern remained s ta t ionary 
t 

within the receptive f ie ld . „ 

F i g u r e 2B i l l u s t r a t e s the-data of f i g . 2A in po la r p l o t form. The 

l e n g t h s of the ar rows in f i g . 2B ar> p r o p o r t i o n a l to the mean sp ike • 

r a t e e l i c i t e d for stimulus mbtion along the arrow direc t ion (note the 

arrows on the x-axis of f ig . -2A). Maintained ac t iv i ty- is not indicated , 

in f i g . 2B. 

13' 
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Figure 2A / . 

Direct ion s e l ec t i ve response of a cat LTN uni t . In figs.*2A and 2D 

twelve directions of stimulus motion separated by 30 deg (as indicated 

by arrows on the abscissa) were p r e s e n t e r s times each in a random 

sequence. The ra t e of f i r ing in spikes per second, i s represented on 

the ordinate. ;The res t ing discharge of t h i s un i t , sampled in the 

presence of a stationary stimulus pattern, is indicated by the arrow 

on the ordinate." f" 

Figure 2B 

Polar representation of directional response profile for the same unit 

as fig. 2A. The length of each arrow is proporti-onal to the mean spike 

r a t e obtained for that d i rec t ion of st imulus mo t ion ln space. All 

vector f igures are presented in polar coordinates which have been, 
i 

for convenience, referred to the vista of the left eye.. The lateral 

visual field is on the left of each figure, medial on the right. 
* * 

Resting discharge is not indicated in this figure. 

Figure 2C 

Vector analys is of the LTN unit shown in f igs . 2A and 2B. The polar 

plot vectors of f ig . 2B were t reated, as described in the Methods to 

generate one E-vector (sol id arrow) and one I-vector .(broken arrow). 

Vectors have been given un i t - l eng ths . Note that the E-vector points 

almost straight down and the I-vector points almost straight up. 

Figure 2D ^ 

Direction selective response profile of another LTN unit. In contrast 

to the unit i l lustrated in fig. 2A, this unit displays maximal excita

tion for upward stimulus motion. Conventions are'as in fig. 2A. 

( 
14 
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Figure 2E 

Polar representation of LTN directional response (same unit as 

9 

2D). 

i V 

Figure 2F 

Vector analys is of the LTN uni t shown in f ig. 2D and E« The polar 

' of f i g . 2D was t rea ted as f ig . 2C to generate the E~ (sol id arrow) 

I - v e c t o r (broken arrow) shown In f i g . 2F. These two v e c t o r s 

s l i g h t l y away frtra v e r t i c a l . 

15 
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•, . 4 ** 

A" method of vec.tor ana lys is was used to deri.ve two vector 

quan t i t i e s .proportional to the major exci ta tory and . inhibi tory 

"activity of AOS units (evaluated with respect to thje resting discharge 

rate). This vector analysis has several advantages over conventional 

treatments of direction selective response profiles. Firs t , i t has the 

virtue of generating non-arbitrary estimates of the major excitatory 

and inhibi tory d i rec t ions ' for each response prof i l e . Second, a l l 

available information is ut i l izea/ in determining the two directions of -

grea tes t modulation. And l a s t l y , the two vectors which emerge from 

th i s analysis are not constrained to f a l l onto one or more of the 

a r b i t r a r i l y chosen d i rec t ions employed in the t e s t ing procedure. A. 

wec to r . p lo t generated from the data 'of f igs . 2A and B, i s shown in 

f ig . 2C*. The exci ta tory vector (E-vector, -solid arrow) of th is uni t « 

points almost straight down, while this inhib i tory vector ( I -vec tor , 

broken .arrow) points almost straight up. Both vectors have been given 
** ^ <-

unit-lengths. Proceeding in a clockwise direction from the I - to the 
* . » 

E-vector, the angular separation between these vectors i s 179 deg. 

A second class of direction selective LTN unit is represented in 

f igs . 2D-F. This unit exhibi ts maximal exci ta t ipn in response to ' 

upward stimulus motion and deepest inhibi t ion^for downward motion. 

Conventions for figs. 2D-F are the same as in figs. 2A-C. 

Direct ional response prof i les were a lso obtained for DTN c e l l s . 

The response of a typica l DTN uni t recorded on the r ight side of the 

brain", i s i l l u s t r a t e d in f ig . 3A. In contrast to the prof i les of LTN 

c e l l s , most DTN uni ts displayed maximal exc i ta t ion in reapAnse to 

hor izontal stimulus motion diKifctW toward the i p s i l a t e r a l visual 

field (i.e., tempofo-nasal motion relative to the *ye contralateral to 

17 
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7*s • . Figure'3A ^ 

Direction se lec t ive response prof i le of a DTN uni t . The overwhelming 

•preference for hor izontal stimulus motion of DTN ce l l s i s ref lec ted in 

* the response shown in f ig. 3A. The r e s t ing discharge of th i s pa r t i cu -

l a r DTN c e l l i s lower than t h a t of the LTN u n i t s shown in f i g s . 1 and 

2. On average, , t he r e s t i n g disclia^rge of DTN u n i t s was 11 s p i k e s / s e c , 

. s versus 21 sp ikes / sec , for LTN c e l l s . 

Figure 3B 

* *•* 
Polar r e p r e s e n t a t i o n of t h e d i r e c t i o n s e l e c t i v e response of the DTN 

u n i t shown i n f i g . 3A. 

; Figure 3C 

Vector analysis of the DTN unit shown In f igs. 3A and B. These vectors 

were generated by the same procedure, as In f igs . 2C and 2F. Note that 

the E-vector points in a horizontal d i rec t ion in to the medial v isual 

f i e l d , whi le the 1-vectdr p o i n t s in a h o r i z o n t a l d i r e c t i o n in£©-trTe 

l a t e r a l visual f ie ld . 
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• „the recording s i te) . The pola^glot display of this DTN unit is shown 

In f ig. 3B, where the requirement for horizontal-medial stimulus 

motion is unequivocal. This same trend in directional tuning was also 

evident in the vector analysis for this cell , I l lustrated in fig. 3C. 

The E-vector In this case points approximately 20 deg off pure hori-

zontal in the inferior-medial visual hemi-field, while the I-vector 

points approximately 31 deg off pure hor izon ta l , in the super ior-

la teral quadrant of the visual field. Angular separation between these 

. vectors is 169 deg. • 
Distribution*of direction selectivity"in the LTN and DTN 

To determine the total d i s t r ibu t ion of d i rec t ion se lec t ive re's-

ponses in the LTN and DTNj, t'he r e su l t s of, the vector analyses of 

individual un i t s were col lected and plot ted in to a s ingle clircular 

distribution. Fig. 4A displays the total distribution of LTN E-vectors 

obtained in th i s study. As before, a l l vectors have been given un^ | -

lengths. Inspection of fig. 4A shows that LTN E-vectors fall naturally 
» 

^nto two diametrically opposed groups of upward and downward directed 

vectors. . , 

The t o t a l I -vector d i s t r i bu t i on for the LTN is displayed in f ig. 

4B. AS in f ig. 4A, the I-vector d i s t r i bu t i on divides in to two groups 

of upward and downward d i rec t ions . Within ei ther"the upward or the 

downward I-vector group, there i s no obvious difference in the degree 

of clustering (i.e., relative dispersion) between the two groups of I -

vectors and the two groups of E-vectors shown in figs. 4A and B. 
* 

E- and I-vector distributions for DTN cells examined in these \ 

\ 
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Figure 4A 

Total d i s t r i b u t i o n of E-vectors for the LTN. From the vector analys is 

of i n d i v i d u a l c e l l s (e .g . , f i g s . 2A and 2D), LTN E - v e c t o r s were c o l 

lected and plot ted together in to a single ' c i rcu la r d i s t r ibu t ion . All 

v e c t o r s have been given', u n i t - l e n g t h s to emphasize d i s p e r s i o n . Two 

major sub-groups of vectors are apparent, showing an upward and down

ward trend respect ively . Only one LTN unit was found to be sens i t ive 

to h o r i z o n t a l - l a t e r a l motion. 

Figure 4B„ , * 

To ta l d i s t r i b u t i o n of l - v e c t o r s for- the LTN. S i m i l a r to f i g . 4A, I -

vectors from individual LTN ce l l s w.ere col lected in to a s ingle c i rcu

l a r d i s t r i b u t i o n . There aire a l s o . t w o major sub-groups -of l - v e c t o r s 

'displaying the deepest inhibi tory 'modulat ion for upward and downward 

st imulus motion. Two LTN l -vectors point in a horizontal-medial- and 

h o r i z o n t a l - l a t e r a l d i rec t ion. In other respects , the d i s t r i bu t i on i s 

very s imi la r to that of the E-vectors shown in f ig. 4A. 

. ' ") 
Figure 4C, l e f t panel ' 

v. 
Hyper-E- and h y p e r - I - v e c t o r s for the u p w a r d - s e l e c t i v e group <>f LTN 

c e l l s . The hyper vectors representing the overal l d i r ec t iona l bias of 

. an e n t i r e sub-group of uni t responses, were, derived by repeating the 

v e c t o r a n a l y s i s , on the upward d i r e c t e d E- and downward d i r e c t e d I -

v e c t o r s from f,igs. 4A and B. Al l h y p e r - v e c t o r s have been given u n i t -

' lengths. The hyper-E-vector / ( so l id ar row) p o i n t s v i r t u a l l y s t r a i g h t 

un# while the hype'r.-lWectpr points almost s t r a i g h t down. 

Figure 4C, r igh t panel ' » 

Hyper-E- and I-Vectors for the downward-responding group of LTN c e l l s . 

The h y p e r - E - v e c t o r ( s o l i d ar row) p o i n t s 5 deg off v e r t i c a l I n t o the 

2 1 / 



inferior-latE^ral visual field.^The hyper-I-vector (broken arrow) , 

points 4 deg off vertical into the superior-medial quadrant. l 

Figure 4D " U , 

Total d i s t r i bu t ion of E-vectors for the DTN. Most DTN c e l l s display 

greatest excitation for stimulus motion toward the horizontal-medial 

v isual f i e ld . However, fette E-vectors of 4'DTN uni t s point almost 

straight up, whijle another 3 point down and la tera l -in, visual space. 

'Figure 4E - * 

Total d i s t r i bu t ion of I -v^ctors for the DTN. In-contrast* to the\dls~ ' 

t r ibu t ion df DTN 'E-vectors, most l -vec tors are concentrated in the 

h o r i z o n t a l - l a t e r a l f ie ld . There are four exceptional DTN l-vectors, 

pointing either vertically up and down, or into the horizontal-medial 

v isual field. ' 

Figure 4F 

Hyper-E- and I -vectors for DTN c e l l s . Re-application of the vector 

analysis to the total distribution of E~ and I-vectors .shown in figs. 

4D and 4E, y ie lds a hyper-E-vector (solid arrow) pointing in a h o r i 

zontal-medial* direction, and a hyper-I-vector (broken arrow) pointing" 

in a horizontal-lateral direction. 
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experiments, are shown in f igs . ' 4D and 4E respect ive ly . With few 

exceptions, most DTN E-vectors point in the inferior-medial direction. 

Fig. 4D als*o discloses a few DTN uni t s Vhich c lear ly do not display -

maximal excitation €or "horizontal-inedial stimulus motion^ but r'athe.t 

prefer either upward or downward diagonal motion. 

The t o t a l I -vector d i s t r i b u t i o n for the DTN uni t population i s . 

shown In f ig. 4E. In th i s d i s t r i bu t i on , thejnost frequently encoun

tered direction is approximately 180 deg removed from the most fre-

quently encountered -vector direction observed in the DTN E-vectors of 

' f i g . 4D: i .e . , most DTN I-vectors point in the l a t e r a l - h o r i z o n t a l 
* * « 

direction. • '. 

By re-applying ".the vector analysis* to the t o t a l d i s t r i bu t ions 
» 4 ' ° 

shown in f igs . 4A ai/6 B", and 4D and E, a s ingle non-arbi t rary*direc-

tional bias may be derived for an entire 'subset of response vectors. 

In any c i r cu la r d i s t r i b u t i o n of vectors there fs no a p r i o r i rule by • 

which subsets may be delineated for the purpose of ca lcula t ing an* 

average vector. -The choice of subsets i s , ^thefe'f ore*\ arbitrary." In the 

case of the LTN vectors shown In figs. 4A and B, two manifest subsets' 

naturally emerge, pointing iti an upward and downward direction. Thus', 

in fig. 4C two sets of hyper-vectors were calculated: ope set for a l l 
» 

those vectors pointing above (below) horizontal, and another set for 

all vectors pointing beloV (above) horizontal. For the upward direc-

tion selective LTN group, the left panel of fig. 4C shows the hyper~E-

vector (solid .arrow) pointing just off vertical, toward t"he superior-
T 

lateral hemi-field. The hyper-I-vector (broken arrow) is likewise 

almost'"purely vertical except that it is deflected slightly into the 

inferior-medial 'quadrant. The right panel of fig. 4C illustrates the ' 
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hyper-E- and I -vec tors for the downward group of LTN c e l l s . These, 

' vectors approximate a polar, reflection i|f the relationships shown in 

the l e f t panel of f ig. 4C." 

The hyper-E- and I-vector .for the distributions of preferred and 

non-prefer red 'd i rec t ions of DTN ce l l s i s d isplayed ' in f ig . 4F. This 

panel i l l u s t r a t e s the predominant preference for horizontal-medial 

stimulus observed iri DTN cjslls, in that the hyper-E-vector points only 

12 deg off pure hor izonta l in to the in fe r io r -media l v isua l f i e ld . 
* *** 

Conversely, the DTN hyper-I-vector of fig. 4F is directed off horiz,on-
i ' 

•tal into the superior-lateral quadrant. 
a 

s. / 

n 'Angular separation between E- and I-vectors a > 

Electrophysiological studies in the AOS of the rabbit 

a l . 1979), chicken (Burns and Wallman 1980) and pigeon (1 
< * m 

Frost 1981) have revealed that, very often the major exc i ta tory and 

inhibitory axes of cells in this system are not separated by 180 deg 

(i.fe., AOS ce l l s are often non-colinear) . To determine whether such 
r 

non-colinearity obtains for. the E- and I-vectors of LTN and DTN units 

in<- the cat, distiilbutions of angular separation were compiled. Fig. 5A 

' shows the d i s t r i b u t i o n of vector separat ions for LTN d i r ec t ion 

se l ec t ive c e l l s . Unlike the r e s u l t s obtained in other species , the 

distribution appears remarkably Gaussian with*the heaviest concentra

t ion of values at.175 and 180 deg (for individual examples see f igs . 
2C, jHTand 3C). 

s • ' ' -
'«.There was morerspread in the range of Values in the distribution 

of angular separat ions for DTN E- and I -vec to r s , which i s shown in 

25 
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Figure 5A-

D i s t r i b u t i o n of angular s e p a r a t i o n for LTN E- and I - v e c t o r s . Al l 
' • / • * 

measurements of angular separation between individual E- and I-vectors 
/ ' . ° " were made/ by* proceeding in a clock-wise direct ion from the I - to the E-

v e c t o r . There i s a broad r*ange of value's in t h i s d i s t r i b u t i o n e x t e n -

ding from 130 to 200 deg, with most LTN vectors displaying separations 

j r 
of 175 to 1-85 deg. The mean of • th i s d i s t r ibu t ion i s 179.9 deg. 

Figure 5B ' -

Dis t r ibut ion of angular separation for DTN E- and I -vectors . Compared 

to the LTN d i ' s t r i b u f i o n shown in f i g . 5A, t h e r e i s an even broaden 

range of separation values for DTN vector's, extending from 135 to 215 

deg, wi th a mean of 181.3 -deg. However, l i k e the LTN d i s t r i b u t i o n , 
most vector separations f a l l between 175 and 185 deg. 

a 
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fig. 5B. However, the overall shape of the distribution is normal with 

the majority of DTN E~ and I-vecto'r separations concentrated in the 

region of 180 deg. * 
a -* 

Velocity specificity in the LTN and'DTN 

In addition to exhibiting a high degree of selectivity for the 

direction of stimulus motion, cat AOS units are also selective for 
* 

s t i m u l u s v e l o c i t y . F i g . 6A shows an example of a v e l o c i t y t un ing 
« * v \ 

profile obtained from a LTN unit displaying a significant disparity in 
» * 

the tun ing of the e x c i t a t o r y and i n h i b i t o r y components of the r e s -

ponse, roughly s i m i l a r to what was .observed in some ca t MTN c e l l s 

(Grasse and Cynader 1982, f i g . 5). While the maximal e x c i t a t i o n for 

t h i s LTN ce l l occurs at 3.2 deg/sec, the deepest inh ib i t ion appears at 

a v e l o c i t y of 25.6 d e g / s e c . The arrow on the o r d i n a t e of f i g . 6A 
% . . . 

" ind ica tes the r e s t i n g d i s c h a r g e r a t e sampled in the p resence of a 

s t a t i o n a r y s t i m u l u s p a t t e r n . Wifh h igh s t i m u l u s v e l o c i t i e s ( > 100 

d e g / s e c ) t h i s c e l l i s i n h i b i t e d w i t h s t i m u l a t i o n In e i t h e r the 

preferred or non-preferred d i r e c t i o n . This high v e l o c i t y i n h i b i t i o n 

independent of the d i rec t ion of s t imula t ion was observed in 40% of LTN 

c e l l s and 35% of DTN u n i t s . 

The upward directed bar graph of f igure 6B i l l u s t r a t e s the d i s t r i -

bution of st imulus ve loc i t i e s at which maximal exc i t a t ion was e l i c i t e d 

for al l 'LTN c e l l s . There i s a broad range of p r e f e r r e d v e l o c i t i e s , 

with most LTN un i t s displaying maximal exc i t a t ion for st imulus ve loc i -

t i e s between 0.8 and 12.8 d e g / s e c . The range of s t i m u l u s v e l o c i t i e s 

which evoked the deepest i nh ib i t i on in LTN un i t s Is shown in the lower 

inverted graph of f ig. 6B. This histogram displays two peaks a t ve lo-
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Figure j6A 

Velocity tuning profile" of an LTN uni t . This f igu& i l l u s t r a t e s an LTN 
• t 

veloci ty tuning p rof i l e with d i f ferent s e n s i t i v i t i e s for the exc i t a 

t o r y (curve E) and i n h i b i t o r y (curve I ) components of the response 

function. At 0.2 deg/sec l i t t l e exc i ta tory response i s observed, with 

values for the E curve being close to the r e s t ing discharge (arrow on 

the ordinate) , while c lear i nh ib i t i on i s already evident. Exci ta t ion 

increases with increasing stimulus veloci ty u n t i l 3.2 deg/sec, where 

the response peaks and t h e r e a f t e r beg ins a g radua l d e c l i n e . In con-

t r a s t , the s t rength of inh ib i t ion i s g rea tes t at 25.6 deg/sec. Unlike 

exc i t a t ion which i s cur ta i l ed a t 25.6 deg/sec and higher, inh ib i to ry 

modulation in th i s c e l l i s present a t a l l st imulus ve loc i t i e s tes ted . 

Note t h a t w i th very h igh s t i m u l u s v e l o c i t i e s , both d i r e c t i o n s of 

s t imula t ion r e su l t in f i r ing ra tes which f a l l below that observed in 

the presence of a s ta t ionary stimulus_j)rattern. 

Figure 6B 

.LTN exci ta tory and inhib i tory veloci ty tuning. Along two di rec t ions of 
* 

stimulus motion aligned with the major exci ta tory and inhibi tory axes 

obtained from d i rec t ion response prof i l es (e.g., f ig . 2A), un i t s were 

t e s t e d w i t h s t i m u l u s v e l o c i t i e s rang ing from 0.2 t o 204.8 deg/s"ec 

Each veloci ty was presented 8 times in a randomized sequence. Fig. 6B 

shows the v e l o c i t y a t which the major e x c i t a t i o n (upper pane l ) and 

i n h i b i t i o n ( lower pane l ) were ob ta ined ve r sus the number of c e l l s . 
w 

Most LTN ce l l s achieved maximal exc i ta t ion with stimulus ve loc i t i e s 

between 0.8 and 12.8 deg/sec. The remaining uni t s displayed a prefer 

ence for fas te r jp l fbc i t ies (25.6 to 102.4 deg/sec). The lower inverted 

panel of f i g . 6B shows the v e l o c i t y a t which the deepes t i n h i b i t i o n * 
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was ob ta ined ve r sus the number of c e l l s . The range of i n h i b i t o r y 

ve loc i ty tuning suggests a bimodal ra ther than a continuous d i s t r i b u -

t ion , with peaks at 0.8 and 12.8 deg / sec - Units showing deepest, inh ib -

i t o ry modulation at r e l a t i v e l y f a s t s t imulus ve loc i t i e s ( i .e . , > 12.8 

deg/sec) often displayed maximal exc i t a t i on at much slower ve loc i t i e s 

(see fig^ 6A, above) . 

Figure 6C to 

Velocity tuning profile for a DTN unit. The velocity sens'itivityof 

DTN cells was tested in exactly the same manner )a§ described in fig. 

6A. The DTN unit shown in this figure exhibits greatest excitation 
• * ' 

. (curve E) a t 6.4 d e g / s e c . As s t i m u l u s v e l o c i t y i s i n c r e a s e d , the 

f i r i n g ra te of th i s DTN c e l l s t ead i ly r i s e s to a peak a c t i v i t y of 100 

s p i k e s / s e c F u r t h e r i n c r e a s e s i n s t i m u l u s v e l o c i t y cause a g radua l 

decl ine in c e l l u l a r discharge r a t e , u n t i l 102.4 deg/sec where e x c i t a 

tory response function descends to a level approximately equal to the 

r e s t i ng discharge r a t e . Despite th i s neuron's r e l a t i v e l y lower main

t a i n e d r a t e ( i n d i c a t e d by arrow on the o r d i n a t e , app rox ima te ly 22 

s p i k e s / s e c ) , c l e a r i n h i b i t o r y modula t ion (curve I ) i s seen for most 

ve loc i t i e s t e s t e d . . < 

Figure 6D' ' • > 

Excitatory and inh ib i to ry 'velocity tuning for the DTN uni t population. 

The a b s c i s s a of f i g u r e 6D (upper p a n e ^ ^ . p l o t s the d i s t r i b u t i o n of 

st imulus ve loc i t i e s a t which g rea tes t exc i t a t ion was e l i c i t e d against 

the number of c e l l s on the. ordinate . Most DTN un i t s prefer ve loc i t i e s 
f 

of 6.4, and 12.8 deg/sec. However, there is a substantial contingent of 
n 

DTN cells displaying maximal excitation at relatively fast (51.2 and 

3Q 



J ^ . 

102.4 deg/sec) stimulus velocities. When compared to the LTN distribu

tion (fig. 6B, upper panel), there are fewer cells preferring extreme

ly slow stimulus velocities (i.e., < 0.2 deg/sec). THedistribution of 

stimulus velocities which evoked deepest inhibition, in DTN units is 

sh'ow"n in the lower panel of fig. 6D. A clear peak in this distribu-

tion is evident at 25.6 deg/sec. 
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c i t i e s of 0.8 and 12.8 deg/sec, suggesting a bimodal, ra ther than a 

unimodal distribution of inhibitory response types. The overall range 

of inhibitory velocity tuning is somewhat greater than the excitatory 

velocity tuning. Some LTN units showed deepest inhibition in response 

to very low v e l o c i t i e s of e i ther 0.2 (2 c e l l s ) or • 0.4 (4' c e l l s ) 

deg/sec. 

Figure 6C shows a velocity tuning profile for a typical DTN unit. 

This response profile i l lus t ra tes a DTN cell with dissimilar excita

tory and inh ib i to ry veloci ty spec i f i c i t y : while maximal excitation 

occurs with a pronounced peak at 6.4 deg/sec, deepest i nh ib i t i on i s 

evident in response to a relatively large range of velocities between 

0.4 and 25.6 deg/sec. In addi t ion , the r e s t ing discharge ra t e ( i n d i 

cated by an" arrow on the ordinate) for this DTN cell is significantly 

lower than for most LTN cel ls . On average, the mean resting discharge 

r a t e for LTN uni ts examined in the 'present study was 21 sp ikes / sec , 

whereas the average resting discharge for DTN cells was 11 spikes/sec. 

Figure 6D upper panel, i l l u s t r a t e s the d i s t r ibu t ion ' of preferred 

velocities for a l l DTN units. Most DTN cells showed maximal excitation 

for stimulus velocities near 6.4 and 12.8 deg/sec. The lower panel of 

f ig . 6D displays the d i s t r i b u t i o n of ve loc i t i e s which e l i c i t e d the 

deepest i nh ib i t i on . In contras t to the inh ib i to ry veloci ty tuning 

observed in the LTN (compare with f ig . 6B, lower panel)., there i s a 

single _ predominant peak in this distribution for DTN cells occurring 

at 25.6 deg/sec. Note that the inh ib i to ry-ve loc i ty response function 

for - indiv idual DTN c e l l s was often qui te broad (e.g., see f ig. 6C)^ 

spanning a relatively greater range of velocities than the same func

t ion in LTN un i t s . Thus, in order to generate the d i s t r i b u t i o n shown 
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in f ig. 6D lower panel, i t was sometimes necessary to take the mid

point of the total range over which the deepest inhibition was evoked 
i 

In DTN cells and define this as the "peak" inhibitory velocity. 

Ocular dominance in the LTN and DTN 
Anatomical studies of the cat AOS (Farmer and Rodieck 1982, Feran 

and Grasse 1982, Hayhow 1959, Laties" and" Sprague 1966, Lin and Ingram 

1974, and Marcotte and Updyke 1982) have cons is tent ly demonstrated 

that virtually all* ret inal axons projecting into the accessory optic 

tract cross at 'the optic chiasm prior to synaptic termination in the 

DTN, LTN and MTN. The ocular dominarnce d i s t r i b u t i o n for the« LTN is 

shown in f ig. 7A. This figure u t i l i z e s an abbreviated version of the 

'• I • 
Hubel and Wiesel (1962) method for characterising ocular dominance, in 

which there are only 5, as opposed \0l 7 .ca tegor ies . Otherwise, the 

'ocular dominance group numbers convey s imi la r meaniflg: OD group 1 
* > i • ' 

denotes ce l l s driven by the con t r a l a t e r a l eye only (with respect, to 
f\. ' 

the recording s i t e ) , OD group 5 i p s i l a t e r a l eye only, and OD group 3 

both eyes equally. OD groups 2 and 4*denote binocular ce l l s driven 

more e f f e c t i v e l y by the c o n t r a l a t e r a l and i p s i l a t e r a l eye 

respectively. There is a heavy contralateral bias in the distribution 

of f ig . 7A, yet the number of binocular c e l l s (especia l ly OD 2 and 3) 
i s qui te large. Despite the clear i p s i l a t e r a l input evident in f ig. 

7A, no LTN units^were encountered which were driven solely through the 

*ipsilateral eye (OD 5). , , • 

Figure 7B i l l u s t r a t e s the ocular dominance distribution for the 

,DTN. This distribution also discloses a significant ipsi lateral . input 

0 
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Figure 7A 

LTN ocu la r dominance d i s t r i b u t i o n . Ocular dominance was determined 

through independent monocular t e s t ing . The histogram in f ig. 7A shows 
s • 

the ocular dominance (OD) group 'Versus the number of LTN un i t s . Units 

in OD groups 1 and 5 a r e dr iven only through the c o n t r a l a t e r a l and 

i p s i l a t e r a l eye respect ively (in re la t ion to the recording s i t e ) . OD 

group 3 denotes ce l l s driven equal ly^/el l*through both eyes. There i s 

s ign i f ican t i p s i l a t e r a l input to LTN ce l l s evident in th i s d i s t r i b u -

t ion, with the majority (78%) fa l l ing in to OD groups 2-4. No LTN uni t s 

were found, however, which were driven solely through the i p s i l a t e r a l 

eye (OD 5). 

.Figure 7B 

DTN oc*ular dominance distribution. Conventions for this figure are 
identical to those for fig. 7A. As in the LTN, the ocular dominance 

e 

d i s t r i bu t i on for the DTN displays a high incidence (93%) of ce l l s with 

i p s i l a t e r a l eye input (OD groups 2-4) . Most DTN c e l l s f a l l i n t o OD 

group 2, i n d i c a t i n g a predominant c o n t r a l a t e r a l eye input t o g e t h e r 

with a r e l a t i ve ly weaker input from the i p s i l a t e r a l eye. Note how few 

DTN ce l l s were driven through the con t ra la t e ra l eye alone (OD 1). 
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t o DTN u n i t s . Most DTN^cells f a l l i n t o OD group 2. While t h e r e t s a 

subs tan t i a l contingent of b i n o c u l a r (OD 3) and i p s i l a t e r a l dominant 

'•units (OD 4) in the DTN, there were fewer purely con t r a l a t e r a l c e l l s 
B 

(OD 1) than in the DTN. ' * 
ft • s 

Conduction latency in the LTN and DTN 

* 

R o u t i n e l y , b i p o l a r s t i m u l a t i n g e lec t rodes were implanted in the 

o p t i c chiasm (for d e t a i l s see Grasse and Cynader 1982). Whenever 

p o s s i b l e , i s - o l a t e d c e l l s i n t h e LTN and,DTN. were t e s t e d for* 

o r thodromic response to s h o r t .pu lses of e l e c t r i c a l s t i m u l a t i o n * 

(ranging from 1-50 usee at 100-150 uA). The d i s t r i b u t i o n of conduction 

l a t enc ies obtained 'from LTN un i t s i s J shown in f ig . 8A. The majority of 

LTN c e l l s d i sp l ayed conduct ion l a t e n c i e s of 4.5 t o 5.0 msec, w i t h a 

mean of 4.'91 msec. * 

,DTN conduction l a t enc i e s , shown in f ig . 8B, were s imi la r to those 

observed in the LTN. The DTN l a t e n c y d i s t r i b u t i o n e x h i b i t s a peak a t 

approximately 5.5 msec, with a mean 'of 5.75 msec „ 

» 

General recept ive f i e ld proper t ies * 

"Similar ,to therea t MTN, and to the AOS of many other species , the 

r e c e p t i v e f i e l d s of LTN and DTN u n i t s were , on average*, q u i t e l a r g e , 

covering 60 deg or s-o in diameter when mapped^with a large ( i .e . , 40 x 

40 deg) manually projected randqm-dot pa t te rn . The smal les t recept ive 

f i e ld encountered was that of a DTN c e l l which measured approximately 

"15 deg hor izonta l ly by 30 deg v e r t i c a l l y . I t was necessary to cover a t 

l e a s t 2/3 go£ the t o t a l recept ive f i e ld area with %he s t imulus . t a rge t 

37 



1 . • 

. - • / 

Figure 8A ' / * 
'a-

Dis t r ibu t ion 'o f conduction la tencies /for LTN input f ibers . Figure 8A 

shows the conduction latency (in msec) versus' the number of LTN ce l l s . 

These l a t e n c i e s were obta ined in response to a 100~150,uA s t i m u l u s 

pulse (1-50 usee in durat ion) d e l i v e r e d through b i p o l a r s t i m u l a t i n g 

electrodes placed in the optic chiasm. LTN la tenc i f s range from 4..0 to 

6.5 msec, w i th a mean of 4.91 ittsec. ' 

Figure 8B " . ' " : 

Dist r ibut ion of conduction la tenc ies fop DTN Input f ibers . There is an 

even broader range of conduct ion l a t e n c i e s for DTN u n i t s than was 

observed in the LTN, extending from 4.0 to 11.0 msec wi th a mean 

latency of 5.73 msec. ' r/ i • ~~ 
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1 

to produce optimal modulation. We have not observed surround i n h i b i -

tionNin LTN and DTN c e l l s . Stimuli which extend well beyond the bor^ 

ders of the receptive f ie ld continue tp evoke vigorous responses* from 

these un i t s . Moreover, textured pat terns proved to be more effect ive 

s t imul i than low frequency square-wave gratings of equal a rea l extent. 

Frequently more than one uni t was recorded in succession during a 

s i n g l e p e n e t r a t i o n . Whenever t h i s occurred the re were no obvious 

s y s t e m a t i c changes i n r e c e p t i v e f i e l d p o s i t i o n , ocu la r dominance^ 

v e l o c i t y t un ing , or d i r e c t i o n s e l e c t i v i t y . On some occas ions , both 

upward and downward d i rec t ion se lec t ive LTN ce l l s were recorded in the 

same*electrode track. 

F ina l ly , a var ie ty of diffuse l i g h t responses'was observed in the 

LTN and DTN. Units responsive only to changes in t o t a l luminance flux 

( and , t h e r e f o r e , < n o t d i s p l a y i n g d i r e c t i o n s e l e c t i v i t y ) were 

encountered r a r e l y . 

V 
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DISCUSSION 
•* 

Functional differentiation within the cat AOS 

Some of the more striking response features of cells in the cat 

AOS are the very large receptive field dimensions, direction 

selectivity, a W velocity specificity. In the following discussion, 

the characteristics of these properties will be compared to functional 

descriptions of AOS neurons of other species. The results of the 

present analysis suggest that units^in the AOS may be involve'd In 

several different oculomotor contexts, including'the monitoring of 

self-motion, the control of optokinetic nystagmus and/or smooth 

pursuit eye movements, as well as visual-canal and visual-otolith 
i 

i n t e r a c t i o n s . 

Receptive f i e ld proper t ies of cat AOS uni t s 

The response p r o p e r t i e s of AOS u n i t s have been examined in many 

different?1 animals and, without exception, the recept ive f i e ld dimen

s ions a r e much l a r g e r on average than those of, fo r example, the 

g e n i c u l o - s t r i a t e system.' In the cat AOS, the l a rges t recept ive f ie lds 

we en&ountered were approximately 100 deg in diameter. In addi t ion, 

cat AOS uni ts are modulated bes t by motion of extremely*large textured 

s t i m u l i . Among o t h e r s , Gibson (1966 and 1981) has po in t ed out t h a t 

movement of large par ts of the v isual f i e ld under normal circumstances 

a r i s e s from the organism's own motion, r a the r than from moyement of 
* ' • * . 

external objects in the wor,ld. Based upon these and other considera

tions, Simpson et al. (.1979) have proposed "that the AOS serves to 
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signal self-motion, a function s imi la r to that of "Eke, ves t ibu la r 

system". In our experience, the recept ive f i e lds ' o f cat AOS un i t s 

average 60 deg in diameter and are driven best by large stimulus" 

t a rge t s which encroach upon 2/3 or more of the t o t a l area. Thus, cat 

AOS cell's exhibi t area-response functions which are appropriate for 

the detection of whole-field motion. 
t 

Direction selectivity is a characteristic property of most cells 

in the cat AOS (see alsoVGrasse and Cynader 1982). The ubiquity of 

t h i s response f e a t u r e ' suggests that the analysis ofs movement 

information is an important function performed by the^ AOS. There are 

noteworthy .differences in the manner in which direction select ivi ty is 

expressed within the sub-nuclei of the AOS. For example, the distr ibu- • 

t ion of preferred d i rec t ions in the LTN K±W qui te d i f ferent from the * 
0 

d i s t r i b u t i o n observed In the DTN (se£ f igs . 4A and 5A). Conversely, 

there are a lso c lear s i m i l a r i t i e s in component groups of responses: 

e.g., the downward d i rec t ion se l ec t ive responses of LTN ce l l s are 

vir tual ly the- vector equivalent of the downward directional responses 

of MTN uni t s (see f ig . 6B, and Grasse and Cynader 1982, f ig . 3). 

The pronounced anisotropy in the distribution of direction selec

t iv i ty among units examined in our investigations can best be summar-

ized by the statement that cat AOS un i t s respond best for e i the r 

vert ical ly or horizontally-directed st imulus motion. Figure 4 shows 

that LTN c e l l s respond best to e i the r upward or downward v e r t i c a l 

motion, while DTN cells are optimally modulated by horizontal m.otion. 
A ' 

- M I 

Some investigators (Burns and Wallman 1980, Simpson et al. 1979) 

have TTrawn attention to the degree of angular separation between the 

major excitatory and inhibitory axes'of direction selective units in 
o 4 

f . 
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the AOS. These, reports claim that the excitatory and inhibitory axes 

of AOS cel'ls are not separated by 180 deg (non-colinear). In the cat 

AOS, on average, the E~ and I-vectors of direction selective cells in ' 

the LTN and DTN are separated by approximately 180 deg (see fig. 7A & 

B). E- and I-vector separation in the cat MTN averaged 190 deg (Grasse 

and Cynader 1982). Because of the limited number of directions of 

motion sampled in our testing procedure, the mean angular separation 

of cat MTN units (190 deg) may not be significa*ntly different from 

that of LTN and DTN units (180 deg). Thus, the cat AOS lacks the high 

incidence of direction selective cells with non-colinear excitatory 

and inhibitory axes which have been observed in the rabbit (Simpson et 

al. 1979) and chicken (Burns and Wallman 1980) AOS. 

The velocity tuning 'of cat AOS cells displays significant differ

ences when, e.g., the distribution of excrtatory velocity tuning in 

* / 
MTN un i t s is compared with tuning d i s t r ibu t ions obtained from LTN and 

«> 
DTN ce l l s . Excitatory veloci ty tuning In the cat MTN is unifoEmly slow 

( i . e . , near 1.0 d e g / s e c ) , wh i l e in LTN and DTN u n i t s the d i s t r i b u t i o n 

I s much more he terogeneous (see f i g . 6B and 6D), showing a g r e a t e r 

incidence of high veloci ty responses. "In a l l three nuclei , uni t s were 

observed whose e x c i t a t o r y and i n h i b i t o r y v e l o c i t y tun ing d i sp layed 

in t e re s t ing dichotomies: some cat AOS cells.showed greates t exci ta t ion 

slow v e l o c i t i e s (e.g. , jlj.0 d e g / s e c ) , wh i l e the deepes t i n h i b i t i o n 

in the same c e l l was obta ined in response to much f a s t e r s t i m u l u s 

v e l o c i t i e s (e.g. , 100 d e g / s e c ) . 
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Ocular dominance 

0 

On t h e b a s i s of ana tomica l i n v e s t i g a t i o n s (Farmer and Rodieck 

1982, Feran an$- Grasse' 1982, Hayhow 1959, Laties and Sprague 1966, Lin 

and Ingram 19^,4, and Marcotte and Updyke 1982), one might expect the 

eye c o n t r a l a t e r a l to the recorded nucleus to d r i v e u n i t s more 

ef fec t ive ly than the i p s i l a t e r a l eye. Considering the small number of 

c e l l s in the MTN (Grasse and Cynader 1982) which displayed s ign i f ican t 

i p s i l a t e r a l i n p u t , i t was s u r p r i s i n g to o b s e r v e such s t r o n g 

i p s i l a t e r a l eye influence in the LTN and DTN (see f igs . 7A and B). The 

NOT of the p re tec tum has been shown p h y s i o l o g i c a l l y to possess a 

s u b s t a n t i a l p r o p o r t i o n of b l n o c u l a r l y - d r i v e n c e l l s (Ho'ffmann and 

Schoppmann 1975, 1981). When the i p s i l a t e r a l v isual cortex i s removed, 

NOT c e l l s a r e d r iven a lm6s t e x c l u s i v e l y by the c o n t r a l a t e r a l eye 

(Hoffmann 19-82). I t i s p o s s i b l e t h a t t he v i s u a l c o r t e x p rov ides the 

i p s i l a t e r a l eye input t o the LTN and DTN in an'"analogous f a sh ion 

(Marcotte and Updyke 1982). However, i t i s s t i l l puzzling that the cat 

MTN, which appears to receive as much co r t i c a l input as the other AOS 

nuclei (Marcotte and Updyke 1982), displays so much l e s s I p s i l a t e r a l 

eye input. Experiments are presently underway to de l ineate sources of 

i p s i l a t e r a l eye influence in the cat AOS. 

'Relat ionship between DTN and NOT 

The d i r e c t i o n s e l e c t i v e responses recorded in the DTN c l o s e l y 

resemble those described for un i t s in the nucleus of the opt ic t r a c t 

(NOT) of the p re tec tum (Hoffmann and Schoppmann 1975, 1981). The 

physiological landmarks used* by Hoffmann and Schoppmann to locate the 
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* 

NOT are yery sitnilar to those used to find the DTN in the present 

f 
s tudy . However, the l o c a t i o n of the DTJI as desc r ibed in t h i s r e p o r t , 

• * -

a ( see F ig . 1) i s not the p o s i t i o n of thre NOT as i n d i c a t e d by Berman 

(1968), w"ho places the NOT more anterior ' 'and medial near the f ibers of 

the o p t i c t r a c t (compare f i g . 1 wi th Bermdn 1968, p l a t e 28 , p. 56). 

Descriptions of the response proper t ies in the DTN and NOT are almost 

i den t i c a l . I t i s possible -that the DTN and the NOT are two, aspects of 

one continuous anatomical s t r u c t u r e , a l though t h e r e p r e s e n t l y i s no 

anatomical evidence for t h i s in the cat . Al ternat ive ly , there may^e a 

' dual representat ion of, hor izonta l d i rec t ion s e l e c t i v i t y in the DTN and 

NOT, s imi lar to the v e r t i c a l d i rec t ion s e l ec t i v i t y in the LTN and MTN. 

This may r e f l e c t the, p resence of two p a r a l l e l o p a t h w a y s c a r r y i n g a 
H 

s imi la r type of whole-ffield motion information to di f ferent regions of 
4 ' • w 

the b r a i n stem. Support for the p a r a l l e l pathway h y p o t h e s i s d e r i v e s 

from anatomical findings which indicate that the NOT and MTN-> but not 

the LTN and DTN, p r o j e c t t o the ca t i n f e r i o r o l i v a r y complex (Feran 

and Grasse 1982, Walberg et a l . >1981). 

Efferent connections of the cat AOS . '_, -' 

A number of anatomical and physiological s tudies have demonstrated 

tha t various an te r io r midbrain v i s u a l s t r u c t u r e s p r o j e c t t o the i n -

f e r i o r o l i v a r y complex (IOC) (Feran and Grasse 1982,'Hoffmann e t a l . . 

1976, Maekawa~and Simpson 1973,'Maekawa and Takeda 1977, 1979, Simpson 

1984,( Takeda and'Maekawa 1976-, "aUd^ Walberg et a l . 1981).' Some s tudies 

i n v o l v i n g HRP i n j e c t i o n s i n t o and around the d o r s a l cap (of Kooy) of 
. . * 

the IOC, have purpor ted to show t h a t , a l l t h r e e of the AOS n u c l e i in 

the rabbi t send axons to t h i s area (Maekawa* and Takeda 1977, 1979 and 
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Takeda and Maekawa 197-6). The dorsal cap provides a significant input 

to the cerebellar flocculus which projects to the vestibular^ nuclei'. 

The vestibular nuclei, in turn, project to the oculomotor nuclei. 

» 
However, there is some controversy concerning the efferent.projection's 

from the AOS 'in the rabbit. In a recent review of the AOS literature,' 
) • 

Sampson (1984) s t a t e s thalt the HRP-filled ce l l s which Maekawa and 
N -

Takeda claimed were in ' the LTN were ac tua l ly in the pos ter ior f iber 

bundle of the superior fa&iculus of the accessory opt ic t r a c t . I t 

would appear that only the rabbi t MTN and a small part of the DTN 

project to the dorsal cap of the Infer ior o l ive . Yet, even the 

observation that the DTN output fibers terminate in the olive is not 

fitmly established. With regard to this issue, Simpson remarks that 

the accessory ojptic ce l l s "that project to the caudal half of the 
' , . / 

dorsal cap are presumably part of the dorsal terminal nucleus." "An / y 
ipsilateral projection from.the nucleus of the optic tract (NOT)jgfc% 

the dorsal cap has been reported in other mammals, but the likely 

contribution from the DTN has not been explicitly distinguished.'' 

'Walberg et al. (1981) injected HRP into the IOC of the cat and 

found that most back-filled cells were located in the posterior 

pretectal nucleus (PPN),-and to a. lesser extent in the NOT. Feran and 

Grasse (1982) also injected M P into the cat IOC and, similar to the . 

results of Walberg et al., a very small NOT projection was revealed. 

While Feran and Grasse reported a projection from the dorsal aspect of 

the MTN to the IOC, labelled cells were never observed In the DTN or 

the. LTN of the cat AOS following these HRP injections. 
^Fhus, at least for the cat MTN, there is one-possible route by 
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which the visual information transferred through the AOS may influence 

neural s t ruc tures involved in eye movement control . At the present 

t ime, however, the des t ina t ion of the efferent axons of the cat LTN 

and DTN is not known. 
t " 

Functional considerations 

The pred i lec t ion of cat AOS uni ts for horizontal an-d v e r t i c a l 

motion selectivity of large textured stimuli may be useful in several 

d i f ferent contexts. These include visual-canal interactions, visual-

ojtalith interactions, the control of optokinetic nystagmus and smooth 

pursui t eye movements, and in the sensation of self-motion. Before 

considering the possible theoretical .significance of the present re

s u l t s , we sha l l consider s t r u c t u r a l and functional proper t ies that 

distinguish the cat from the majority of animals in which the AOS has 

been examined thus far. 

One important factor is the frontal position of the cat's eyes in 

the head. The forward migration of the eyes in the head throughout 

eyolution has been accompanied by a parallel specialization within the 

cent ra l r e t ina ( i .e . , the "gradual development of a fovea or area 

centralis), which is only* weakly approximated in a lateral-eyed animal 

such as the rabbit. The distribution of retinal ganglion cells projec

ting to the cat AOS displays a marked tendency toward central special

i za t ion , In that these ce l l s are concentrated in the area cen t r a l i s 

(Farmer and Rodieck 1982), to, a greater extent than has been observed 

in the pigeon (Fite et a l . 1981 and Karten.et a l . 1977) and rabbi t 

(Oyster et a l . 1980). 

In the rabbit AOS Simpson et al. (1979) suggest that the direction 
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selectivity of the DTN, LTN, and MTN is organized around the planes of 

ro t a t ion of the semicircular canal planes of the ves t ibu la r system. 

The veloci ty tuning of rabbi t MTN ce l l s (from which the majority of 

Simpson's data were obtained) i s uniformly slow ( i . e . , 0.1-1.0 

deg/sec). In a frontal-eyed animal, the visual consequences of stimu

lation in the planes .of rotation of the anterior and posterior semi-

c i r cu la r canals, are very different^than those for a l a te ra l -eyed 

animal l ike the rabbi t . For the purposes of t h i s discussion we w i l l 
*. 

assume that pos i t ion of the eyes under para lys is i s a reasonable 

approximation of the normal o r b i t a l pos i t ion of the cat ' s eyes, and 

that the receptive field locations of cat LTN units are centered abput 

a point 10 deg contralateral to the area centralis close to the hori

zontal meridian. Given these assumptions, vestibular stimulation in 

the plane of'rotation of the anterior semicircular canal on the ips l -

l a t e r a l s ide, would produce motion across the center of a receptive 

f ie ld of a typ ica l LTN ce l l with pr imari ly an upward v e r t i c a l com

ponent. In addition, the velocity and direction of visual stimulation, 

resulting from head movement in a single canal plane, wil l vary as a\ 

function of both the position of the eye in the orbit and the locus of V 

s t imula t ion upon the r e t ina . Rotation in the plane of the pos ter ior 

semicircular canal would r e su l t in a s imi la r d i rec t ion of visual 

s t imula t ion , but with a stronger hor izontal component.'While the 

c h a r a c t e r i s t i c s of d i rec t ion s e l e c t i v i t y of LTN ce l l s described in 

this report are not inconsistent with the notion that the major move

ment axes of LTN units may be aligned with the planes of rotation of / 

' ' ' / 
one of the vertical semicircular canal planes, i t cannot be uniquely 



determined from the data obtained In the present study which vertical 

.canal plane the d i rec t ion s e l e c t i v i t y of LTN ce l l s may be aligned 

with. Moreover, i t has not been determined in the cat or in any other 

species, whether AOS cells are more sensitive to rotatory as opposed 

to rect i l inear stimulus motion. 

An equally likely possibility, is that the conspicuous* selectivity 

for upward and downward motion exhibited by LTN and MTN units could be 

used to signal the visual consequences of stimulation of the otolith 

organs. The- otoliths respond, among other things, to linear accelera

tions which occur as a consequence of translatory motion of the head, 

and also to the effects of gravitational forces. This la t te r component 

i s , of course, character ised by a subs tan t ia l asymmetry in favor of 

v e r t i c a l ra ther than hor izonta l forces. Therefore, in addit ion t o 

visualrcanal interactions, the marked selectivity for vertical motion 

shown by LTNvcells also suggests that this nucleus may be involved in 

visual-otol l th interactions. . 

A s imi la r argument holds for the d i rec t ion s e l e c t i v i t y of DTN 

cells in which a marked trend toward horizontal direction selectivity 

was evident (see f ig. 4D and F). To th i s extent , these data are not 

inconsis tent with the notion that the d i rec t ion s e l e c t i v i t y of DTN 

cells may be aligned with the horizontal semicircular canal plane. 'Yet 

DTN cells may also provide information concerning the visual effects 

of horizontal translations of the head-

Two important types of self-motion which produce whole-field image 

displacements on the retinal surface are eye and head movements. There 

are two well known ocular stabil ization reflexes (e.g., the vestibulo-

ocular ref lex and optokinet ic nystagmus, or the VOR and OKN), which 
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serve to maintain the s tabi l i ty of the entire visual scene upon(the 
I 

retina. These reflexes have very specific requirements in terms of 

velocity. At low frequencies of stimulation, however, the gain of the 

VOR (eye velocity/head velocity) is reduced. Thus, visual input is 

required to assist in the control of stabilization at low frequencies 

or velocities of stimulation where the response of the vestibular 

system is the weakest '(Melvill Jones and Milsum 1971). The slow 

velodity tuning exhibited by some AOS neurons (between about 1 and 13 

deg/sec), suggests that these cells' may comprise a possible source of 

visual input to VOR subsystems.. 

With regard'to optokinetic eye movements, Colliwijn (1969) has 

shown that the optimal .range over which horizontal OKN is d'riven in 

Jt " ' 
the, rabbit -occurs with visual stimulat-rah below and up to 1.0 deg/sec 

:> v / ' %, * 

The bimodal velocity sensitivity observed in some cat AOS cellsy (e.g., 

fig. 6A) would be very useful for detecting the visual consequences of 

nystagmoid eye movements witty ^reciprocally directed slow and fast 

components. The excitatory and inhibitory modulation observed in" cat 

AOS units at high velocities also argues that this system maV be 
sensitive to the visual consequancesoof saccadic eye movements,)in 
' * s <** -* 

addition to the quick phases of -nystagmus. 

Another type of oculomotor behavior which may generate whole-field 

motion is smooth pursuit. Smooth pursuit, eye movements maintain the 

image of a small moving target on the'fovea. -During pursuit, ocular 

reflexes driven by whole-field motion must be entirely suppressed in 
{ ' 

favor of the relative s tabi l i ty of a small portion of the central 
visual field. In* the cat, Evinger and Fuchs (1978) found that with and 

* 
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wi thou t an o p t o k i n e t i c baekround, the ca t a c c u r a t e l y t r a c k s moving 

ta rge t s up to ve loc i t i es of less than 8.5" and 0.6 deg/sec respec t lve -

ly. The large receptive f ie lds and veloci ty spec i f i c i ty observed in 

AOS uni t s are, therefore, consistent with the notion that th i s syst-lm 

may also be involved in the control of smooth pursui t eye movements. . 

Al ternat ively, the influence of the tfhole-fiel'd motion ^information 

supp l i ed by the ca t AOS may-be used, as an i n h i b i t o r y d r i v e for the 

ac t ive suppression of compensatory eye movements which would otherwise 

i n t e r f e r e with the proper action of smooth pursui t control . Jnforma-

t i o n supp l ied by the AOS may be wsed ' to suppress compensatory11 eye 

movements such as OKN whi(le the* animal" Is tracking small moving °ob-

j e c t s . For th£ unique speci f ica t ion of the d i rec t ion and veloci ty of 
whole-field motion produced during eye and head movement, i t i s r e -

is 

quired that the monitoring system possess visual s e n s i t i v i t y to large 
- , , ft 

field* movement* encompassing a r e l a t ive ly broad range of d i rec t ions and 

v e l o c i t i e s . This , of cour se , i s an, apt d e s c r i p t i o n of• the p rope r t i e s " 

found in the AOS. Westh'eimer and B l a i r (1974) were "the f i r s t to 

propose that the AOS may be involved in smooth pursuit eye movements. 

I t should sbe kept in mind t h a t both in the case of OKN and smooth 

p u r s u i t , the s p a t i a l framework, if any, w i t h i n which such eye move

ments m"ay be "organized," w i l l not necessari ly be that of the semici r -
• \ A 

\ 
•cular canals of the ves t ibular system. 

* a 

Concluding remarks 

Throughout the l i f e of an organism there w i l l be many types of eye, 

head, and body movement in which whole-field motion information w i l l 

be gene r a t ed-̂  in the visual system. The d i rec t ion and velocity" s e l ec -
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t i v i t y of c e l l s in the cat' AOS, along with the i r large recept ive 

fields, ma*ke these units well suited to detect the visual consequences 

of some of these movements. In the face of so large an anatomical 

ignorance as that which presently surrounds the efferent connections 

of the LTN and DTN in the cat , support for this5* InterpretaCi6n i s 

based largely upon the physiological response properties exhibited by 

AOS.*units. At' the present time i t ' i s not poss ib le , to constra in the 

cat AOS to a more spec i f ic functional ro le . This study and s imi l a r 

inves t iga t ions in other species , have only shown that the d i rec t ion 

and velocity of whole-field motion is signaled unambiguously by AOS 

•neurons. Thus, in theory at least , there is no reason why this pa r t i -

cular source of ,whole-f ie ld information could not be used in any 
t 

oculomotor context where it has obvious utility. 
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PART I I 

ALTERATIONS IN RESPONSE PROPERTIES IN THE LATERAL AND DORSAL TERMINAL 

•NUCLEI OF THE CAT ACCESSORY OPTIC SYSTEM FOLLOWING VISUAL CORTEX 

LESIONS 

^ 
# 

J 
s 
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INTRODUCTION 

The media l (MTN), l a t e r a l (LTN), and do r sa l (DTN) t e r m i n a l n u c l e i 

of t h e a c c e s s o r y o p t i c s y s t e m r e p r e s e n t a p h y l o g e n e t i c a l l y a n c i e n t 
i 

branch of the primary visual system which has recent ly been implicated 

in the control of optokinet ic nystagmus, and v i sua l -ves t ibu la r i n t e r -

ac t ions . I n ' t h e cat , r e t i n a l input to these nuclei or ig inates p r imar i 

ly from s lowly conduct ing a f f e r e n t f i b e r s of the c o n t r a l a t e r a l eye 

(Hayhow 1959,. Lat ies and Sprague 1966, Grasse and Cynader 1982, 1983, 

Farmer and Rodieck 1982,' Feran and Grasse 1982", and Marco t te and 

Updyk'e* 1982). However, a l a r g e p r o p o r t i o n of s i n g l e u n i t s in the ca t 
c 

LTN and DTN may be driven through both eyes (Grasse and Cynader 1984). 

Recent autoradiographic inves t iga t ions by Berson and Graybie l (1980) 

and Marcotte and Updyke (1982) have demonstrated a large and diffuse 

afferent project ion ' to* the cat AOS from the I p s i l a t e r a l v isual cortex. 

Ttfese r e s u l t s r a i s e the p o s s i b i l i t y t h a t the i p s i l a t e r a l eye input 

observed in the responses of LTN and DTN ce l l s may a r i s e by way of the 

c o r t i c a l p r o j e c t i o n upon t h e s e n u c l e i . F u r t h e r suppor t for t h i s 

hypothet ical In te rac t ion i s obtained by analogy with findings in other 

midbrain nuclei such as the superior co l l i cu lus and the nucleus of the 

o p t i c t r a c t (of the p r e t e c t u m ) , in which d e c o r t i c a t i o n r e s u l t s in 

r e d u c t i o n -or a b o l i t i o n of i p s i l a t e r a l eye responses (Wickelgren and 

S te r l ing 1969, Berman and Cynader 1972, and Hoffmann 1982). 

To i n v e s t i g a t e t h i s p o s s i b i l i t y , a s e r i e s^o f exper iments was 

performed i n which the v i s u a l c o r t e x was removed u n i l a t e r a l l y i n 

normal adu,lt ca ts . Single unfit responses were then examined in the LTN 

and DTN i p s i l a t e r a l to^-fene decor t ica t ion . In an e a r l i e r inves t iga t ion 

* • • " * 
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of 'the cat MTN {Grasse 1981 and Grasse and Cynader 1982), it was found 
j 

.that very few MTN cells exhibited binocular responses, and, therefore, 

in the present experiments attention was confined to the LTN and DTN. 

AOS'units in the decorticate animal were tested quantitatively for 

direction selectivity, ocular dominance, and velocity specificity in 

the same manner as Part I., 'y7 \ 

x 
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METHODS 

Recording P r e p a r a t i o n 

Most a s p e c t s of the r eco rd ing p r e p a r a t i o n employed i n t h i s s tudy 

have b e e n d e s c r i b e d p r e v i o u s l y ( s e e P a r t I and G r a s s e and Cynader 

1982). B r i e f l y , c a t s were a n e s t h e t i z e d wi th in t ravenous ( i .v . ) sodium 

t h i o p e n t a l (2.5mg/kg) as r equ i r ed , the t r achea was i n t u b a t e d , and the 

a n i m a l was p l a c e d i n a m o d i f i e d s t e r e o t a x i c f rame which m i n i m a l l y 

o b s t r u c t e d t h e f i e l d of v i e w . P a r a l y s i s was Induced and m a i n t a i n e d 

t h r o u g h o u t t h e e x p e r i m e n t a l s e s s i o n w i t h i . v . a d m i n i s t r a t i o n of 

ga l l amine t r i e t h i o d i d e (LOmg/kg/hr) d u r i n g wh ich t i m e a n i m a l s w e r e 

a r t i f i c i a l l y r e s p i r e d w i t h a 70:30 m i x t u r e of N^O and 0 o . Ha lo£hane 

(1.5%) was in t roduced i n t o the gas mix tu re fo r the e n t i r e d u r a t i o n of 
T 

surgery and discontinued thereafter . Monitoring of EEG ac t i v i t y under 

these conditions reveals "a preponderance of slow-wave a c t i v i t y (see 

a l s o Cynader and Berman 1972). E n d - t i d a l C02̂  was monitored and 

maintained near 4.0%. Wound margins were generously i n f i l t r a t e d with a 

11 long l a s t ing local anesthet ic (Bupivacaine hydrdchloride 0.25%). Body 

t empera tu re was kept near 37.5 C and c o n t r o l l e d by a t h e r m o s t a t i c 

h e a t i n g pad. Pup i l s were d i l a t e d w i t h ' a t r o p i n e (1%) and n i c t i t a t i n g 

membranes r e t r a c t e d wi th n e o s y n e p h r i n e (10%). C o n t a c t l e n s e s 

containing 4mm a r t i f i c i a l pupils were selected by retinoscopy to focus 

images p ro jec t ed onto a tangent sc reen 46 inches from the eye. The 

l o c a t i o n s of o p t i c d i s c s and areae c e n t r a l e s on the tangent screen 

were determined by the reversing ophthalmoscope technique. 

The visual cortex was exposed by removing an 8mm by 16 mm bone flap 
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over one hemisphere, sparing the mid-sagittal sinus and overlying 

bone. The dura was opened and retracted, and cortical tissue was 

removed by subpial suction. The bottom of figure 9 shows a schematic 

" drawing of» the dorsal surface of the„ cat brain (shaded region shows 

the anterior-posterior and medio-lateral extent of the cortical 

lesion). Representative coronal sections illustrating the-dOrSC-

ventral extent of the lesion (blackened area) at various, anterid*-

posterior levels are drawn above. The illustration in fig. 9 is a 

conservative estimate of the damage to the visual cortSx. Lesions 

which scared the most ventral-lateral parts of visual cortex (i.e., 

parts of area 18 and 20), gave rise to similar results in the LTN and 

DTN. After surgery was completed, the brain-cavity was filled with 

' warm 0.5% agar gel. The animal was allowed to- recover for a period of 

at least 3. hours before electrical recording *egan. 

Electrical Recording 

Single-unit recording methods were conventional' and as described 

previously (Grasse and Cynader 1982). For details of the procedure 

used to. locate the LTN and DTN see Part I. In all cases, single-unit 

recordings were made in the LTN and DTN ipsilateral to the cortical 

ablation. 

Visual Stimulation And Data Collection/Analysis 

As in Part I, a random-dot pattern (Julesz 1964, fig. 1) was 

employed as a stimulus target which extended approximately 100 deg 

vertically by 80 deg horizontally. Once the preferred and non-



Figure 9 , 

Schematic drawing of frontal sections representing various anterior-

posterior levels lying perpendicular to the dorsal aspect of the cat 
f 

brain (shaded area at the btittom). The f ronta l sect ions of lesioned 

areas of the visual cortex (shown in black) are referred to the shaded 

region on the dorsal surface. . 
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preferred d i rec t ions were determined quantitatively, the following 

procedure was employed to assess ocular dominance: the stimulus moved 

along the preferred and non-preferred d i rec t ions 8 times each at a 

constant ve loc i ty , f i r s t , with binocular viewing, second, each eye 

separate ly , and th i rd , the binocular condition was repeated. The ^ 

resting discharge was sampled in each of the three separate viewing 

conditions! The response to binocular stimulation served as a control 
• \ < 

condition against which any non-specific changes in cellular response 
characteristics (such as habituation) could be evaluated. 

* 

1 
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RESULTS 

» 

The data presented in Part II were obtained from 14 cats which 

underwent acute unilateral decortication^ Of the 77 AOS units which 

were 'examined, 39 were, in the LTN and 38 in the DTN. Under the 

conditions of these experiments, LTN and DTN units did not show any 

apparent .si*gns of trauma due to the surgical removal of the visual 

cortex. For example, the average resting discharge sampled in the 

absence of moving stimuli for both the LTN and DTN of the'visual 

cortex lesioned (VCL) animals was not significantly different from 

that of normal cats (average resting discharge for normal LTN was 21 

spikes/sec versus 17 spikes/sec for VCL; average resting discharge for 

normal DTN was 11 spikes/sec versus 15 spikes/sec for VCL). In 

addition, overall responsivity was not depressed in either the AOS 

nuclei or-in the superior colliculus. AOS units were located using the 

same physiological landmarks which were described in Part I. 

Ocular Dominance 

The ocular dominance distribution for the nQrmal LTN is shown in 

figure 10A (upper panel). In this and the following illustrations, the 

data from the normal LTN and DTN were obtained from Part I. Units in 

ocular dominance' (OD) group 1 and 5 are driven best yia the 

contralateral and ipsilateral eye respectively; Group 3 units are 

driven equally well through each eye. LTN cells of normal cats prefer 

Input from the- contralateral eye. Yet, many.LTN cells•display a 

pronounced influence from the ipsilateral eye (groups 2 and 3). In 

contrast, figure 10B (lower panel) shows tme ocular dominance 

I 
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Figure 10 

A) Normal cat LTN ocular dominance distribution. This histogram 

displays the ocular dominance group versus the number of LTN cells 

encountered. OD groups 1 and 5 denote units driven exclusively via the 

contralateral and Ipsilateral eye respectively (with respect to the 

recording site). LTN cells driven equally well through both eyes are 

classified as OD group 3. The majority of LTN units (78%) fall into OD 

groups 2-4, indicating a significant input from the ipsilateral eye. 
t 

B) LTN ocular dominance distribution in visual cortex .lesioned (VCL) 

cats. Conventions for this figure are identical to those for fig. 10A. 

The major effect of decortication upon ocular dominance is a severe 

reduction in the ipsilateral eye influence observed in the normal LTN 
1 

unit population (see fig. 10A)» Virtually all LTN units.in the VCL 

cats are entirely dominated by the contralateral eye (OD group 1). 

t*# 
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V . 
d i s t r i b u t i o n obtained from the decor t i ca te LTN. This histogram shows 

t h a t t he pu re ly c o n t r a l a t e r a l ^ d r i ven LTN u n i t s (group 1) were the 

most prominent c lass encountered, while the binocular ly driven ce l l s 

Qf groups 2 and 3 which were so common in the normal'1 LTN (see f i g . 

•10A), are encountered ^rarely (4 OD group 2 c e l l s out of 3*9), or not at 

a l l (0 OD group 3 c e l l s out of 39). ' , *• 

An e q u a l l y s t r i k i n g e f f e c t was observed in the DTN o c u l a r domi

nance of decor t i ca te ca t s . Figure HA (upper panel) shows the ocular 

dominance d i s t r i b u t i o n for the normal DTN c e i l population. As in the 

normal LTN, the d i s t r i b u t i o n of f ig . 11A disc loses a large proportion 

of binocular ly driven neurons (OD groups 2-4) in the normal DTN popu

l a t i o n with an overa l l c o n t r a l a t e r a l p r e f e r e n c e . However, f o l l o w i n g 

c o r t i c a l ab la t ion , the pcafsence of i p s i l a t e r a l eye input in the res— 

ponses of DTN almost completely vanishes (see f ig . 11B, -lower panel). 
w 

Thus, one very pronounced e f f e c t of the c o r t i c a l l e s i o n i s to 

r ende r most DTN c e l l s monocular ly d r i v e n through the c o n t r a l a t e r a l 

*eye. The magnitude of t h i s effect i s even more s t r i k i n g In view of the 

s m a l l number (3 of 41) of pu re ly c o n t r a l a t e r a l ^ d r iven c e l l s , ( i . e . , 

OD group 1) which were encounte red in the normal DTN (see f i g . 11A, 

upper p a n e l ) . 

Direct ion S e l e c t i v i t y 

Unlike the ef fects of decor t ica t ion on the response proper t ies of 

c e l l s in the superior co l l i cu lus (Wickelgren and S te r l ing 1969, Berman 

and Cynader 1972, 1975), d i rec t ion s e l e c t i v i t y i s not abolished in the 

c a t LTN and DTN f o l l o w i n g removal of the v i s u a l c o r t e x . There a r e , 
' . « i 

however, n o t a b l e changes in the d i s t r i b u t i o n of p r e f e r r e d and non-



Figure 11 , " s 

\ _ . . » • • 

A) Normal* cat DTN1 ocular dominance distribution. Similar to the normal 

LTN ocular, dominance distribution (fig. 10A) the normal cat DTN unit 
«• ' i * 

population contains a high incidence (93%) of cells'with some form of 

ipsilateral eye input (OD groups 2-4). -M-ost DTN cellfe fall, into OD 

group. 2, indicating a predominant contralateral eye input together 

with a relatively weaker input from*the ipsilateral eye. Only 3 DTN 
? 

uni ts are completely dominated by the cont ra la te ra l eye. " » 

B) DTN ocular dominance d i s t r ibu t ion in decort icate ca ts . °Figure 11B 

shows the marked effects of decortication, on the -DTN ocular dominance 

d i s t r ibu t ion . In contrast to^the normal DTN uni t population (see f ig. 

HA, above), d e c o r t i c a t e ca t DTN c e l l s a re d r iven p r i m a r i l y through 

the c o n t r a l a t e r a l eye only (OD group 1). As in the VCL ca t LTN ( i ee 

fig. 10B), the DTNjunit population in decort icate cats shows a-sizable 

reduction In the incidence of binocularly-driven neurons (OD groups 

2-4) . Conventions in f i g . HA arid B-are i d e n t i c a l to fig.110. 

\ 
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preferred directions in both the LTN and DJTN as a result of cortical 

lesions. The left hand side of fig. 12A shows the distribution of 

pref-erred directions (E-vectors), and the right hand side of fig. 12A 

the. distribution of non-preferred directions (I-vectorfe), for the 
* \ 

\ 
normal cat LTN. The overwhelming trend in both the E- and I-vector 

» 
distributions obtained in the normal LTN is for approximately equal 

numbers of vertically up and down direction selective units. The 

distributions obtalWl from decorticate cat̂ LTN are shown in fig. 12B. 

After cortical ablation the number of LTN cells-displaying maximal 

excitation for upward stimulus motion is severely reduced. Only 25% of 

the cells encountered 'nrejer^Hipward stimulus motion, compared with 

approximately 50% in normal cats. 

The effect of decortication on\the distribution of preferred and 

non-preferred directions found, in the DTN was not alfpronounced "as 

that observed in the LTN. The distribution of E- and l-vectors for the 

normal cat. DTN is shown in fig. 13A. Fig. 13B shows the comparable 

distribution of E— and I-vectors obtained "from the decorticate DTN. 

From a.comparison of these two sets of distributions, i%is evident 

•that cortical ablation has not substantially altered the character of 

the E- and I-vector distributions for t,h.e DTN. There**appear 'to be a 
' ' ; -, / • 

few more DTN cells preferring vertically' downward stimulus- motion, and 

a few less preferring*vertically upVard stimulus motion.^But, overall, 

the majority of DT.N cells "display maximal excitation for stimulus 

mqtion in the horizontal-nasal (medial) direction whether the visual 

cortex is present or not. " 

In previous studies of the cat AOS (Grasse 1981 and Grajese and 

Cynader 1982, 1983) an overall measure of.direction selectivity was 
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Figure 12 c 

A) Total d i s t r i bu t ion of E- and l -vec tors - for the normal cat LTN. From 

the v e c t o r * a n a l y s i s of i n d i v i d u a l c e l l s , LTN E- and I - v e c t o r s have 

been c o l l e c t e d and p l o t t e d - t o g e t h e r i n t o a s i n g l e c i r c u l a r 
•a 

d i s t r ibu t ion . All vectors have been g l v e a u n i t - l e n g t h s to emphasize 

d i s p e r s i o n . Two major -groups approx imate ly equal in number a r e 

apparent, showing an upward.and downward d i rec t iona l preference r e s 

p e c t i v e l y . A l l vec to r d i s t r i b u t i o n s in t h i s and the fo l lowing 4 

f i g u r e ^ ( i . e . , f i g s . 13-16) have been drawn to r e p r e s e n t the v i s u a l 

f i e l d p e r s p e c t i v e of the an ima l ' s l e f t eye.. Thus, the l e f t hand s ide 

of each vector plot represents the l a t e r a l visual f ie ld , and the r ight 

represents* the medial visual f ie ld . 

B) Total d i s t r i bu t i on of E- and I -vectors for the LTN of decor t ica te 

cats'.* Unlike the d i s t r i b u t i o n s ob ta ined from t h e normal c a t , the E-

and - I - y e c t o r d i s t r i b u t i o n s from the d e c o r t i c a t e LTN show a c l e a r 

inequal i ty in the number of upward- versus downward-directed vectors . 

Approximately 3 times as many LTN uni t s prefer downward (27 ce l l s ) as 

opposed to upward (10 ce l l s ) stimulus motion. 

\ 
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provided for entire groups or sub-groups of AOS cells by taking the 

vector analysis applied to individual response, profiles, and re

applying it to larger ensembles of vectors. The "hyper vectors" which 

are generated in this fashion, possess a certain utility in the pre

sent context where we are interested in comparing AOS directional 

properties en masse in the normal and decorticate animal. 

When the vector analysis is applied to the upward^.directed E-

/ 

v e c t o r s of f i g . 12A ( l e f t pane l ) and to the downward d i r e c t e d I -

v e c t o r s ( r i g h t panel f i g . 12A) of the normal LTN, two h y p e r - v e c t o r s 

may "be der ived which a r e i l l u s t r a t e d in the l e f t hand s i d e of f i g . 

14A. The most noteworthy features of these two vectors are that they-

point almost s t r a igh t up and down, they are separated by approximately 

180 deg. The hyper-vectors' generated from the corresponding group of 

upward E-vectors (fig. 12B, l e f t panel) and" downward I -vectors (f ig. 

12B, r i g h t nanel)~of the d e c o r t i c a t e LTN a r e -shown i n the l e f t hand 

sample are skewed off v e r t i c a l by equal amounts (approximately 10 deg) 

in opposite d i rec t ions . The angular separation between the E- and I -

vectors of f ig . 14B, l i k e those of f ig . 14A, i s approximately 180 deg. 

The hyper -E- and I - v e c t o r s for the downward group of LTN c e l l s 

de r ived from the normal and d e c o r t i c a t e ca t a r e shown i n the r i g h t 

hand s i d e of f i g . 14A and B r e s p e c t i v e l y . The E-vec to r ( s o l i d arrow) 

for the r igh t hand pair of vectors in f ig . 14A was generated from the 
6 

downward directed vectors of fig. 12A, left panel, while the I-vector 

(broken arrow) of fig. 14A was generated from the upward directed I-

vectors of fi*g. 12A, right panel. These vectors point almost straight 

up and 'down, and are separated by 180 deg. The hyper-E- and I-vectors 

for. the downward group of decorticate LTN cells are shown in .the right 
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Figure 13 * 

A) Total distribution of E~ awd I-vectors for the normal DTN. Most 

'S 
DTN units 4isplay~greatest excitation for horizontal stimulus motion 

toward the medial hemifield (left hand side of fig. 13A), and deepest 

inhibition ihx motion in the opposite direction (right hand side of 

fig. 13A). A few DTN cells exhibit preferred and non-preferred direc-

"tions for vertical stimulus motion. 

B) Total distribution of E- and I-vectors for the DTN of decorticate 

cats. While the predominant trend for horizontal direction selectivity 

is still clear'in the de/forticate DTN unit population, there is an 

increase in the number'of cells preferring downward ̂ stimulus motion, 

and a decrease in the number of units- preferring upward motion (left 

hand side of fig. 13B). « 

9 
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hand side of fig. 14B, In most respects the hyper-vectors shown in 

fig. 14A and B are very similar. Thus, while LTN units preferring 

f • 
upward stimulus motion are found less frequently in the decorticate 

LTN, when encountered, these neurons exhibit direction selective .pro

perties which are virtually identical to those exhibited by.' normal LTN 

cells despite the lack of cortical input. 

Hyper-vectors were also generated for the population of. DTN cells 

in normal and decorticate animals. Figure 15A shows the hyper-E-

(solid arrow) and I-vector (broken arrow) derived from the E-*?nd I-
v S 

.vectors of f ig. 13A. A preponderance of ce l l s exhibi t ing maximal 

excitation for horizontal motion from lateral to medial-(temporal to 

nasal) is evident from either the total vector plot of̂  individual DTN 

units (fig. 13A, left panel), or from the hyper-E~vector (solid" arrow) 

of fig. 15A. To a large extent, this selectivity for horizontal motion -

p e r s i s t s in the decor t ica te DTN, but with some modification. I t has 
already been pointed, out that in decotticate cats,- the distribution of 

* . • ' . . 

E-vectors (fig. 13B, lef t panel) consists of more units with ,a strong 

vert ical , downward component, and fewer units with a strong vertical," 

upward component (compare f ig . 13B, l e f t panel, with fig. 13A, l e f t 

panel). These differences in component directions (i.e., vectors) lead 

to the sh i f t away from horizontal observed in the hyper-vectors of 

f ig . 15B. If the hyper-vectors in each case are calculated only^from 

those DTN vectors in both the normal and the decorticata sample which 

possessed a greater horizontal than v e r t i c a l vector component, -then. _ 
I 

the resu l t ing hyper-vectors would be indis t inguishable . Thus, the_ 

difference in overall directional bias exhibited by DTN cells in the 

lesioned animals seems to be due to differences in the relative con-

" 7 2 ' 
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Figure 14 "" ' 

•• 1' 
v A) Hyper-E- and I -vectors for normal cat LTN cel"Ldk Hyper-vectors are 

derived by repeating the vector analysis on each group of individual 

c a l l response v e c t o r s . T»e l e f t „a„o s l o e of « i , . U i l l u s t r a t e s 2 

h y p e r - v e c t o r s r e p r e s e n t i n g the .overa l l d i r e c t i o n a l b i a s of upward-
I < 3 

p r e f e r r i n g ( s o l i d ar row) and'downward-non-preferrtlng (broken arrow) 

LTN c e l l s . The rigfrt hand s i d e o f , f i g . 14A showB the downward-

p r e f e r r i n g ( s o l i d - a r r o w ) and upward- r ion-pre fe r r ing (broken arrow) 
hyper-vectors derived from the remaining uni t population of normal LTN 

, • " •' ' • ' ' [" ". <* 
c e l l s . Note t h a t t he se v e c t o r s d e v i a t e . o n l y s l i g h t l y * from pure 

• ' H * • • • • • - ! • . 

' v e r t i c a l . „ ' # *> \ • N 

m - ' !\ - \" 

B) Hyper-E- and I-vectoT.s for "LTN ce l l s in decor t icate \cats .« Fig'.. 14B 

/""*• shows the *2>ets of hyper-fvectoifs d e l v e d from the 2 groups of LTN 

ce l l s encountered in the decor t ica te cat. Except for t he \ f ac t < t ha t the 
«• . ' " ' * ' * -. 1 fc 

v e c t o r s on t h e ' l e f t hand s i d e of f i g . (I4B/were gene ra t ed from mapy. 

3 ( ) rOc i f e w e r ' c e l l s (pi ce l l ' s f o r the VCL ca"ts, as opposed to 2 5 for normal < 
. • . * ' ' - | • * « 

cats) , the d i rec t ions -a're very s i m i l a r . The downwar'd^pr^f e r r i n g and 

the upward'non-pr^perring hyper-vectors ( r ight ' hand side of f ig . 14B) 

1 ' : • • V \ " ' * ' . . *• . * ' 

are»also very s imi la r to the corresponding hyper-vectors obtained from^ 

the normal LtN unit population. Thus,"whereas tfre incidence of direc-f 

, t i o n a l response typ-es may" change in t h e ' d e c o r t i c a t e ca t LTN, the 

K 
>" overa l l feirection#l bias of exis t ing sub-groups i s not s i lh i f i ca j i t ly 

" . . . ' -v -
dif ferent from normal. . » 
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tributions made by DTN units with greater vert ical rather than hori

zontal direction selective component. 

Velocity Tuning 

J i n addition to the marked effects of decortication upon the ocular 

dominance distribution and direction selectivity of LTN and DTN cel ls , 

a large change in the distribution of excitatory and inhibitory velo

city specificity was also observed in the responses of cells in these 

nuc le i . The d i s t r i b u t i o n of velocity,, tuning for the normal LTN is 

shown in f ig. 16A and B. LTN response p ro f i l e s have been segregated 

in to those displaying upward (f ig. 16A) versus downward (f ig. 16B) 

direction selectivity (DS). I t is evident from the histograms of figs. 

16A and B that most of the high velocity tuned cells in the normal LTN 

are also sensitive to upward stimulus motion, while the majority of 

the low velocity tuned cells prefer downward directed motion. 

Figure 16C and D i l l u s t r a t e s the ve loc i ty tuning d i s t r i b u t i o n s 

obtained from the visual cortex lesion (VCL) animals. These histograms 

show that in the decor t ica te LTN, the veloci ty tuning is r e l a t i v e l y 

low regardless of the preferred direction. 

the' shift toward, lower stimulus velocities was also observed in 

the inhibitory component of the velocity response. The,,lower inverted 

port ion of f ig . 16A-D i l l u s t r a t e s the d i s t r i b u t i o n of st imulus 

've loc i t ies which evoked the deepest i nh ib i t ion in the normal and 

decor t ica te cat LTN. For ,upward prefer r ing c e l l s in the normal LTN, 

one observes a bimodal d i s t r i bu t i on with ce l l s displaying deepest " 
1 

Inh ib i t i on at e i the r 0.8 or 12.8 deg/sec. "For downward "preferring 

u n i t s , deepest i nh ib i t ion i s found near 1 deg/sec. The inh ib i to ry 



Figure 15 

A) Hyper-E- and I -vectors for normal cat DTN c e l l s . Re-application -of . 

the vector 'analysis to the t o t a l d i s t r i bu t ion of E- and I -vectors for 

the"DTN unit population yie lds the 2 hyper-vectors shown in f ig. 15A. 

Conventions for th i s figure are ident ica l to f ig . 14. While the hyper-

E-vector (sol id arrow) points into the horizontal-medial v isual f i e ld , 

the hyper-I-vector (broken arrow) points i n t o the h o r i z o n t a l - l a t e r a l 

visual ^hemi-field. • - f ^ 

B) Hyper»-E- and I - v e c t o r s for DTN c e l l s in d e c o r t i c a t e c a t s . The 

o v e r a l l b i a s for h o r i z o n t a l s t i m u l u s motion i s s t i l l c l e a r in the 

hyper-vectors shown in f ig. 15B which were derived from the VCL unit 

population. However, the hyper-E-vector points.down in to the i n f e r l o r -

medial quadran t , and the h y p e r - I - v e c t b r p o i n t s upward I n t o the " 

* , 
s u p e r i o r - l a t e r a l v i s u a l f i e l d . There i s a much g r e a t e r d i f f e r e n c e " ^ 

between the .normal and decor t ica te cat hyper-vectors for the DTN than -
- I for the LTN uni t populations. • ' ' 
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velocity tuning of decorticate cat LTN cells-Lacks, the. higb velocity 

tuning observed" in the intact cat; Instead, the lower portion of fig. 

16C and D shows a marked'shift toward low v e l o c i t i e s . This sh i f t i s 

Very pronounced in the.small LTN* unit population which prefers upward 

motion, but can a lso be observed in the downward-preferring group. " 

The alterations in velocity tuning observed In LTN units following 

cortical ablation were mirrored to some extent in DTN velocity tuning 

.profiles obtained under;similar, conditions." Fig! 17A shows the normal 

distribution of excitatory and inhibitory velocity tuning for the DTN , 

of i n t a c t animals. While the peak in the dis t r ibut ion- of normal DTN 

'•velocity responses occurs at 6.4 deg/sec, with a healthy proportion of 

Ik 
" ĉ RLs displaying maximal excitation for even higher 'stimulus veloci-

' t ies , the excitatoty velocity tuning "of DTN cells in th*e7"decorticate 

• cat i s concentrated near the low Veloc i t ies witlv a peak at 0.8. 

deg/seca , • 

In a similar fashion the inhibitory velocity tuning of the DTN is 

shi f ted to lower v e l o c i t i e s as a r e su l t of decor t i ca t ion . The lower 

portion of fig.* 17A shows that the stimulus velocity at which most DTN 

units displayed deepest inhibition was 25.6 deg/sec. Brief inspection 

of f ig . 17A, shows that not a s ingle DTN ce l l in the* in tac t animal 

displays .deepest ^inhibition at stimul-us v e l o c i t i e s less than 1.6 . 

deg/seci Following these c o r t i c a l l e s ions , a d r a s t i c a l l y d i f ferent 

p ic tu re emerges (see f ig. 1.7B), in '.which the inh ib i to ry ve loc i ty 

tuning is Concentrated at low „velocItiSs between 0?2 and 6t4 deg^seci 

with a peak at 0.4 deg/sec." .., ^' 

:^ • , * » • • * 

•» • , , " ' « * ° 
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Figure 16 
s 

A) Normal cat LTN excitatory and inhibitory 'velocity tuning for, cells 

displaying direction selectivity for upward stimulus motion (upward 

DS)* The conventions of this and the following figure (fig» 17) are 

# v - ' • • 

Identical. Along two directions of stimulus 'motion aligned with the 
* \ 

two directions of maximal and minimal firing for individual LTN cells, 

y • . 
un i t s were tes ted for response to a wide range of s t imulus v e l o c i t i e s 

t * 

J 

(from 0.2 t o 204.8 deg/sec) . . Ea,ch v e l o c i t y was p r e s e n t e d 8 t i m e s in a 
randomized sequence* The upward- and downward-directed bar graphs of 

f i g . 16A show t h e v e l o c i t y a t which m a x i m a l . e x c i t a t i o n (upward) and 
• % • 

the deepest i nh ib i t i on (downward) were obtained., versus the number of 

LTN c e l l s prefer r ing upward st imulus motion- Most un i t s In t h i s group 

achieve g rea tes t exc i t a t i on between 3.2 and 12.8 deg/sec. Some of the 

remaining unitfe show preferences for f a s t e r ve loc i t i e s (25.6 to 102.4 

deg/sec). The downward-directed bar histogram i l l u s t r a t e s the d i s t r i -

b u t i o n of s t i m u l u s v e l o c i t i e s which evoked deepes t i n h i b i t i o n . For 

i n h i b i t o r y v e l o c i t y t u n i n g , the range of n o n - p r e f e r r e d v e l o c i t i e s 
a 

shown i n f i g . 16A s u g g e s t s a b imodal r a t h e r than a cont inuous 

d i s t r i b u t i o n , with peaks a t 0.8 and 12.8-deg/sec. 
/ 

81 * ' • 
B) Normal-cat 'LTN v e l o c i t y t un ing for c e l l s d i s p l a y i n g d i r e c t i o n 
s e l e c t i v i t y for downward s t i m u l u s motion (downward DS). Unlike the 

* , ° 

upward group of LTN -cells shown in fig.j^t6A, most downwsfrdydirection 

' ' ' ' "\ • •' *' I <* ~" 
s e l e c t i v e LTN u n i t s a r e s e n s i t i v e t o r e l a t i v e l y slow s t i m u l u s 

v.. . . . , % 

*» v e l o c i t i e s around 0.8 t o 1.6 -deg/sec. • ' • , M* ' 

C) LTN v e l o c i t y t un ing for" upward "direction,'* s e l e c t i v e c e l l s in. 

d e c o r t i c a t e ,(V<XL) c a t s . J<i c o n t r a s t ,'to ,the d i s t r i b u t i o n of 

•79 . . ' / ..- ' ' • m • . » I 
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excitatory, and inhibitory velocity tuning for the normal cat LTN, 

fig. 16G shows that the the majority of upward DS LTN units in the-»VCL 

cats display maximal excitation for 0.8 deg/sec, while the deepest 

inhibition is obtained* at velocities less -than or equal tut 3.2 

- deg/sec. Thus,» the high velocity tuning observed in the normal LTN 
1 - i i 

unit population of upward direction selective cells (see fig. 16A) tt^ 

no longer evident' in the VCL velocity response profile. ' Instead, the 

decorticate animals d"i9play relatively slow excitatory and inhibitbry 

,. velocity specificity. '' , a 

V 
. J>) LTN veloci ty tuning for downward di rec t ion s e l ec t i ve ce l l s in 

- decor t ica te (VCL) ca t s . Similar to the upward* group of d i rec t idn 
4 * 

, * o \ "*» 

selective cells, the-downward DS units encountered in the VCL cits 

displayed uniformly slow velocity tuning (around 0.8 deg/sec). .Note 

that the' distribution shown in fig. loD is very similar to that of. 

fig. 16B. . ' 
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Figure Vi 

A) Normal \^a t DTN e x c i t a t o r y and i n h i b i t o r y v e l o c i t y tun ing . The 

^ rd i s t r i bu t i on of ve loc i t i es e l i c i t i n g maximal exci ta t ion 4^ DTN ce l l s 

i s shown in the upward-directed histogram of f ig . 17A. The majority of 

DTN uni t s prefer stimulus ve loc i t i e s of 6.4 deg/sec. As in the normal 

ca t LTN," t h e r e i s a s i g n i f i c a n t p r o p o r t i o n of DTN c e l l s p r e f e r r i n g 

v e l o c i t i e s g r e a t e r than 25*6 d e g / s e c . The l o w e r - i n v e r t e d p o r t i o n of 

f i g . 17A d i s p l a y s the d i s t r i b u t i o n of v e l o c i t i e s a t which deepes t 

i n h i b i t i o n was evoked from DTN u n i t s . Unlike the d i s t r i b u t i o n of 

p r e f e r r e d v e l o c i t i e s ^ the ma jo r i t y of DTN u n i t s a re most s t r o n g l y 

inhibi ted by a stimulus "velocity of 25.6 deg/sec. 

B) DTN veloci ty tuning in decort icate cats . In contrast to the normal 

DTN, „the d i s t r i b u t i o n of p r e f e r r e d v e l o c i t i e s obta ined from the 

"decor t ica te DTN (upward -d i r ec t ed h i s tog ram, f i g . 17B) d i s p l a y s a 

marked s h i f t toward lower v e l o c i t i e s . In VCL c a t s , most DTN c e l l s 

t prefer a stimulus veloci ty of 0.8 deg/sec. A similar'* sh i f t i s seen in 

the inhibi tory veloci ty tuning s'hotfn in the low elf-inverted portion of 
I 

fig. 17B, where,- the majority of BTN cells exhibit-deepest inhibition 

for velocities of 0.4 deg/sec. 

\ . 
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DISCUSSION 

Cor t ica l -Subcor t ica l In t e rac t ions 

Along with the s t r u c t u r a l expans/ion and e laborat ion of neocortex 

throughout evolutionary development, has come the concomitant demand 

f o r i n c r e a s e d f u n c t i o n a l , c o o r d i n a t i o n between phylogentical ly older 

neural networks in the midbrain and r e l a t i v e l y more recent c o r t i c a l 

systems. In the mammalian v isual system, an extensive body of l i t e r a 

t u r e »has emerged in t h e l 'as t decade concern ing both a n a t o m i c a l and 

physiological s tudies which have helped to c la r i fy the nature of the 

* • • I 
functional r e l a t ionsh ip between the visual cortex and, In pa r t i cu l a r , 

t he s u p e r i o r c o l l i c u l u s , t he p r e t e c t u m , and the acces so ry o p t i c 

nucle i . All of these s t ruc tu res have been suggested to play a ro le in 

eye movements. 

C o r t i c a l C o n t r i b u t i o n s ^ t o S u b c o r t i c a l V i sua l Func t ion : E f f e c t s of 

Decort icat ion on Ocular Dominance 

In a d d i t i o n to the r e t i n a l p r o j e c t i o n , many s u b c o r t i c a l r e g i o n s 

receive af ferents from a number of cen t ra l v isual s t ruc tu res which, in 

some cases , contr ibute to the observed binocular responses: e.g., the 

superior; co l l i cu lu s , pretectum, and accessory Koptic nuclei a l l receTLve 

input from the v isual cortex and the l a t e r a l geniculate complex. In 

the decor t ica te cat , a severe reduction in the degree of b inocu la r i ty 
* * 

has been observed In tjhe s u p e r i o r c o l l i c u l u s (SC) (Wickelgren and 

, S t e r l i n g 1969, Berman and Cynader 1972). Thus, the a l t e r a t i o n s in 

b i n o c u l a r f unc t ion^ obsesvec} in t be d e c o r t i c a t e SC 6f t h e , c a t may be 

• ,84 



accounted for by the elimination of input from the visual cortex. 

The cortex also provides a large and diffuse afferent input to the 

nucleus ,of the optic tract (NOT) of the pretectum (Berson and Graybiel 

1980, Marcotte and Up'flyke 1982, Schoppmann 1982, Hoffmann 1982). 

Similar to the Cat SC, NOT c e l l s of the in t ac t animal display a 

subs t an t i a l binocular input (Hoffmann and Schoppmann 1975, 1981). 

Following unilateral ablation of the visual cortex, NOT cells become 

•almost exclusively dominated by the contralateral eye (Hoffmann 1982). 

This alteration in'NOT ocular dominance is somewhat surprising in view 

of the fact that in an autoradiographic study of the pretectum, Berman 

(1977) has found that "The labe l in the NOT i p s i l a t e r a l to the 

• injected eye i s ... In the form of =• oblique s t r i p s and Is almost as 

dense as on the con t r a l a t e r a l s ide." Thus, the cat TCOT appears to 

receive approximately equal Innervation from both ejjjes. Yet, for 

reasons which are not at a l l c lear , cat NOT ce l l s no longer display 

the normal degree of ips i la te ra l eye input following decor t i ca t ion , 

despi te the fact that the uncrossed i p s i l a t e r a l r e t i n a l project ion 

should in no way be compromised by the cortical lesion. 

When compared to tbe cat SC and NOT, the terminal nuclei of the 

cat AOS receive most of their ret inal input from the-contralateral eye 

and. an extremely small uncrossed . r e t ina l projec t ion from . the 

i p s i l a t e r a l eye (Farmer and Rodieck 1982, Feran,and Grasse 1982, 

Hayhow 1959, Lat ies and Sprague 1966, Lin and Ingram 1974, Marcotte 

' and Updyke 1982). In addi t ion, anatomical inves t iga t ions using 

autoradiographic methods have shown that a l l three accessory opt ic 

nuclei receive a diffuse but subs t an t i a l project ion *from the 

i p s i l a t e r a l v isual cortex (Berson .and Gjrayblel .1980, Marcotte and 
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Updyke 1982). The r e su l t s of the present^study snow qui te c lear ly that 

when the i p s i l a t e r a l v i s u a l c o r t e x \ i s / e m o v e d , ^ h e normal ly high 

incidence of binocular responses observed in un i t s ai the /irEN/and DTN 

i s almost en t i r e ly el iminated (see f igs . 10B and HB).^Ebjese r e s u l t s , 

ob ta ined through independent monocular t e s t i n g , suggest t£b.at the 

remaining afferent project ion a r i s ing from, the Ips i la t tera l r e t ina does 

not s u s t a i n a s i g n i f i c a n t i n f l uence on LTN c e l l s which have been 

deprived of c o r t i c a l input. 

V 
A b i l a t e r a l a f f e r e n t p r o j e c t i o n t o the ca t LTN a r i s i n g from the 

ventra l l a t e r a l geniculate (LGNV) h a s b e e n reported by'Swanson, Gowan 
/ 

and Jones (1974). The LGNy project ion to the LTN was not disrupted by 

the co r t i ca l les ions made in the present experiments. Nonetheless the 

i p s i l a t e r a l eye i n p u t a r r i v i n g v i a the LGNy appears i n s u f f i c i e n t to 

drive LTN c e l l s . Whatever contr ibut ion the LGNV may be .making t o LTN 

r e s p o n s e s , t he r e s u l t s of the p r e s e n t exper iments sugges t t h a t t h i s 

res idual input, l i k e that coming d i r ec t ly from tbe i p s i l a t e r a l r e t i n a , , 

i s not suf f ic ien t to provide a normal degree of i p s i l a t e r a l eye r e s 

ponse in the LTN"when co r t i c a l input i s removed. Therefore, within the 

l i m i t a t i o n s 6f t h e s e . t echn iques , t he v i s u a l c o r t e x would appear to 

supply the major source of i p s i l a t e r a l eye inpu t to c a t LTN c e l l s . 

With regard to ocular dominance, decor t ica t ion renders ce l l s in the 
e -

ca t LTN and DTN a lmos t comple te ly monocular (i , .e. , c o n t r a l a t e r a l ^ 

dominant), and, therefore, s imi la r to normal cat"MTN ce l l s (Grasse and 

Cynader 1982). Decort icat ion also* renders LTN and DTN ce l l s s imi la r to 
AOS uni t s in the normal frog (Gruberg and Grasse 1984), chicken (Burns 

. * & 
and Wallman 1982), and rabbi t (Simpson, Soodak and Hess 1979) which do 
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not receive a» cortical' projection. Thus, the increased ipsi la teral eye 

input which has developed simultaneously with the frontal placementj>f 

the eyes, i s ffearly r'eflecte.d even in a system as phylogenetic#ally 

ancient as the AOS. • 

Decortication and. Subcortical Direction Selectivity 

. / ' ; ; 

In tbe cat , Wickelgren and S te r l ing (1969), Berman and,Cynader 

(1972, 1975), and -Mlze arid M*yrphy (1976)" have shown that visual cortex 

les ions abolish direct ion, se lec t iv i ty - in the superior co l l i cu lus , 

despi te the fact that at l eas t 2/3 of the ce l l s in the normal cat 

colliculus are direction selective. From these considerations, one is 

encouraged to conclude that, in general, the •corticotectal pathway in 
the cat confers both the proper t ies "of binoculari ' ty and d i rec t ion 

* 
selectivity onto cells in the SO. • ", •a J » 

t * i 
In contrast to findi In contrast to findings in the,colliculus, the Incidence of direc-

' ° . i 

tion selectivity in cat NOT cells is not altered following decortica

t i o n . Single uni ts In the NOT of the normal cat most often-display 

direction se lec t iv i ty for temporo-nasal directed horizontal motion of 

large textured stimuli over a> broad range of velocities (Hoffmann and 

1975, 1981). Similar ly , we have found that LTN and DTN S'choppmann 

un i t s also remain dir&ction se lec t ive af ter visual cortex les ions , 
i 

though the number of LTN and DTN ce l l s preferr ing upward-directed 

motion is drastically reduced. Thus, through a process of elimination, 

i t would appear safe to say that the property of direction selectivity 
c. 

observed in the cat NOT and the cat LTN and "DTN, is derived to a large 

extent from properties inherent in the ret inal fibers which comprise a 

s ign i f l ean t proportion of the afferent supply to these s t ruc tu res . 

r ' #7 
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•Howeverj the dramatic a l t e r a t i o n in the d i s t r i b u t i o n of preferred and 

' n o n - p r e f e r r e d d i r e c t i o n s f o r t h e LTN and DTN r e s u l t i n g i r o n 

d e c o r t i c a t i o n implies1 1 t h a t the o v e r a l l - d i s t r i b u t i o n of p r e f e r r e d 

J '' • * ' " 
di rec t ions normally observed in the.se miclel , i s not so le ly derived ' 

from the i n t r i n s i c p r o p e r t i e s o"f j the r e t i n a l axons of, the acces so ry j ^ , "'JI**. 
% 

11 o p t i c t r a c t . -On t h e c o n t r a r y , t he p r e s e n t r e s u l t s s t r o n g l y sugges t 

0 t ha t a - la rge proportion of the upward -direct ion s e l e c t i v i t y displayed 

by'normasl LTN and DTN" c e l l s i n the c a t a r i s e s from inpu t from the 

v i s u a l c,ortex. v v 

' The exact mechanism underlying the reduced incidence of upward-
-- Pi I * \ 

prefer r ing LTN -neurons I n the decor t ica te cat remains uncertain^ Three k 

p o s s i b i l i t i e s .exist: 1) upward prefer r ing ce l l s could*be transformed 

in to downward-preferring c e l l s ; 2) u p w a r d - p r e f e r r i n g ^ c e l l s cdffid be 

transformed in to ce l l s*wi th no d i r ec t iona l preference (by analogy with 
a. fl 

• • * 

the superior colliculus (Wicklegren and Sterling 1969)); *and 3) 

upward-preferring ndurons could become visually unresponsive or 

-, - » 

u n r e c o r d a b l e . Our da ta do ndt a l low a f i rm c o n c l u s i o n , bu t i t would^ 

' » " * * ** 

" r e q u i r e a q u i t e unusual form of vis-ual i npu t t o a c t u a l l y cause a 

j- neuron's preferred d i rec t ion to° reverse. In order for i nh ib i t i on with 

downward motion to be t r ans fo rmed i n t o ex -c i t a t ion and v i c e v e r s a , 

c o r t i c a l i npu t would have to* e f f e c t i v e l y m u l t i p l y >a d i r e c t i o n , 
"' ' * * • 

s e l e c t i v e ^ i n p u t by ( -1) . This i s a p o s s i b l e mechanism, but h a r d l y ' 
e \ ' " 

seems l i ke ly . Also, i t s'eems unl ikely tha t upward d i rec t ion se l ec t ive 
ce l l s become non-direct ion se lec t ive upon decor t ica t ion . 'As in normal 

.- of 

a n i m a l s , a l l LTN u n i t s encountered i n d e c o r t i c a t e c a t s r e t a i n some 

d i r e c t i o n a l preference. * 

8*8 , * 
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•Therefore, i t may be the case that the upwar-d^praferring LTN cells 

become unresponsive or uttrecordable as ja r e su l t of decortication*. 

According to_ this .view, the'formerly/upward-preferring neurons-would 
* ' • ( ' ' " ' . 
receive virtually-all of their visual input from the" cortex rather 

than from the-retina. This possibility «is testable, but would require 
* " ' 

a different seriescof experiments in which the visual cortex was1 

P 

' reversibly inactivated while recording from -LTN units. •4 

\S Decortication and SubcorticalVelocity Sensitivity t 
Cr 

Hoffmann (1982) has shown that cat "NOT ce l l s no longer respond _ ' 

with increased exc i t a t ion to stimulus v e l o c i t i e s greater than 10 

' deg/sec when the ipsilate-ral visual cortex is remove'd. Normally, NOT ' . 

un i t s display a r«ther broad range of̂  ve loc i ty 'sfensitivity. This o • 

result is clearly very" similar to_the effects of decortication on the* 

exci ta tory veloci ty tuning of LTN and DTN ce l l s (see figs.- 16A-D, and 

17A,B) described in the present sjudy. In addi t ion, we have obse-rved 

alterations in the inhibitory velocity tuning of AOS units resulting * «» 
* . ,r • -

from cortical lesions. In previous studies of the cat AOS (see Part I 
» - i \ . 

and Grasse and. Cynader $2), s ingle uni t s were encountered whicfh 
/ ' . V^, -.. • .- (jP * -

exhib/lted different velocit> tuning for excitation a * inhibition: . 

\y/" / , ! . . ; < ' ' -
e.g.," c e l l s were found wjilcb/aisplayed maximal' exc i t a t ion for slow _, 

stimulus- v e l o c i t i e s and deepest inh ib i t ion f-or r e l a t i v e l y , fast 

v e l o c i t i e s . This unusual form of veloci ty sensi ls lvl ty was "never 

observed in, the decorticate preparation where the velocity tuning wa$ 

• equally slow* for excitation and inhibition, suggesting that the -visual 

cortex makes subs tant ia l , contr ibut ions to both the Exci ta tory and 

, inh ib i to ry components of the high veloci ty response of LJN and DTN " 
Jf .. 89. 
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u n i t s . «. a. " » % 

\ F i g u r e 16A and-B shows t h a t upward d i r e e t i ' o n a l V ^ f e r . e n c e s . a n d 

- high ^ e l o c i t y response are linked, in un i t s of" •the normal cat LTN. One high ^ e l o c i t y response are linked, in un i t s of •the \ 

i n t e r p r e t a t i o n of t h e s e da ta i s t h a t / h e r - e t ina l 
* 

i npu t p rov ides th.e 

• low veloc i ty preferences and tha t comica l input i s espec ia l ly strong \' 

for upward preferr ing u n i t s . The finding that there i s a reduction in 

both upward d i rec t ion s e l e c t i v i t y and h igh v e l o c i t y r e sponse in the 

,-LTN of lesioned anigiaas, i s consis tent with the r e s u l t s obtained in 

normal ca t s . 

Subcortical"Visual Pathways Involved in Oculomotor Control: Functional 
, %f - . » ? " • , 

Consequences of Cor t ica l Input 

The preceding discussion presents many examples i l l u s t r a t i n g the 

' i n f l u e n c e the v i s u a l c o r t e x e x e r t s upon the s u p e r i o r c o l l i c u l u s , 

• pretectum, and accessory opt ic nucle i . All three of these "subcortical 

s t r u c t u r e s have, w i t h descending d e g r e e s ' 6f conf idence , been 

implicated in some form of oculomotor function. There i s an extensive 

body of l i t ferature i-implicating the SC i'n eye movement control (e..g., 

t he g e n e r a t i o n of s a c c a d i c eye movements and f oveal a c q u i s i t i o n of 

' i ' » 
v i s u a l t a r g e t s ) which a r e too numerous t o be rev iewed h e r e . For t h e 

* • * % ' 
; ' ' ." a * 

purpose of t h i s d i s c u s s i o n , a t t e n t i o n w i l l ' b e conf ined to the 
p r e t e c t a l NOT andv the AOS nuclei . 

I f e l e c t r t c a l shocks a re a p p l i e d t o t h e NOT, b i p h a s i c eye„move-
i 

mentsjare evoked which closely resemble optokinet ic nystagmus (OKN): 

t h e eyes move a long a h o r i z o n t a l ax"l§ w i t h a slow phase toward the 

s i t e of s t imula t ion followed by a fas t phase in the opposite d i r ec t ion 

90 
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(Colliwijn X.97»,5A). These evoked eye movements 'are consistent with 
r ' ~* i 

^both behavioral evidence showing OKN de f i c i t s following NOT/pretectal 
°» ' 
* „ # • ' r 

l e s i o n s ( C o l l l w i j n ^ 9 7 5 A and P rech t and S t r a t a 1979), and w i th t h e 

physiological ' respoise proper t ies of NOT call's (Colliwijn J (1975B) and 
* i - to # _ ^ ^ 

Hoffmann and Schoppmann (1975,^1982, se6 above)) . More r e c e n t l y , 

Hoffmann and Hubef (29) have shown that s ingle uni t responses in the -

a l e r t cat NOT'during optokine t ic t eye movements are highly, correla ted 
" f "" ' / • * . 

with the slow and fast phages of OKN. ' ' . , 
C v. . . . . ., ' 

' Wood, Spear, and Braun (1973) invest igated .the af fec ts of visual 
, J. * * ' 

' cortex les ions on OKN. Normally, in afoveate animals* under monocular' 

"condit ions, 'horizontal" OKN i s more vigorous in response to wbole-field "' \ 

motion in the f temporo-nasal d i r e c t i o n than In the nasa l - tea tgc- ra l V 
d i r e c t i o n . In the c a t , monocular/'OKN i s only s l i g h t l y weaker for ^ 

If '** ' ' "̂  

nasal-temporal stimulus motion man for temporo-nasal motion (Honrubia -̂  

e t a l 1967, Harris and Cynader 1981). However, when the v isual cortex 

i s removed, ,monrocular OKN becomes much more a s y m e t r i c a l and I s -no 

» 

l o n g e r d r iven w e l l by nasal-{:em,poral h o r i z o n t a l motioV\ Thus, the ' 

b id i r ec t i ona l nature of monoculfcrly-evoked hor izontal OKN In the cat 
* * ' v> 

appears to a r i s e fromythe convergence of both . r e t i n a l and c o r t i c a l 
* ° ° * ,J . ' ^ 

inputs on the NOT: the d i rec t r e t i n a l Input mediates OKN responses -&Q **• 

t emporo -nasa l s t i m u l u s motion, wh i l e the i n d i r e c t c o r t i c a l fnput 

p rov ides OKN responses to n a s a l - t e m p o r a l motion. Superimposed up.on 

t h i s esymet ry i«n the d i r e c t i o n of OKN responses in d e c o r t i c a t e 
< * • 

a n i m a l s , I s a r e d u c t i o n in OKNoresponses t o ' h i g h v e l o c i t y motion in*. , 

bo th h o r i z o n t a l d i r e c t i o n s . This" r e d u c t i o n in response to high 

' v e l o c i t y ' s t i m u l a t i o n 4 m a y r e f l e c t the abnormal ly low v e l o c i t y 

preferences ' o*» NOT ce l l s of decor t ica te animals. 

• . 91 • - „ • 



* 
*As y.et, the possible behavioral effects of microst imulat ion of the 

accessory opt ic nuclei shave,not .been invest igated in the cat . Nor have 

se l ec t ive . lesion^studie's been performed examining possible behavioral 

d e f i c i t s which may r e s u l t from l o c a l i z e d dajttage to i n d i v i d u a l AOS 
o o if < ^ f 

n u c l e i . B*ecauipe of the g e n e r a l s i m i l a r i t y i n response p r o p e r t i e s , 

between d i l l s in the NOT and ce l l s in the AOS, i f seems reasonable to 

p o s t u l a t e s i m i l a r f unc t i ons f o r t h e s e two ne tworks . I f t h i s i s 

asfsunfedt" one might expect tha t the DTN would be pr imari ly involved in 

some fornPof horizontal eye movement control , perhaps very s imi la r to 

^ the NOT, ifhil-e the LTN would be involved ,111 -some form of v e r t i c a l eye 

.» movement control . 

> Unfike hor izonta l OKN, which in frhe normal cat and monkey may be 
.» " . .'. « ' • 
" elicited in response to either stimulus rotation fro* right-to-left or 

* J- " "• "s 

- f r o m l e f t - t o - j r i g h t ^ ' v e r t i c a l J)KN i n b o t h ^ p e c i e s " ' d i s p l a y s a 
i 

significant up-down asymetry: OKN in response to upward vertical 
«>s 

« V. 

^vjnotion i s much more .v igorous than in response to downward v e r t i c a l 

mot-ion (Cohen 1973, Harris and Cynader 1981).. If one 'assumes that the 

• • exc i ta tory preferred "directions ofAOS ce l l s determine the s trength of * 

OKN in a p a r t i c u l a r d i r e c t i o n , then one might" a n t i c i p a t e t h a t more 

upward than downward prefer r ing AOS uni ts would be encountered in the 

< i n t a c t c a t . Yet t h i s i s ' n e t t he case for e i t h e r t h e LTN, in which -> 

, 'equal numbers of upward and/downward ceSls ar,ey- found, or for the °MTN, 

in which more un i t s prefer/ downward directed stimulus" motion (Grassq 

and Cynader 1982). The up/down asymetry in normal cat OKN i s most pro-
% " 

nounced a t high st imulus v e l o c i t i e s "(Cynader and Grasse, unpublished 

o b s e r v a t i o n s ) . If the LTN 'is involved ±n the g e n e r a t i o n of v e r t i c a l 
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• ** v • 
OKN, then the c o r r e l a t i o n between high v e l o c i t y tun ing and upward . 

d i r e c t i o n s e l e c t i v i t y (f ig* 16A and B) may account f>or the observed 
asymetry in ,OKN of the normal animal. Preliminary evidence (Cynader t -

f ^ -
and •firasse, unpublished^,observations) suggests that the up-down asyrae- _ . 

I ' ' " < • ' ' ' 

t r y of v e r t i c a l OKN i s s t i l l p r e s e n t in c a t s which have undergone 

visual cortex' les ions . This finding i s not eas i ly reconciled with any * 

* ' • ' % • " 

s imple-minded hypo thes i s l i n k i n g AOS E x c i t a t o r y responses«and OKN." • 

More deta i led invpstigatsLons are r e q u i r e d be fo re the p o s s i b l e r e l a -

f i o n s h i p , if? any, between the reduced inc idence of upward d i r e c t i o n 
" ' ' * 

s e l e c t i v e c e l l s in the L.TN of d e c o r t i c a t e an imals ^ob^erved i n the 

present study, and the oculomotor behavior of normal and decor t ica te 

ca ts , may be c r i t i c a l l y evaluated. * 
In a manner t y p i c a l of mpst expe r imen ta l r e s u l t s , 'the p r e sen t ' 

f ind ings , pose a s many q u e s t i o n s as they provide answers . A more 
s 

accurate notion of the functional re la t ionship between.the LTN and DTN" 

^ Y 
and oculomotor behav io r , r e q u i r e s both knowledge of the e f f e r e n t 

connec t ions of t he se n u c l e i , and a l s o knowledge of the consequences, 

of s t i m u l a t i o n or r emova l of t h e s e s t r u c t u r e s QTI o c u l o m o t o r 

performance. Experiments are in progress to address these issues. 

4 
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