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ABSTRACT Spat i ot empor al f r equency r esponses wer e measur ed at di f f er ent

l evel s of l i ght adapt at i on f or cat X and Y r et i nal gangl i on cel l s. St at i onar y

si nusoi dal l umi nance gr at i ngs whose cont r ast was modul at ed si nusoi dal l y i n

t i me or dr i f t i ng gr at i ngs wer e used as st i mul i . Under phot opi c i l l umi nat i on,

when t he spat i al f r equency was hel d const ant at or above i t s opt i mumval ue, an

X cel l ' s r esponsi vi t y was essent i al l y const ant as t he t empor al f r equency was

changed f r om 1 . 5 t o 30 Hz . At l ower t empor al f r equenci es, r esponsi vi t y r ol l ed

of f gr adual l y, and at hi gher ones i t r ol l ed of f r api dl y . I n cont r ast , when t he

spat i al f r equency was hel d const ant at a l ow val ue, an X cel l ' s r esponsi vi t y

i ncr eased cont i nuousl y wi t h t empor al f r equency f r om a ver y l ow val ue at 0 . 1

Hz t o subst ant i al val ues at t empor al f r equenci es hi gher t han 30 Hz, f r omwhi ch

r esponsi vi t y r ol l ed of f agai n . Thus, 0 cycl es - deg' became t he opt i mal spat i al

f r equency above 30 Hz . For Y cel l s under phot opi c i l l umi nat i on, t he spat i ot em-

por al i nt er act i on was even mor e compl ex . When t he spat i al f r equency was hel d

const ant at or above i t s opt i mal val ue, t he t empor al f r equency r ange over whi ch

r esponsi vi t y was const ant was shor t er t han t hat of X cel l s . At l ower spat i al

f r equenci es, t hi s r ange was not appr eci abl y di f f er ent . As f or X cel l s, 0 cycl es

deg ' was t he opt i mal spat i al f r equency above 30 Hz . Tempor al r esol ut i on

( def i ned as t he hi gh t empor al f r equency at whi ch r esponsi vi t y had f al l en t o 10

i mpul ses - s ' ) f or a uni f or m f i el d was ^- 95 Hz f or X cel l s and ^- 120 Hz f or Y

cel l s under phot opi c i l l umi nat i on . Tempor al r esol ut i on was l ower at l ower

adapt at i on l evel s . The r esul t s wer e i nt er pr et ed i n t er ms of a Gaussi an cent er -

sur r ound model . For X cel l s, t he sur r ound and cent er st r engt hs wer e near l y

equal at l ow and moder at e t empor al f r equenci es, but t he sur r ound st r engt h

exceeded t he cent er st r engt h above 30 Hz . Thus, t he r esponse t o a spat i al l y

uni f or mst i mul us at hi gh t empor al f r equenci es was domi nat ed by t he sur r ound.

I n addi t i on, at t empor al f r equenci es above 30 Hz, t he cent er r adi us i ncr eased .

I NTRODUCTI ON

Spat i al f r equency r esponses of cat r et i nal gangl i on cel l s havi ng cent er - sur r ound

r ecept i ve f i el ds have been r epor t ed i n sever al st udi es ( e . g . , Enr ot h- Cugel l and
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Robson, 1966 ; Der r i ngt on and Lenni e, 1982 ; Li nsenmei er et al . , 1982 ; Enr ot h-

Cugel l et al . , 1983 ; Dawi s et al . , 1984) . I n some st udi es ( Enr ot h- Cugel l and

Robson, 1966 ; Li nsenmei er et al . , 1982) , spat i al f r equency r esponses wer e

measur ed onl y f or r el at i vel y l owt empor al f r equenci es ( 2- 4 Hz) , and i t was f ound

t hat , under t hese condi t i ons, Rodi eck' s ( 1965) di f f er ence- of - Gaussi ans model of

t he r ecept i ve f i el d sat i sf act or i l y account ed f or t he r esponses . I n Rodi eck' s model ,

bot h t he cent er and sur r ound mechani sms of t he r ecept i ve f i el d ar e assumed t o

have Gaussi an spat i al di st r i but i ons of sensi t i vi t y t o l i ght , wi t h t he sur r ound

havi ng a gr eat er spat i al spr ead: t he out put of t he cel l i s model ed as t he scal ar

di f f er ence of si gnal s f r om t he cent er and sur r ound mechani sms .

Whi l e t he di f f er ence- of - Gaussi ans model pr ovi des an adequat e pr edi ct i on of

t he spat i al f r equency r esponses of X r et i nal gangl i on cel l s f or cont r ast modul at ed

at l ow t empor al f r equenci es, Enr ot h- Cugel l et al . ( 1983) have shown t hat t he

model must be r evi sed t o account f or t hei r r esponses t o cont r ast modul at ed at

hi gher t empor al f r equenci es . I n par t i cul ar , t hey showed t hat i n or der t o model

t he spat i al f r equency r esponses of X cel l s t o si nusoi dal l umi nance gr at i ngs whose

cont r ast s wer e modul at ed at a r ange of t empor al f r equenci es ( 0 . 5- 32 Hz) , vect or

addi t i on of si gnal s f r om t he cent er and sur r ound mechani sms was needed . Thi s

model wi l l be r ef er r ed t o as t he Gaussi an cent er - sur r ound model .

We have now ext ended t he i nvest i gat i on of t he spat i ot empor al f r equency

r esponses of X and Y cel l s t o t empor al f r equenci es beyond 32 Hz . For X cel l s,

dat a f r om phot opi c, mi dmesopi c, and hi gh scot opi c adapt at i on l evel s ar e i n-

cl uded, and t he usef ul ness of t he Gaussi an cent er - sur r ound model as a descr i pt i on

of phot opi c X cel l r esponses at t empor al f r equenci es up t o 90 Hz has been

eval uat ed .

METHODS

Our met hods f or opt i c t r act and i nt r aocul ar r ecor di ngs f r omcat s have been descr i bed i n

det ai l el sewher e ( Enr ot h- Cugel l et al . , 1980, 1983) and wi l l be r evi ewed onl y br i ef l y her e .

Sur gi cal anest hesi a was i nduced ei t her wi t h hal ot hane or ket ami ne hydr ochl or i de and

f ol l owed dur i ng sur ger y by t hi amyl al sodi um. At r opi ne sul f at e was i nj ect ed t o mi ni mi ze

sal i vat i on caused by t he anest hest i cs, and dexamet hasone was admi ni st er ed t o i nhi bi t

i nf l ammat or y r eact i ons . Dur i ng r ecor di ng, anest hesi a was mai nt ai ned wi t h et hyl car ba-

mat e and par al ysi s was mai nt ai ned wi t h gal l ami ne t r i et hi odi de . The expi r ed C0 2, mean

ar t er i al bl ood pr essur e, and hear t r at e wer e kept at nor mal l evel s . The subscapul ar

t emper at ur e was hel d bet ween 38 and 39' C.

Af t er l ocal appl i cat i on of at r opi ne and phenyl ephr i ne hydr ochl or i de, cont act l enses

wi t h 4- mm- di am pupi l s wer e f i t t ed t o t he eyes . The l ens power r equi r ed t o br i ng t he

st i mul us pat t er n i nt o f ocus on t he r et i na was det er mi ned by di r ect opht hal moscopy and,

i n l at er exper i ment s, by br i ngi ng t he vessel s ar ound t he ar ea cent r al i s i nt o good f ocus

usi ng t he i l l umi nat i on t echni que of Pet t i gr ew et al . ( 1979) . Dur i ng t he exper i ment s, t hi s

r ef r act i on was t est ed and cor r ect ed i f necessar y wi t h spher i cal spect acl e l enses t o obt ai n

t he best possi bl e spat i al r esol ut i on f r om X cel l s wi t h r ecept i ve f i el ds i n t he most cent r al

r et i nal l ocat i ons .

Recor di ng

Ext r acel l ul ar act i on pot ent i al s f r omsi ngl e cel l s wer e r ecor ded ei t her f r omt he opt i c t r act

wi t h t ungst en mi cr oel ect r odes ( Levi ck, 1972) or f r om t he r et i nal sur f ace wi t h mi cr opi -
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pet t es . The mi cr opi pet t es wer e f i l l ed wi t h 3 MNaCl and t hi ck- sl ur r y bevel ed ( Leder er et

al . , 1979) t o an i mpedance of 10 Mi l at 60 Hz.

Vi sual St i mul at i on

The cat s f aced a t angent scr een wi t h a mean l umi nance of - 20 cd . M- 2
, and i mages of

t he opt i c di sk and ot her r et i nal l andmar ks wer e pr oj ect ed ont o i t and t r aced t her e
( Pet t i gr ew et al . , 1979) . Li ght spot s or bl ack and whi t e car dboar d wands wer e used agai nst
t hi s backgr ound t o l ocat e t he cent er s of t he r ecept i ve f i el ds; t he l ocat i ons wer e t hen
mar ked on t he t angent scr een . Al l subsequent vi sual st i mul at i on of t he cel l was per f or med

wi t h pat t er ns pr esent ed on t he scr een of a cat hode r ay t ube ( Joyce El ect r oni cs, Cambr i dge,

Engl and) .

The di spl ay subt ended 31' x 22* as vi ewed wi t h a mi r r or , and had a f r ame r at e of

200 Hz i n a f ew ear l y exper i ment s and 250 Hz i n l at er ones. The mean l umi nance of t he

scr een was f i xed, f or each exper i ment , at a l umi nance bet ween 200 and 440 cd . I r i s ;

l ower l umi nances wer e obt ai ned by pl aci ng cal i br at ed neut r al densi t y f i l t er s i n f r ont of

t he scr een . St i mul us pat t er ns wer e of const ant l umi nance i n t he ver t i cal di r ect i on, wi t h

l umi nance modul at ed i n t he hor i zont al di r ect i on t o f or man edge or a si nusoi dal gr at i ng.

The cont r ast of t hese pat t er ns i s def i ned as t he di f f er ence bet ween maxi mum and

mi ni mum l umi nances di vi ded by t hei r sum. The pat t er ns wer e ei t her st at i onar y, wi t h

cont r ast modul at ed si nusoi dal l y over t i me, or t hey dr i f t ed acr oss t he r ecept i ve f i el d of a

cel l . Regar dl ess of t he cont r ast , spat i al conf i gur at i on, or mode of modul at i on of t he

st i mul us, t he space- and t i me- aver aged l umi nance of t he scr een r emai ned const ant . The
ent i r e vi sual st i mul at i on and dat a col l ect i on syst em was checked wi t h an el ect r oni c devi ce
t hat si mul at es a r et i nal X cel l cent er r esponse ( Schwei t zer - Tong, 1983) .

Response Measur ement

Whet her t he st i mul us was st at i onar y, wi t h cont r ast modul at ed si nusoi dal l y i n t i me, or

dr i f t i ng, t he ampl i t ude of t he cel l ' s di schar ge r at e was measur ed at t he t empor al f r equency

of st i mul at i on ( t he f undament al Four i er component of t he r esponse) and at t wi ce t hat
f r equency ( t he second har moni c) . For t he f undament al component , t he t empor al phase

angl e of t he r esponse r el at i ve t o t he st i mul us was al so det er mi ned. Four i er anal ysi s was

per f or med over t he i nt egr al number of per i ods of t he st i mul us t hat f el l wi t hi n t r i al s of

10 . 24 s when t he f r ame r at e of t he st i mul at or was dr i ven by t he comput er at 200 Hz, and

t r i al s of 8 . 19 s when i t was dr i ven at 250 Hz . The occur r ence t i mes of i mpul ses wer e

measur ed t o t he near est 5 ms when 200 Hz was used, and t o t he near est 4 ms when 250
Hz was used . When st i mul us condi t i ons wer e al t er ed, r esponses wer e not col l ect ed unt i l
a st eady st at e had been r eached .

I t i s appr opr i at e t o st at e pr eci sel y how t he t er ms r el at i ng t o r esponse ar e t o be used
t hr oughout t hi s ar t i cl e. " Fr equency r esponse" r ef er s t o t he f undament al Four i er compo-

nent of a cel l ' s di schar ge nor mal i zed wi t h r egar d t o cont r ast . I t s magni t ude, t er med
" r esponsi vi t y° ( Enr ot h- Cugel l et al . , 1983) , i s t he ampl i t ude of t he f undament al Four i er
component di vi ded by t he cont r ast of t he st i mul us t hat el i ci t ed t he r esponse . I t s phase i s
r ef er enced t o t he t empor al phase of t he st i mul us and i s gi ven i n degr ees . The r esponse
phase i s posi t i ve when t he r esponse l eads t he st i mul us and i s negat i ve when t he r esponse

l ags t he st i mul us .

Exper i ment al Pr ot ocol

I n t hi s ar t i cl e, we deal onl y wi t h X and Yr et i nal gangl i on cel l s ( Enr ot h- Cugel l and Robson,
1966) , whi ch pr esumabl y cor r espond t o t he br i sk- sust ai ned and br i sk- t r ansi ent cel l s,
r espect i vel y, of Cl el and and Levi ck ( 1974) . When a uni t was f i r st i sol at ed, t he t ype of
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cent er , on or of f , was det er mi ned, and t he posi t i on of t he cent er was mar ked on t he

t angent scr een . Then t he mi r r or was adj ust ed so t hat t he pr oj ect i on of t he cent er of t he

r ecept i ve f i el d was al i gned wi t h t he mi ddl e of t he cat hode r ay t ube scr een . Pr eci se

hor i zont al posi t i oni ng was accompl i shed by r ot at i ng t he mi r r or t o nul l t he f undament al

component of t he uni t ' s di schar ge i n r esponse t o si nusoi dal modul at i on of t he cont r ast of

an edge cent er ed on t he scr een . Thi s posi t i on ser ved as an or i gi n f or t he hor i zont al

l ocat i on of t he gr at i ngs. X and Y cel l s wer e di f f er ent i at ed by t he " modi f i ed nul l t est "

( Hochst ei n and Shapl ey, 1976) .

Al l spat i al and t empor al f r equency r esponse measur ement s wer e made f or mean- t o-

peak ampl i t udes of t he f undament al bet ween 8 and 16 i mpul ses - s- ' . A mi ni mumof 20 . 48

s of di schar ge was used f or each measur ement .

The Gaussi an Cent er - Sur r ound Model

Rodi eck ( 1965) i nt r oduced t he di f f er ence- of - Gaussi ans model f or t he r ecept i ve f i el ds of

cat r et i nal gangl i on cel l s and used i t t o si mul at e successf ul l y r esponses t o spot and bar

st i mul i . Enr ot h- Cugel l and Robson ( 1966) empl oyed t he same model t o i nt er pr et an X

cel l ' s r esponse t o gr at i ngs dr i f t i ng acr oss i t s r ecept i ve f i el ds at a f i xed l ow t empor al

f r equency . The model assumes separ abi l i t y of spat i al and t empor al par amet er s of t he

r ecept i ve f i el d. Lat er , Enr ot h- Cugel l et al . ( 1983) f ound t hat i n or der t o account f or

r esponses measur ed at t empor al f r equenci es up t o 16 or 32 Hz, some spat i ot empor al

i nt er act i on had t o be i ncor por at ed i nt o t he model . They achi eved t hi s by assumi ng t hat

t he si gnal caused by t he sur r ound mechani smwas del ayed a f ew mi l l i seconds r el at i ve t o

t hat caused by t he cent er mechani sm. Thi s sur r ound- cent er del ay coul d be i ncor por at ed

ei t her vi a a t r anspor t del ay or by a si ngl e- st age l ow- pass f i l t er wi t h a t i me const ant of a

f ew mi l l i seconds . Ei t her f or mul at i on of t he Gaussi an cent er - sur r ound model adequat el y

pr edi ct ed X gangl i on cel l r esponses f or al l spat i al f r equenci es at t empor al f r equenci es i n

t he r ange 1- 16 Hz . I n bot h f or mul at i ons, Enr ot h- Cugel l et al . assumed t hat t he r at i o of

sur r ound t o cent er st r engt h di d not change wi t h t empor al f r equency . We have now

obser ved t hat a model t hat f i xes t he r at i o of cent er t o sur r ound st r engt h does not

adequat el y descr i be t he r esponse of X cel l s t o hi gher t empor al f r equenci es . Thi s can be

seen by compar i ng t he pr edi ct ed r at i o of sur r ound t o cent er st r engt h i n Fi g . 8A of

Enr ot h- Cugel l et al . wi t h t he r esul t s of our decomposi t i ons of f r equency r esponses i nt o

cent er and sur r ound component s i n Fi gs . 11 and 12.

Al t hough a model wi t h t he pr eci se t empor al char act er i st i cs f or cent er and sur r ound

mechani sms pr oposed by Enr ot h- Cugel l et al . ( 1983) i s i nadequat e t o descr i be our dat a,

we wer e i nt er est ed t o assess t he usef ul ness of t he Gaussi an cent er - sur r ound model i n a

mor e gener al f r amewor k . As i n al l pr evi ous model s, we assume t he X cel l r ecept i ve f i el d

t o be a l i near , st abl e, and t i me- i nvar i ant syst em. The i nput t o t he model i s a space- and

t i me- var yi ng l umi nance pat t er n ; t he r esponse, whi ch i s t he t i me- var yi ng i mpul se r at e of a

gangl i on cel l , i s assumed t o r esul t f r om t he vect or sum of si gnal s f r om t he cent er and

sur r ound component s . Si nce al l t he spat i al st i mul i used t o measur e f r equency r esponses

i n t hi s st udy wer e gr at i ngs f or whi ch l umi nance var i ed i n onl y one spat i al di mensi on, t he

spat i ot empor al f r equency r esponse can be r epr esent ed as :

R~u, w) = Rc( u, w) + R, ( u, w) ,

wher e u i s spat i al f r equency, wi s t empor al f r equency, and Rc and R, ar e t he spat i ot empor al

f r equency r esponses of t he cent er and sur r ound mechani sms, r espect i vel y . Modul at i on of

t he l umi nance at any poi nt i n t he st i mul us was a si nusoi dal f unct i on of t i me, so t hat t he

r esponse and i t s component s wer e al so t empor al si nusoi ds of t he same f r equency . As such,

t hey have bot h ampl i t ude and phase, and can be pr esent ed i n compl ex pol ar not at i on :
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I Rs( u,
w) l e' P, ( u. w) = I R, ( u,

w) I e' P( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� . w) +
I R. ( u, w) I e' P. ( - ) ,

	

( 2)

wher e i = ~, t he f ences r epr esent absol ut e magni t ude, and Pg , Pc , and P, ar e t he

r esponse phases of t he cel l , i t s cent er , and i t s sur r ound mechani sms, r espect i vel y .

I t i s assumed t hat t he spat i al di st r i but i ons per pendi cul ar t o t he gr at i ng bar s of t he

r esponsi vi t y of t he cent er and sur r ound component s ar e Gaussi an, wi t h coi nci dent peaks

but di f f er ent spat i al ext ent s . Fur t her , t he phases of t he cent er and sur r ound si gnal s ar e

assumed t o be i ndependent of t he spat i al f r equency :

wher e

I R~u,
w) I e' PWu. w) = Sc( w) e' P, ( w) - I - - ( w) 1t + S

. ( w) e' P, ( w) - 1- . ( w) 12
,

Sc( w) = I Rc( o, w) I and S, ( w) = I R. ( 0, w) I

r epr esent t he cent er and sur r ound r esponsi vi t i es t o a spat i al l y uni f or m f i el d ( i . e. , t he

cent er and sur r ound st r engt hs) , and r , ( w) and r , ( w) ar e t he r adi i of t he cent er and

sur r ound spat i al r esponsi vi t y di st r i but i ons and ar e assumed her e t o var y wi t h t empor al

f r equency .

Fi t t i ng t he Model t o Exper i ment al Dat a

The model has si x par amet er s at each t empor al f r equency : cent er and sur r ound r adi i ,

cent er and sur r ound st r engt hs, and cent er and sur r ound phases. To f i nd t he best - f i t t i ng

par amet er s f or a dat a sampl e f r oman i ndi vi dual cel l , t he val ues of t hese par amet er s wer e

chosen t o mi ni mi ze t he sumof squar ed er r or s . The er r or val ue used f or each measur ement

of t he cel l ' s r esponse was t he magni t ude of t he di f f er ence bet ween t he exper i ment al and

model f r equency r esponses di vi ded by t he cel l ' s r esponsi vi t y ( si nce t he r esponsi vi t y was

shown by Enr ot h- Cugel l et al . , 1983, t o be pr opor t i onal t o t he st andar d devi at i on of t he

measur ement ) . The best f i t was obt ai ned by a f i ne and compl et e sear ch of t he whol e er r or

sur f ace f or pl ausi bl e val ues of cent er and sur r ound r adi i .

RESULTS

Our maj or goal was t o char act er i ze t he spat i ot empor al f r equency r esponses of X

and Y r et i nal gangl i on cel l s . We sampl ed t he spat i ot empor al f r equency r esponse

sur f ace qui t e coar sel y i n t er ms of spat i al f r equency but f i nel y i n t er ms of t empor al

f r equency . We chose t hr ee spat i al f r equenci es f or each cel l , as descr i bed bel ow.

For each of t hese spat i al f r equenci es, we measur ed t empor al f r equency r esponses

at oct ave st eps f r om 0. 1 t o - 25 Hz, and at ever y 4 Hz f or hi gher t empor al

f r equenci es . I n al l cel l s, we measur ed spat i al f r equency r esponses at 2 Hz at

oct ave or smal l er st eps f or spat i al f r equenci es i n t he r ange 0. 01 cycl es - deg1 t o

a spat i al f r equency beyond t hat f or whi ch r esponsi vi t y was maxi mal . I n some X

cel l s, we al so measur ed spat i al f r equency r esponses i n si mi l ar st eps at hi gher

t empor al f r equenci es . We f eel t hat , t oget her wi t h t he r esul t s of t he ear l i er st udy

by Enr ot h- Cugel l et al . ( 1983) of X cel l spat i ot empor al f r equency r esponses i n

t he r ange 0. 5- 32 Hz, a det ai l ed descr i pt i on of t he phot opi c spat i ot empor al

f r equency r esponse sur f ace f or X cel l s has now been obt ai ned . We pr esent dat a

f r om 36 X and 7 Y cel l s f r om 17 cat s . The r ecept i ve f i el ds of t he X cel l s wer e

l ocat ed bet ween 1 ° and 34 ° f r om t he ar ea cent r al i s ; 24 X cel l s wer e wi t hi n t he

cent r al 10 ° . The r ecept i ve f i el ds of t he Ycel l s l ay bet ween 3 ° and 36 ° f r omt he

ar ea cent r al i s ; f our wer e wi t hi n t he cent r al 10' .
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Choi ces of Spat i al St i mul i

For each cel l , X or Y, we measur ed f i r st t he spat i al f r equency r esponse wi t h

si nusoi dal gr at i ngs dr i f t i ng at 2 Hz. The r esul t i ng cur ve was used t o sel ect t hr ee

spat i al f r equenci es, as i l l ust r at ed i n Fi g . 1 . The f i r st was t he f r equency t hat

maxi mi zed t he cel l ' s r esponsi vi t y, whi ch wi l l be r ef er r ed t o as t he " peak" st i mul us .

I t shoul d be not ed t hat , as wi l l be shown, t he peak st i mul us i s not a cel l ' s opt i mal

spat i al f r equency at al l t empor al f r equenci es . The second, t he " cent er " st i mul us,

was sel ect ed f r om t he hi gh- f r equency l i mb of t he cur ve at a spat i al f r equency f or
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Spat i al f r equency ( cycl es " deg- 1 )

FI GURE 1 . Met hod f or choosi ng st i mul us spat i al f r equenci es. The ci r cl es show

r esponsi vi t i es f or an on- cent er Xcel l ( 13X8) as a f unct i on of t he spat i al f r equency

of gr at i ngs dr i f t i ng at 2 Hz . ( Responsi vi t y i s t he ampl i t ude of t he f undament al

Four i er component of t he i mpul se r at e di vi ded by t he st i mul us cont r ast . ) The

cont i nuous cur ve i s t he best f i t of t he Gaussi an cent er - sur r ound model descr i bed i n

t he Met hods . The dashed cur ves show t he r esponsi vi t i es of t he cent er and sur r ound

component s of t he model . The " di f f use" st i mul us was a gr at i ng wi t h a spat i al

f r equency of 0. 01 cycl es- deg ' , t he " peak" st i mul us had a spat i al f r equency t hat

maxi mi zed r esponsi vi t y, and t he " cent er " had a spat i al f r equency t hat was chosen

t o gi ve a r esponsi vi t y bet ween t wo and f our t i mes l ess t han t hat wi t h t he peak

st i mul us . The mean l umi nance of t he scr een was 340 cd - m- 2 , and t he cat had a 4-

mm- di amar t i f i ci al pupi l .

whi ch t he cel l ' s r esponsi vi t y was t wo t o f our t i mes bel ow maxi mum. I t has

pr evi ousl y been shown t hat , at t hese hi gh spat i al f r equenci es, t he cel l ' s r esponse

i s essent i al l y due t o i t s cent er si gnal al one ( e . g . , Enr ot h- Cugel l and Robson, 1966 ;

Li nsenmei er et al . , 1982) . Thi s can be seen i n Fi g. 1, wher e t he dashed cur ves

r epr esent t he r el at i ve cont r i but i ons t o t he cel l ' s r esponse of cent er and sur r ound

component s as a f unct i on of spat i al f r equency . The t hi r d, t he " di f f use" st i mul us,

maxi mi zed t he si gnal s f r ombot h t he cent er and t he sur r ound . We used ei t her a

uni f or mf i el d t hat f i l l ed t he ent i r e scr een of t he st i mul at or and whose l umi nance

was modul at ed si nusoi dal l y i n t i me or a dr i f t i ng 0. 01 cycl es - deg' gr at i ng .
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Dr i f t i ng and st at i onar y gr at i ng st i mul i of t he same spat i al f r equency yi el ded t he

same f r equency r esponse measur ement s .

Phot opi c Spat i ot empor al Fr equency Responses

Phot opi c spat i ot empor al f r equency r esponses f or an on- cent er Xcel l ar e shown

i n Fi g . 2 . Except f or a ver t i cal di spl acement i n r esponsi vi t y, t he t empor al
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d
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FI GURE 2.

	

Phot opi c spat i ot empor al f r equency r esponse of an on- cent er X cel l .

The upper pl ot shows t he r esponsi vi t y of an Xcel l ( I OX3) st i mul at ed wi t h di f f use

( 0. 01 cycl es - deg' , ci r cl es) , peak ( 1 . 4 cycl es - deg' , t r i angl es) , and cent er ( 2 . 4 cycl es .

deg' , squar es) spat i al f r equenci es dr i f t ed at a r ange of t empor al f r equenci es . The

l ower pl ot shows t he cor r espondi ng phase dat a i n degr ess of phase advance r el at i ve

t o t he st i mul us . I n t hi s f i gur e as wel l as i n Fi gs . 3, 4, and 6, t he l i nes si mpl y connect

t he dat a poi nt s and do not r epr esent a f i t t ed model . The i nset i n t he l ower pl ot

shows t he phase dat a f or t he peak st i mul us pl ot t ed on l i near - l i near axes and t he

i s a l i near r egr essi on f i t t o t hese dat a . The mean l umi nance of t he

en was 340 cd - m' 2.

f r equency r esponses f or peak and cent er st i mul i wer e qui t e si mi l ar . Typi cal of

t he X cel l s we st udi ed, r esponsi vi t y changed l i t t l e over a consi der abl e r ange of

t empor al f r equenci es. Thi s i s evi dent f r om est i mat es of bandwi dt h, whi ch can

be r ead f r om t he cur ves as t he f r equency di f f er ence i n oct aves bet ween t he

upper and l ower f r equenci es f or whi ch r esponsi vi t y has decl i ned 3 dB f r om

maxi mum. For t he peak st i mul us, t he 3- dB r ange was f r om 0. 5 t o 16 Hz
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( bandwi dt h, 5 oct aves) and, f or t he cent er st i mul us, i t was f r om 1 t o 28 Hz

( bandwi dt h, 4. 8 oct aves) . The aver age r anges f or t he 17 X cel l s f or whi ch we

measur ed cur ves wi t h t he peak st i mul us and t he 18 Xcel l s f or whi ch we measur ed

cur ves wi t h t he cent er st i mul us ar e gi ven i n Tabl e 1 . The f r equenci es at t he

l ogar i t hmi c mi dpoi nt s of t hese r anges ar e al so gi ven . Cl ear l y, t hese measur ement s

di f f er ed l i t t l e f or peak and cent er st i mul i . The r el at i onshi p bet ween t he r esponse

phase and t he t empor al f r equency measur ed wi t h t hese t wo st i mul i was al so

si mi l ar . For al l st i mul i , t he r esponse phase was a l i near f unct i on of t he t empor al

f r equency at mi dr ange t o hi gh t empor al f r equenci es ( see i nset ) . The phase

gr adi ent can be used as a measur e of t he cel l ' s vi sual l at ency . I f t he syst em bei ng

st udi ed act ed as a pur e del ay, i t s r esponsi vi t y woul d not var y wi t h t empor al

f r equency, and i t s phase woul d be pr opor t i onal t o t empor al f r equency . The

f r equency r ange over whi ch t he r esponse conf or med t o t hese r equi r ement s was

suf f i ci ent l y wi de t hat t he i nt er pr et at i on of t he phase gr adi ent as a l at ency i s a

usef ul one. Wi t h t he peak st i mul us, t he sl ope of t hi s r el at i onshi p was - 9 . 8 deg

Hz- 1 , i . e . , a l at ency of 27 . 2 ms. The aver age l at ency i s gi ven i n t he t abl e .

I n or der t o quant i f y t he r esponse at t enuat i on seen at t empor al f r equenci es

above and bel ow t he 3- dB r ange, we measur ed t he sl opes on doubl e- l ogar i t hmi c

axes of t he r el at i onshi ps bet ween r esponsi vi t y and t empor al f r equency f or t he

r ange 0. 1- 1 . 0 Hz and of t he hi gh- f r equency l i mb . The r ol l - of f was much

shal l ower at l ow f r equenci es . Al t hough, f or t he cel l whose f r equency r esponses

ar e i l l ust r at ed i n Fi g . 2, t he sl ope was si mi l ar f or peak and cent er st i mul i ( 0 . 48

and 0 . 52, r espect i vel y) , f or t he ent i r e sampl e i t was a l i t t l e st eeper f or t he peak

st i mul us, as shown i n Tabl e I . At t he hi gh- f r equency end, t he sl opes wer e i n t he

r ange - 6 t o - 8 f or bot h spat i al pat t er ns .

The r esponsi vi t y f or t he di f f use st i mul us was much smal l er t han t hat f or t he

peak st i mul us over a br oad r ange of t empor al f r equenci es . I n addi t i on, bet ween

0. 1 and 1 Hz, t he r ol l - of f i n r esponsi vi t y was st eeper t han f or t he ot her spat i al

pat t er ns . For t he cel l i l l ust r at ed i n Fi g . 2, t he sl ope on doubl e- l ogar i t hmi c

coor di nat es was 0. 6 . An aver age val ue f or t he sl ope wi t h t he di f f use st i mul us

coul d not be r epor t ed i n t he t abl e, however , si nce f or most cel l s r esponsi vi t i es

wer e so l ow at t empor al f r equenci es of <0 . 5 Hz t hat we had i nsuf f i ci ent dat a

poi nt s ( see Fi g . 3) t o quant i f y t he r ol l - of f . Thi s st r ong at t enuat i on of t he r esponses

of Xcel l s t o di f f use st i mul i under phot opi c condi t i ons has been not ed pr evi ousl y

( Der r i ngt on and Lenni e, 1982) .

The r esponsi vi t i es measur ed f or t he di f f use st i mul us di spl ayed an i nt er est i ng

dependence on t he t empor al f r equency ar ound and past 40 Hz t hat was al so

evi dent , but t o a much l esser ext ent , i n t he cur ves measur ed wi t h t he peak and

cent er st i mul i . A smal l di p i n r esponsi vi t y occur r ed near 40 Hz, f ol l owed by a

mar ked i ncr ease i n r esponsi vi t y . As a r esul t of t hi s i ncr ease, t he di f f use st i mul us

became t he cel l ' s opt i mal st i mul us at some hi gh t empor al f r equency and r emai ned

so f or al l hi gher t empor al f r equenci es . The r esponse phase f or t he di f f use

st i mul us l ed t hose f or peak and cent er st i mul i at al l t empor al f r equenci es . These

f eat ur es of t he t empor al f r equency r esponse of X cel l s measur ed f or di f f use

st i mul i wer e obser ved f i r st i n t he cour se of t he st udy r epor t ed i n Enr ot h- Cugel l

et al . ( 1983) .
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I t may be usef ul at t hi s st age t o consi der br i ef l y t he whol e spat i ot empor al

f r equency r esponse sur f ace of t he Xcel l . Fr omt he r esul t s we have pr esent ed so

f ar and f r om t hose of Enr ot h- Cugel l et al . ( 1983) , i t appear s t hat t her e ar e t wo

maxi ma on t he r esponsi vi t y sur f ace . One i s cent er ed on t he peak spat i al f r equency

and at a t empor al f r equency of ^- 6 Hz . Thi s i s a r at her gent l e maxi mum, per haps

mor e appr opr i at el y t er med a r i dge of maxi mal sensi t i vi t y, wi t h r esponsi vi t y

f al l i ng sl owl y f r om t hi s poi nt as a f unct i on of bot h l ogar i t hmi c spat i al and

l ogar i t hmi c t empor al f r equency . The second maxi mum i s cent er ed on zer o

spat i al f r equency and at a t empor al f r equency of ^ " 40 Hz . Thi s i s a shar p

maxi mum, par t i cul ar l y i n t er ms of l ogar i t hmi c t empor al f r equency .

FI GURE 3.

	

Phot opi c spat i ot empor al f r equency r esponses f or 17 on- cent er X cel l s .

Each l i ne i n t he r esponsi vi t y pl ot s comes f r oma si ngl e cel l and has a cor r espondi ng

l i ne i n t he phase pl ot bel ow i t . Measur ement s ar e shown as a f unct i on of t empor al

f r equency f or di f f use, peak, and cent er st i mul i .

The r ange of var i at i on of t he spat i ot empor al f r equency r esponses of our X

cel l sampl e i s i l l ust r at ed i n Fi g . 3 . Onl y on- cent er cel l s whose t empor al f r equency

r esponse f or at l east one spat i al st i mul us was measur ed over t he f ul l r ange of

t empor al f r equenci es ar e shown . Of f - cent er cel l s had si mi l ar ampl i t ude cur ves,

but t hei r r esponse phases wer e shi f t ed by 180* f r om t hose of on- cent er cel l s .

Al t hough subst ant i al var i at i on exi st s i n t he ver t i cal posi t i on of t he r esponsi vi t y

cur ves f or each spat i al st i mul us, t hei r shapes ar e f ai r l y consi st ent . A di p i n t he

t empor al f r equency r esponsi vi t y bet ween 30 and 40 Hz and an enhanced r e-

sponsi vi t y at hi gher t empor al f r equenci es wer e obvi ous f or t he r esponses of most

cel l s t o t he di f f use st i mul us . The di p was al so seen i n some of t he cur ves measur ed
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f or t he peak st i mul us, and even i n a coupl e of t he cur ves measur ed f or t he cent er

st i mul us . The phase cur ves f or each spat i al st i mul us showed l i t t l e var i at i on acr oss

cel l s . For t he di f f use st i mul us, t he phase cur ves t ended t o show a smal l ki nk at

about t he t empor al f r equenci es f or whi ch r esponsi vi t y di pped . Thi s can be seen

i n Fi g . 2 f or cel l 10X3 ; t he ki nk' s pr esence among t he popul at i on of X cel l s i s

obscur ed by t he over l appi ng of cur ves i n Fi g. 3 .

Phot opi c spat i ot empor al f r equency r esponses f or a r epr esent at i ve Y cel l ar e

i l l ust r at ed i n Fi g . 4 . I n cont r ast t o t he X cel l s, t he f al l - of f i n r esponsi vi t y f or t he

FI GURE 4. Phot opi c spat i ot empor al f r equency r esponse f or an on- cent er Y cel l
( 2Y4) . Responsi vi t y and phase ar e shown as a f unct i on of t he t empor al f r equency
of t he dr i f t i ng st i mul us f or di f f use ( 0 . 01 cycl es- deg ' , ci r cl es) , peak ( 0 . 20 cycl es
deg' , t r i angl es) , and cent er ( 0 . 42 cycl es- deg ' , squar es) st i mul i . The mean l umi -
nance of t he scr een was 440 cd . M- 2.

Ycel l at l ow t empor al f r equenci es was si mi l ar f or t he t hr ee spat i al st i mul i . The

aver age sl opes of t he r el at i onshi ps bet ween l ogar i t hmi c r esponsi vi t y and l ogar i t h-
mi c t empor al f r equency bet ween 0. 1 and 1 Hz f or cent er and peak st i mul i wer e

st eeper f or Ycel l s t han f or X cel l s ( see Tabl e 1) .

I t i s not ewor t hy t hat Y cel l cur ves measur ed wi t h peak and cent er st i mul i

r eveal ed a mor e compl ex spat i ot empor al i nt er act i on t han t hose of X cel l s . The

shape of t he spat i al f r equency r esponse of t he cel l i l l ust r at ed i n Fi g. 4 was

appr oxi mat el y i nvar i ant wi t h t empor al f r equency up t o ^. 2 Hz . I n t he r ange 2-

10 Hz, t her e was a pr ogr essi ve r i se i n t he cel l ' s r esponsi vi t y t o l ow spat i al
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f r equenci es, and f r om 10 t o 20 Hz, " zer o" spat i al f r equency was t he opt i mal

st i mul us . For anot her band of t empor al f r equenci es beyond t hi s ( 20- 45 Hz) , t he

peak st i mul us was once agai n opt i mal . Fi nal l y, t he di f f use st i mul us became

opt i mal once mor e at even hi gher t empor al f r equenci es and r emai ned so unt i l

t he l i mi t of t empor al r esol ut i on was r eached . I t appear s f r om Fi g . 4 t hat t he

spat i ot empor al f r equency r esponse sur f ace of Y cel l s has t wo maxi ma, as i s t he

case wi t h X cel l s, but t he Y cel l maxi ma ar e bot h shar pl y t uned i n t er ms of

l ogar i t hmi c t empor al f r equency .

One obvi ous r esul t of t he shar per maxi ma i n t he Y cel l s' t empor al f r equency

r esponse i s t hat t hei r 3- dB r anges wer e shor t er . For t he cel l i l l ust r at ed i n Fi g . 4,

t he r ange f or t he cur ve measur ed wi t h t he peak st i mul us was f r om 2 . 2 t o 10 . 4

Hz ( bandwi dt h, 2 . 2 oct aves) , and t he r ange f or t he cur ve measur ed wi t h t he

cent er st i mul us was f r om 3 . 7 t o 10 . 8 Hz ( bandwi dt h, 1 . 5 oct aves) . The aver age

val ues f or t he smal l sampl e of Y cel l s st udi ed ar e shown i n t he t abl e . Al t hough

t he 3- dB r anges f or t he Y cel l s wer e shor t er , t he l ogar i t hmi c mi dpoi nt s of t he

r anges f or t he peak and cent er cur ves wer e si mi l ar t o t hose of X cel l s .

As t he t empor al f r equency i ncr eased, t he amount by whi ch t he Ycel l s' r esponse

l agged t he st i mul us i ncr eased, as was t he case f or X cel l s . The gr adi ent of t he

r el at i onshi p bet ween t he r esponse phase and t he t empor al f r equency ( on l i near

axes) f or t he peak st i mul us f or t he cel l i n Fi g . 4 was - 7 . 7 deg . Hz - ' ( i . e . , 21 . 4

ms) . For Y cel l s, t he ki nk i n t he phase cur ve t hat occur r ed ar ound 20 or 30 Hz

and cor r esponded t o t he di p i n t he r esponsi vi t y cur ve was much mor e pr o-

nounced t han i t was f or X cel l s .

The sl ope of t he hi gh t empor al f r equency l i mb was about t he same f or Y cel l s

as f or X cel l s, and di d not var y appr eci abl y wi t h t he choi ce of st i mul us ; i t was

about - 8 on doubl e- l ogar i t hmi c axes f or most cel l s ( see Tabl e I f or mor e det ai l s) .

For one Y cel l , t he spat i ot empor al f r equency r esponse was mor e l i ke t hat

measur ed f r om X cel l s .

Phot opi c Tempor al Resol ut i on

We measur ed t empor al r esol ut i on by ext r apol at i ng t he near l y st r ai ght hi gh-

f r equency l i mbs of t he t empor al f r equency r esponses t o i nt er sect a hor i zont al

l i ne dr awn at a r esponsi vi t y equal t o 10 i mpul ses- s- ' . The val ue of t he absci ssa

cor r espondi ng t o t hi s poi nt of i nt er sect i on was t aken as t he hi gh- f r equency

r esol ut i on . Thi s ext r apol at i on i s si mi l ar t o t hat used by ot her i nvest i gat or s t o

est i mat e spat i al r esol ut i on f r omspat i al f r equency r esponses ( e . g . , So and Shapl ey,

1981 ; Li nsenmei er et al . , 1982) : i t r epr esent s t he hi ghest t empor al f r equency at

whi ch a si nusoi dal gr at i ng st i mul us of uni t y cont r ast can pr oduce a f undament al

Four i er component at an ampl i t ude of 10 i mpul ses - s- ' .

A sour ce of uncer t ai nt y i n est i mat es of t empor al r esol ut i on f or t he peak

st i mul us was t hat , dur i ng a r ecor di ng sessi on, a cel l ' s peak spat i al f r equency was

not known pr eci sel y . I n f act , t hi s coul d onl y be det er mi ned, af t er a r ecor di ng

sessi on, when t he spat i al f r equency r esponses measur ed f or cont r ast s modul at ed

at 2 Hz wer e f i t t ed wi t h t he Gaussi an cent er - sur r ound model . Any er r or i n t he

spat i al f r equency sel ect i on i s r ef l ect ed i n a ver t i cal di spl acement of t he t empor al

f r equency r esponsi vi t i es and a r esul t ant er r or i n t he est i mat e of t empor al r eso-



FRI SHMAN ET AL .

	

Spat i ot empor al Fr equency Responses of Cat Ret i na

	

611

l ut i on . Si nce our er r or s i n sel ect i on wer e al ways smal l and we know t hat t he

t empor al f r equency r esponses ar e i nvar i ant as a f unct i on of spat i al f r equency f or

spat i al f r equenci es cl ose t o t he peak spat i al f r equency, we nor mal i zed t he t em-

por al f r equency r esponsi vi t i es so t hat , f or each cel l , t he r esponsi vi t y at 2 Hz was

at t he maxi mumpr edi ct ed by t he Gaussi an cent er - sur r ound model . Est i mat es of

t empor al r esol ut i on wi t h and wi t hout t hi s nor mal i zat i on wer e usual l y negl i gi bl y

di f f er ent , whi ch showed t hat t he f r equency sel ect i on f or t he peak st i mul us dur i ng

a r ecor di ng sessi on had gener al l y been appr opr i at e .

Nor mal i zat i on acr oss cel l s of t he r esponsi vi t i es measur ed f or cent er st i mul i

was al so per f or med bef or e t empor al r esol ut i on was det er mi ned. Thi s i s agai n

j ust i f i ed by t he i nvar i ance of t he shape of t he t empor al f r equency r esponse wi t h

spat i al f r equency f or hi gh spat i al f r equenci es . The 2- Hz r esponsi vi t y f or each

cel l was nor mal i zed t o be hal f t he maxi mum r esponsi vi t y pr edi ct ed by t he

Gaussi an cent er - sur r ound model f i t t ed t o t he 2- Hz spat

As not ed ear l i er , dur i ng t he r ecor di ng sessi ons, spat i al f r equenci es

r esponsi vi t i es bet ween one- quar t er and one- hal f t hat of peak r esponsi vi t y

been sel ect ed f or t he cent er st i mul us . Tempor al f r equency r esponses measur ed

f or di f f use st i mul i r equi r ed no nor mal i zat i on .

The absol ut e t empor al r esol ut i on ( obt ai ned wi t h t he di f f use st i mul us) f or X

cel l s r anged f r om - 80 t o 100 Hz . For one Y cel l , i t was as hi gh as 130 Hz . The

aver age val ues of t empor al r esol ut i on f or al l spat i al st i mul i ar e pr esent ed i n

Tabl e I . Havi ng obser ved t hat t he t empor al r esol ut i ons f or each st i mul us f or m

wer e var i abl e acr oss cel l s, we wer e i nt er est ed t o det er mi ne t he ext ent t o whi ch

t hi s var i at i on was syst emat i c . We f ound a r el at i onshi p bet ween t empor al r esol u-

t i on and t he r adi us of a cel l ' s r ecept i ve f i el d cent er . The cent er r adi us i s a ver y

usef ul met r i c f or st andar di zi ng gangl i on cel l pr oper t i es, si nce i t pr ovi des a

measur e of t he spat i al scal e on whi ch t he r et i nal i mage i s sampl ed l ocal l y ( by t hat

cl ass of gangl i on cel l s) and i t t akes i nt o account ( at l east f or scot opi c adapt at i on

l evel s) t he st at e of l i ght adapt at i on i n t hat cel l ( Enr ot h- Cugel l and Shapl ey, 1973) .

I t i s a good met r i c t o use i n a r et i na such as t he cat ' s, wher e sampl i ng of i mages

i s i nhomogeneous . However , si nce t he cent er r adi us appear s t o change at hi gh

t empor al f r equenci es ( see bel ow) , i t i s i mpor t ant t hat i t be det er mi ned f or al l

cel l s at l ow t empor al f r equency . I t was conveni ent f or us t o est i mat e t he cent er

r adi us f r om f i t s of t he Gaussi an cent er - sur r ound model t o t he 2- Hz spat i al

f r equency r esponses we measur ed f or al l cel l s, and, i n Fi g. 5, t empor al r esol ut i on

i s pl ot t ed agai nst t hi s est i mat e .

Tempor al r esol ut i ons det er mi ned f r om r esponses evoked by peak and cent er

st i mul i wer e posi t i vel y cor r el at ed wi t h cent er r adi us . The Pear son pr oduct

moment cor r el at i on coef f i ci ent f or t he X cel l s al one f or t he cur ves measur ed

wi t h t he peak st i mul i was 0 . 69 ( n = 17, p < 0 . 01) , and f or t he X and Y cel l s

combi ned, i t was 0 . 77 ( n = 21, p < 0 . 001) . The cor r el at i on coef f i ci ent was l ower

f or t he cur ves measur ed wi t h t he cent er st i mul i , 0 . 44 ( n = 18, not si gni f i cant )

f or X cel l s, but i t was 0 . 69 ( n = 23, p < 0 . 01) when al l cel l s wer e i ncl uded .

Tempor al r esol ut i on f or di f f use st i mul i was bar el y cor r el at ed wi t h t he r ecept i ve

f i el d cent er r adi us ( cor r el at i on coef f i ci ent , 0 . 17 ; n = 16) f or X cel l s al one, but

when Y cel l s wer e i ncl uded, t he cor r el at i on was hi gher ( cor r el at i on coef f i ci ent ,
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0 . 63 ; n = 19, p < 0 . 01) . Somewhat l ess st r ong cor r el at i ons wer e obser ved

bet ween t empor al r esol ut i on and r et i nal eccent r i ci t y i n al l cases .

I n our measur ement s of t empor al r esol ut i on descr i bed above, we di d not

at t empt t o nor mal i ze maxi mumr esponsi vi t y acr oss cel l s, assumi ng r at her t hat i t

was r easonabl e ( and l ess bi ased) t o suppose t hat maxi mum r esponsi vi t y mi ght

var y f r om cel l t o cel l . However , an al t er nat i ve vi ew i s t hat al l cel l s of one cl ass

have t he same maxi mumr esponsi vi t y and t hat t he di f f er ences obser ved wi t hi n a

sampl e of cel l s der i ve f r om such f act or s as di f f er ences i n t he physi ol ogi cal st at e

of t he ani mal at t he t i me t he measur ement s wer e made . Hence, f or compar i son,

we exami ned t empor al r esol ut i on when al l of t he X cel l cur ves measur ed wi t h
cent er st i mul i wer e nor mal i zed t o a maxi mumr esponsi vi t y of 500 i mpul ses - s- 1 ;

t he cor r el at i on coef f i ci ent bet ween r esol ut i on and cent er r adi us f or t he X cel l s

was si gni f i cant ( 0 . 48, n = 18, p < 0 . 05) .
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FI GURE 5 .

	

Tempor al r esol ut i ons of Xand Y cel l s at phot opi c l evel s of mean r et i nal

i l l umi nat i on . Tempor al r esol ut i ons wer e measur ed by ext r apol at i ng t he hi gh- f r e-

quency l i mbs of t he t empor al f r equency r esponse ; r esol ut i on i s def i ned as t he
t empor al f r equency at whi ch t he r esponsi vi t y equal s 10 i mpul ses - s- ' . Resol ut i ons
ar e pl ot t ed as a f unct i on of t he r adi us of t he cent er mechani smder i ved f r om f i t t i ng
t he Gaussi an cent er - sur r ound model t o t he 2- Hz spat i al f r equency r esponses . The
open ci r cl es r epr esent Xcel l s ; t he f i l l ed ci r cl es r epr esent Y cel l s .

I t mi ght be not ed, i n concl usi on, t hat t he hi gh t empor al r esol ut i on of cat

gangl i on cel l s f or phot opi c f ul l - f i el d st i mul i r equi r es t hat exper i ment er s use

r ast er di spl ays wi t h ver y hi gh r ef r esh r at es ( ?200 Hz) t o st udy r esponses f r om

t hese cel l s .

Spat i ot empor al Fr equency Responses at Lower Level s of Ret i nal I l l umi nat i on

For some X cel l s, spat i ot empor al f r equency r esponses wer e measur ed at l evel s

of mean r et i nal i l l umi nat i on ~1/ 100 and 1/ 10, 000 ( mi dmesopi c and hi gh sco-

t opi c) of t he mean phot opi c l evel s of t he exper i ment s descr i bed so f ar . The

spat i al f r equenci es used f or di f f use, peak, and cent er st i mul i wer e t he same as

t hose used f or phot opi c l evel s, except i n cases wher e onl y t he l ower l evel s wer e

st udi ed, and t hen t he spat i al st i mul i wer e based on t he 2- Hz spat i al cur ves at t he

mi dmesopi c l evel . I t i s r el evant t o not e i n passi ng t hat , as i n pr evi ous st udi es
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( Enr ot h- Cugel l et al . , 1977 ; Ki r by and Schwei t zer - Tong, 1981 ; Der r i ngt on and

Lenni e, 1982) , we f ound no syst emat i c change i n t he cent er r adi us of t he cel l s'

r ecept i ve f i el ds as r et i nal i l l umi nat i on was r educed f r om phot opi c t o scot opi c

l evel s .

For t he cel l i l l ust r at ed i n Fi g . 6, as wel l as f or ot her cel l s, t he maxi mum

r esponsi vi t y was har dl y al t er ed under mi dmesopi c i l l umi nat i on but was gr eat l y

r educed i n scot opi c i l l umi nat i on . The 3- dB r anges of r esponsi vi t y f or al l st i mul us

conf i gur at i ons wer e at l ower t empor al f r equenci es at mesopi c t han at phot opi c

l evel s of i l l umi nat i on, and wer e l ower st i l l under scot opi c i l l umi nat i on . The

FI GURE 6 .

	

Xcel l spat i ot empor al f r equency r esponse at l ower mean l evel s of r et i nal

i l l umi nat i on . Spat i ot empor al f r equency r esponses f or an on- cent er X cel l ( 11X5)

ar e gi ven f or a mi dmesopi c ( mean l umi nance, 2. 8 cd . m- 2 ) and a hi gh scot opi c ( mean

l umi nance, 0. 021 cd . m- 2) l evel of l i ght adapt at i on . Responsi vi t y and phase ar e

shown as a f unct i on of t empor al f r equency f or di f f use ( 0 . 01 cycl es - deg ' , ci r cl es) ,

peak ( 1 . 22 cycl es - deg- ' , t r i angl es) , and cent er ( 2 . 0 cycl es - deg' , squar es) st i mul i .

l ogar i t hmi c mi dpoi nt s of t hese r anges wer e accor di ngl y l ower . For i nst ance, f or

t he cel l i l l ust r at ed i n Fi g. 6, t he l ogar i t hmi c mi dpoi nt of t he 3- dB r ange f or t he

peak st i mul us was 4. 8 Hz under phot opi c i l l umi nat i on, 3. 2 Hz at t he mesopi c

l evel , and 1 . 4 Hz at t he scot opi c l evel . The aver age val ues f or al l t he cel l s ar e

gi ven i n t he t abl e . Under mesopi c and scot opi c i l l umi nat i on, t he r esponsi vi t y f or

l ow t empor al f r equenci es of modul at i on was at t enuat ed wi t h t he di f f use st i mul us

mor e t han wi t h ei t her t he peak or cent er st i mul i . Fur t her , hi gher t empor al

f r equenci es wer e st i l l r esol ved bet t er wi t h t he di f f use st i mul us ; however , t he

r esponsi vi t y and phase f unct i ons wer e smoot her t han t hey wer e f or phot opi c

adapt at i on .
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Bot h t empor al r esol ut i on and t he sl ope of t he hi gh- f r equency l i mb of t he

r esponsi vi t y cur ve wer e l ower at t hese l ower l evel s of mean i l l umi nat i on f or al l

t hr ee spat i al st i mul i . Fi g . 7 i l l ust r at es t he r el at i onshi p bet ween t empor al r esol u-

t i on and t he cent er r adi us f or t he peak st i mul us at al l t hr ee adapt at i on l evel s .

The t abl e shows t hat , on aver age, t he sl ope of t he hi gh t empor al f r equency r ol l -

of f i n l ogar i t hmi c r esponsi vi t y decr eased by about one- t hi r d f or each 100- f ol d

r educt i on i n mean r et i nal i l l umi nat i on . Fur t her , f or t he r ange of t empor al

f r equenci es 0. 1- 1 Hz, t he sl ope of t he r el at i onshi p bet ween l ogar i t hmi c t empor al

f r equency and l ogar i t hmi c r esponsi vi t y became shal l ower as t he mean i l l umi na-

t i on was decr eased . The r el at i onshi p bet ween t he r esponse phase and t empor al

f r equency was al so dependent on adapt at i on . As document ed i n t he t abl e, f or

peak cur ves, t he magni t ude of t he gr adi ent r el at i ng phase t o t empor al f r equency

120

100

80

60

40

20

D D

0

0

0
0

Cent er r adi us ( deg)

FI GURE 7 . X cel l t empor al r esol ut i ons ( open symbol s) f or t he peak st i mul us at
t hr ee l evel s of r et i nal i l l umi nat i on . Tempor al r esol ut i on i s pl ot t ed as a f unct i on of
cent er r adi us at phot opi c ( ci r cl es) , mesopi c ( t r i angl es) , and scot opi c ( squar es) l evel s .

The r adi us of t he cent er mechani sm i s t he one det er mi ned f r omt he phot opi c 2- Hz
spat i al f r equency r esponse i n most cases . For si x uni t s st udi ed onl y at mesopi c l evel s,

t he r adi i wer e det er mi ned f r om t he mesopi c 2- Hz spat i al f r equency r esponse . I n

cases wher e t he spat i al f r equency r esponses wer e measur ed at bot h phot opi c and

mesopi c l evel s, t he der i ved r adi i wer e si mi l ar . The Y cel l phot opi c r esol ut i ons ( f i l l ed

ci r cl es) shown i n Fi g . 5 ar e i ncl uded f or compar i son .

( pl ot t ed on l i near axes) i ncr eased as t he adapt at i on l evel was decr eased . I n

summar y, t he r esponses of X gangl i on cel l s became sl ower as r et i nal i l l umi nat i on

was r educed . Si mi l ar ef f ect s of t he adapt at i on l evel on t he t empor al f r equency

r esponse have been r epor t ed f or cel l s of t he dor sal l at er al geni cul at e nucl eus

( Kapl an et al . , 1979) .

Appl i cat i on of t he Gaussi an Cent er - Sur r ound Model

The second goal of t hi s st udy was t o i nt er pr et t he spat i ot empor al f r equency

r esponse of t he X cel l i n t er ms of t he Gaussi an cent er - sur r ound model . Bef or e

appl yi ng t he model t o our dat a, i t was f i r st necessar y t o demonst r at e t hat t he

model coul d pr ovi de a good f i t t o spat i al f r equency r esponses measur ed f or hi gh

t empor al f r equenci es of cont r ast modul at i on . To t est t hi s, spat i al f r equency
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r esponses wer e measur ed f or t hr ee on- cent er Xcel l s at t empor al f r equenci es up

t o 68 Hz, and t he Gaussi an cent er - sur r ound model def i ned by Eq . 3 was f i t t ed

t o t hese dat a usi ng t he pr ocedur e out l i ned i n t he Met hods . The model ' s si x

par amet er s- r c , SC, PC, r s , SzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� Pswer e al l owed t o change acr oss t empor al

f r equency . The r esul t i ng f i t s f or a r epr esent at i ve cel l ar e shown i n Fi g. 8 ; t he

r oot mean squar ed er r or over al l poi nt s i n t hi s f i gur e i s 0 . 179, whi l e t he er r or

FI GURE 8.

	

Xcel l phot opi c spat i al f r equency r esponses at f our t empor al f r equen-
ci es . Responsi vi t y and phase ar e pl ot t ed as a f unct i on of spat i al f r equency f or
t empor al f r equenci es of 2, 40, 52, and 60 Hz . Gr at i ng pat t er ns wer e al t er nat el y
dr i f t ed and hel d st at i onar y wi t h si nusoi dal t empor al modul at i on of cont r ast . Res-
ponsi vi t i es ar e based on dr i f t ed st i mul i ; phases ar e based on st at i onar y st i mul i . The
cont i nuous cur ves gi ve t he r esul t s of f i t t i ng t he Gaussi an cent er - sur r ound model t o
t he neur al dat a . Same cel l ( 13X8) as i n Fi g . 1 .

over al l t hr ee cel l s i s 0. 182 . Al t hough t her e ar e di scr epanci es bet ween t he
exper i ment al and model dat a- model r esponsi vi t y, f or i nst ance, i s t oo smal l at
mi dr ange spat i al f r equenci es- t he model can r epr oduce t he exper i ment al dat a
f r om t hese t hr ee cel l s adequat el y . Mor eover , t he er r or compar es f avor abl y wi t h
t he er r or over al l of t he 2- Hz spat i al f r equency r esponses t hat we have f i t t ed .

The cent er and sur r ound r adi i used t o f i t t he Gaussi an cent er - sur r ound model
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t o t he dat a col l ect ed f or t he t hr ee on- cent er X cel l s at hi gher t empor al f r equen-

ci es ar e shown i n Fi g . 9. The f i gur e shows how t he r adi us of t he Gaussi an

descr i bi ng t he spat i al sensi t i vi t y of t he cent er mechani smdepends on t he t em-

por al f r equency. Enr ot h- Cugel l et al . ( 1983) f ound t hat t he cent er r adi us changed

l i t t l e f or f r equenci es up t o 32 Hz, but , as shown i n Fi g . 9, we f ound t hat i t

i ncr eased above t hi s f r equency. The r adi us of t he sur r ound showed no cl ear

dependence on t empor al f r equency.

Decomposi t i on of X Cel l Spat i ot empor al Fr equency Responses i nt o Cent er and

Sur r ound Component s

Responsi vi t i es at hi gh t empor al f r equenci es wer e gr eat er wi t h t he di f f use st i mul us

t han wi t h t he peak and cent er st i mul i . Si nce t hi s spat i al st i mul us maxi mi zes t he

cont r i but i on f r om t he sur r ound r el at i ve t o t he cent er ( and absol ut el y) , t hi s r esul t

Tempor al f r equency ( Hz)

FI GURE 9.

	

Dependence of t he r adi i of cent er and sur r ound mechani sms on t em-

por al f r equency . Phot opi c spat i al f r equency r esponses f r omt he X cel l i l l ust r at ed i n

Fi g . 8 and t wo ot her Xcel l s ( 11 X12 and 12X1) wer e f i t t ed wi t h t he Gaussi an cent er -

sur r ound model at f our t empor al f r equenci es. The r esul t i ng cent er and sur r ound

r adi i ar e pl ot t ed as a f unct i on of t empor al f r equency . Radi us est i mat es f r om t he

same cel l ar e connect ed by l i nes . The mean l umi nance was 340 cd- m
2

f or al l cel l s .

st r ongl y suggest s t hat t he sur r ound r esol ves hi gher t empor al f r equenci es . I ndeed,

spat i al f r equency r esponses measur ed at hi gh t empor al f r equenci es and f i t t ed

wi t h t he Gaussi an cent er - sur r ound model i mpl y t hat t he cent er st r engt h i s

r educed mor e r api dl y at hi gh t empor al f r equenci es t han i s t he sur r ound st r engt h .

Thi s can be seen by compar i ng Fi gs. 10 and 1, whi ch show t he cent er and

sur r ound component s of t he 60- Hz and t he 2- Hz spat i al f r equency r esponses,

r espect i vel y, of one on- cent er X cel l . Not e t hat bot h t he cent er and sur r ound

st r engt hs wer e l ower at 60 Hz t han at 2 Hz, but t hat t he cent er st r engt h was

r educed by a gr eat er f act or . Consi st ent wi t h t hi s r el at i ve change i n t he st r engt hs

of t he cent er and sur r ound mechani sms, Fi g . 8 shows a much l ar ger dependence

of t he r esponse phase on t he spat i al f r equency at hi gh t empor al f r equenci es ; t hi s

r esul t s f r om t he pr edomi nance of t he sur r ound mechani sm at l ow spat i al f r e-

quenci es .
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These suggest i ons about t he behavi or of t he r esponse mechani sms wer e

cor r obor at ed by decomposi ng, at each t empor al f r equency, t he measur ed r e-

sponses of t he cel l t o di f f use and peak st i mul i i nt o cent er and sur r ound compo-

nent s usi ng t he Gaussi an cent er - sur r ound model . The r at i onal e f or t hi s anal ysi s

i s as f ol l ows . Assume t hat t he cent er and sur r ound r adi i ar e known at t he

t empor al f r equency i n quest i on ; t he si gnal f r om each mechani sm at a gi ven

spat i al f r equency can t hen be est i mat ed . For i nst ance, t he f act or by whi ch t he
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FI GURE 10 .

	

Phot opi c spat i al f r equency r esponse obt ai ned at 60 Hz and f i t t ed wi t h
t he Gaussi an cent er - sur r ound model . These dat a ( open ci r cl es) ar e f r om t he cel l
f eat ur ed i n Fi gs . 1 and 8 . The cont i nuous l i nes show t he f i t t ed Gaussi an cent er -
sur r ound model , and t he dashed l i nes show t he model cent er and sur r ound com-
ponent s .

si gnal f r om t he cent er evoked by a gr at i ng of t he peak spat i al f r equency i s
at t enuat ed r el at i ve t o i t s si gnal f or zer o spat i al f r equency i s

a cp
= e-

( r r cu~4n

	

( 4)

wher e up i s t he spat i al f r equency of t he peak st i mul us . The r esponse t o t he peak
st i mul us i s l ar gel y due t o t he cent er , so t he cent er st r engt h ( t he ampl i t ude of t he
cent er ' s si gnal at zer o spat i al f r equency) can be appr oxi mat el y det er mi ned by
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di vi di ng t he cel l ' s r esponsi vi t y t o t he peak st i mul us by a, p ; t he cent er phase i s

essent i al l y equal t o t he phase of t he peak r esponse . ( Responses t o t he peak r at her

t han t o t he cent er st i mul us wer e chosen f or t he decomposi t i on because t he

r esponses ext ended t o hi gher t empor al f r equenci es, t hus al l owi ng an anal ysi s

over a l ar ger r ange of f r equenci es . ) The f r equency r esponse f or t he di f f use

st i mul us i s equal , or near l y equal , t o t he sumof t he cent er and sur r ound si gnal s

f or zer o spat i al f r equency . The sur r ound si gnal f or zer o spat i al f r equency can

be wel l appr oxi mat ed by t he di f f er ence bet ween t he di f f use f r equency r esponse

and t he cent er si gnal .

Mor e r i gor ousl y, Eq . 3 and equat i ons f or t he " at t enuat i on" f act or s ( such as Eq .

4) gi ve t he cel l ' s r esponse t o t he di f f use spat i al f r equency ( ud) :

and t o t he peak st i mul us :

I Rs( ud) I e' Pg( ad) = a, dSce' ` + awSse° ,

I Rg( uv) I e" g( y
= awS, e' ~ + a, QSse` P, .

	

( 6)

These ar e t wo compl ex equat i ons t hat can be spl i t i nt o f our r eal equat i ons, wi t h

one equat i on each f or t he cosi ne and si ne component s of t he di f f use and peak

r esponses . Assumi ng t hat t he spat i al par amet er s r c and r s ar e known, Eqs . 5 and

6 r epr esent f our equat i ons t hat ar e l i near i n f our unknowns : t he cosi ne and si ne

component s of t he cent er and sur r ound si gnal s . These equat i ons wer e sol ved t o

obt ai n t he cent er and sur r ound st r engt hs and phases at each t empor al f r equency

used .
Fi g . 11 shows t he r esul t f or t he cel l whose f r equency r esponses ar e shown i n

Fi g . 2 . The r esul t i ng st r engt hs and phases f or t he cent er and sur r ound compo-

nent s ar e shown on t he l ef t . The t wo pl ot s on t he r i ght showt he r at i o of sur r ound

t o cent er st r engt h and t he di f f er ence bet ween t he sur r ound and cent er phases .

Fi g . 12 i l l ust r at es t he consi st ency of t hese r esul t s acr oss 10 on- cent er uni t s .

The r esul t s i n Fi gs . 11 and 12 wer e gener at ed assumi ng t hat t he cent er and

sur r ound r adi i f or each cel l wer e f i xed at t hei r 2- Hz val ues . Gi ven t he f i ndi ng

i l l ust r at ed i n Fi g . 9 t hat t he cent er r adi us i ncr eases wi t h t empor al f r equency

above ^- 30 Hz, t he consequences of t hi s assumpt i on must be consi der ed . The

r esul t of under est i mat i ng t he cent er r adi us i s t hat t he amount of at t enuat i on at

t he peak spat i al f r equency f or t he cent er mechani sm and hence t he cent er

st r engt h ar e under est i mat ed . Wi t h t he cent er st r engt h under est i mat ed, t he

sur r ound st r engt h must al so be under est i mat ed and t he phase of t he est i mat ed

sur r ound si gnal wi l l l ag t he t r ue sur r ound si gnal . However , si nce we had

measur ed t he spat i al f r equency r esponses at hi gh t empor al f r equenci es i n t hr ee

cel l s and coul d consequent l y est i mat e howt he cent er r adi us changed as a f unct i on

of t empor al f r equency, we wer e abl e t o det er mi ne, f or t hese t hr ee cases, t he

i mpact of t he er r or s r esul t i ng f r om t he assumpt i on of an i nvar i ant cent er r adi us

upon est i mat es of f r equency r esponses of t he cent er and sur r ound mechani sms .

Wi t h t he dat a f r om t hese cel l s, we obt ai ned qual i t at i vel y si mi l ar est i mat es of t he

f r equency r esponses of cent er and sur r ound mechani sms f r om decomposi t i ons

of t he f r equency r esponses measur ed f or peak and di f f use st i mul i made ( a) wi t h

t he assumpt i on t hat t he cent er r adi us was f i xed at i t s 2- Hz val ue, and ( b) wi t h
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t he cent er r adi us al l owed t o hol d i t s t r ue val ue at each t empor al f r equency.

Fur t her , t he r at i o of sur r ound st r engt h t o cent er st r engt h under t he f i r st

assumpt i on was vi r t ual l y i dent i cal t o t hat under t he second, as was t he di f f er ence

bet ween t he sur r ound and cent er phases .

I n Fi g . 12, t he cur ve f or cent er and sur r ound st r engt hs and phases, obt ai ned by

t he decomposi t i on j ust descr i bed, i s of consi st ent shape acr oss cel l s . The st r engt hs

of bot h mechani sms r emai ned appr oxi mat el y const ant bet ween I and 20 Hz.

Cent er and Sur r ound Tempor al Fr equency Responses

aa
c
m

L
C

O
v

w

c
N

y
L
U
C
m
U

200 r - - - - . . _

	

E
m 200

10
0a)

, ° - 200

	

1

	

â

c t 100
- 400

	

o'
°

L

	

~

	

L Na - 600

	

c

° '

	

1 . . . ~r . . . . . ~ . . . . . ~- 800

	

a

0. 1 1 10 100

	

0 . 1 1 10 100

Tempor al f r equency ( Hz)

FI GURE 11 .

	

Phot opi c t empor al f r equency r esponses f or t he cent er and sur r ound

mechani sms of an X cel l . The r esponses of an on- cent er Xcel l ( 10X3, same uni t as
i n Fi g . 2) t o di f f use and peak spat i al st i mul i wer e decomposed i nt o cent er and

sur r ound st r engt hs ( r esponsi vi t i es at zer o spat i al f r equency) and phases at each

t empor al f r equency used . The cur ves on t he l ef t ar e t he st r engt h and phase of t he
cent er ( cont i nuous l i ne) and sur r ound ( dashed l i ne) mechani sms . On t he r i ght , t he
r at i o of sur r ound and cent er st r engt h and t he phase di f f er ence bet ween t he t wo
mechani sms ar e shown .

Bel ow 1 Hz, t her e was a gent l e r ol l - of f of - 0 . 5 l og uni t s of st r engt h per l og uni t

of t empor al f r equency . Above 20 Hz, t he st r engt hs of t he t wo mechani sms wer e

di f f er ent ; t he sur r ound st r engt h i ncr eased t o wel l above t he cent er st r engt h

bef or e i t dr opped . The hi gh- f r equency r ol l - of f of t he st r engt hs of bot h mecha-

ni sms was r api d, ^- 6 l og uni t s/ I l og uni t of t empor al f r equency . Fi g. 12 shows

t hat cent er and sur r ound phases ar e si mpl e f unct i ons of t empor al f r equency.

Bot h cent er and sur r ound phase pl ot s ar e wel l appr oxi mat ed by l i near f unct i ons

of t empor al f r equency wi t h a gr adi ent of about - 9 deg- Hz - - ' ( i . e . , 25 ms) . The

di f f er ence bet ween t he sur r ound' s phase and t he cent er ' s i s ver y cl ose t o 180"
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at t he l owest t empor al f r equency and decr eases t o - 170° at 20 Hz ; behavi or i s

l ess uni f or m acr oss cel l s above t hi s t empor al f r equency .

I t may hel p t he r eader t o consi der howt he r esul t s of t he decomposi t i on expl ai n

t he f r equency r esponses measur ed wi t h di f f use and peak st i mul i . For t he di f f use

st i mul us, t he cent er and sur r ound si gnal s ar e of si mi l ar ampl i t ude at l ow t empor al
f r equenci es and ar e near l y i n ant i - phase . A smal l net r esponse r esul t s . At
mi dr ange t empor al f r equenci es, t he st r engt hs of cent er and sur r ound change
l i t t l e, but t hei r si gnal s cease t o be exact l y out of phase . The r esponse t o t he
di f f use st i mul us t her ef or e i ncr eases wi t h t empor al f r equency . A t empor al f r e-
quency i s t hen r eached at whi ch t he ampl i t ude of t he sur r ound si gnal becomes
subst ant i al l y gr eat er t han t hat of t he cent er and somet i mes gr eat er t han t hat of
bot h mechani sms at mi dr ange f r equenci es . Thi s i s t he or i gi n of t he maxi mumat

FI GURE 12 . Phot opi c cent er and sur r ound mechani sm t empor al f r equency r e-
sponses acr oss X cel l s . Thi s f i gur e shows dat a si mi l ar t o t hose i n Fi g . 12 f or a t ot al
of 10 X cel l s .

hi gh t empor al f r equency i n t he r esponsi vi t y cur ve f or t he di f f use st i mul us . Thi s

domi nat i on by t he sur r ound component at hi gh t empor al f r equenci es al so

expl ai ns t he spat i al f r equency r esponses measur ed t her e ( see Fi gs . 8 and 10) . At

l ow spat i al f r equency, t he ampl i t ude of t he sur r ound si gnal i s domi nant and t he

phase of t he net r esponse i s cl ose t o t hat of t he sur r ound . As t he spat i al f r equency

i ncr eases past t he spat i al r esol ut i on of t he sur r ound mechani sm, t he magni t ude

of t he net r esponse dr ops cor r espondi ngl y, and t he phase swi ngs t owar d t hat of

t he cent er si gnal .

DI SCUSSI ON

Thi s st udy pr ovi des a mor e compl et e descr i pt i on of t he spat i ot empor al f r equency

r esponse of X gangl i on cel l s t han was pr evi ousl y avai l abl e . New dat a on Y
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gangl i on cel l s at phot opi c l evel s and Xcel l s at l ower l evel s of r et i nal i l l umi nat i on

ar e al so r epor t ed . I n t he f i r st par t of t he Di scussi on, r et i nal mechani sms t hat
mi ght under l i e phot opi c spat i ot empor al f r equency r esponses ar e consi der ed . I n

a l at er sect i on, t he r el evance of our obser vat i ons t o vi si on i s di scussed, and f i nal l y,

a possi bl e model f or t he phot opi c spat i ot empor al f r equency r esponse of X cel l s
i s descr i bed .

Mechani sms Under l yi ng t he Spat i ot empor al Fr equency Response

Fr equency r esponses at l ow t empor al f r equenci es . Two possi bl e causes of t he

l ower r esponsi vi t i es obt ai ned f or cont r ast modul at i on bel ow 1 Hz ar e ( a) l i ght

adapt at i on and ( b) cont r ast gai n cont r ol ( Shapl ey and Vi ct or , 1978) . The r ol l

of f on doubl e- l ogar i t hmi c axes has a f r act i onal sl ope t hat becomes st eeper as t he

cel l i s l i ght - adapt ed f r om scot opi c, t hr ough mesopi c, t o phot opi c i l l umi nat i on .

Ther e i s some evi dence t hat , wi t hi n t he scot opi c r ange, t he sl ope of t he r ol l - of f

i ncr eases wi t h mean i l l umi nat i on ( Enr ot h- Cugel l and Shapl ey, 1973) . Any l i ght -

adapt at i onal ef f ect pr obabl y occur s ear l y i n t he r et i na, si nce some at t enuat i on at

l ow t empor al f r equenci es was f ound i n hor i zont al cel l s i n cat ( Foer st er et a1 . ,

1977x, b) and t ur t l e ( Tr anchi na et al . , 1984) .

The cont r ast gai n cont r ol i s al so known t o at t enuat e r esponses t o l ow t empor al

f r equenci es of cont r ast modul at i on and t o act mor e st r ongl y i n Ycel l s t han i n X

cel l s . We f ound mor e at t enuat i on i n t he Ycel l r esponsi vi t y t han i n t hat of Xcel l s

at l ow and mi dr ange t empor al f r equenci es . I n addi t i on, t he at t enuat i on obser ved

f or Y cel l s was st r onger t han t hat obser ved by pr evi ous i nvest i gat or s, wher eas

t hat f or X cel l s was si mi l ar ( e . g . , Lenni e, 1980 ; Der r i ngt on and Lenni e, 1982) .

We may have seen mor e at t enuat i on i n Y cel l s because our aver age r esponse

cr i t er i on was hi gher by ^- 2 i mpul ses - s - ' t han t he cr i t er i a used by Lenni e ( 1980)

and Der r i ngt on and Lenni e ( 1982) , and t hus pr esumabl y r equi r ed hi gher con-

t r ast and enhanced t he cont r ast gai n ef f ect .
Fr equency r esponses at hi gh t empor al f r equenci es . The enhanced r esponsi vi t y

at hi gh t empor al f r equenci es bet ween 40 and 60 Hz was obser ved at phot opi c
l evel s wher e r ods wer e sat ur at ed, but not at mesopi c or scot opi c l evel s . Thi s

st r ongl y suggest s t hat t he or i gi n of t he enhancement i s i n t he " cone" pat hway .

Foer st er et al . ( 1977x, b) f ound si mi l ar enhanced r esponses i n cat hor i zont al cel l s

under phot opi c condi t i ons . Hence, t he cel l ul ar or i gi n of t he enhancement of

gangl i on cel l r esponsi vi t y i s pr obabl y ear l y i n t he pat hway .

One possi bi l i t y may be a negat i ve f eedback l oop i n whi ch cones exci t e hor i zon-
t al cel l s and hor i zont al cel l s i n t ur n i nhi bi t cones, as i s t he case f or t he t ur t l e
r et i na ( Bayl or et al . , 1971) . I f bot h cones and hor i zont al cel l s act as l ow- pass
f i l t er s, t hen t he compl et e l oop coul d act as a second- or der f i l t er and pr oduce a
r esonant peak, as suggest ed by Foer st er et al . Thi s f eedback mi ght al so account
f or t he gr eat er enhancement of r esponses seen i n cat hor i zont al cel l s ( Foer st er
et al . , 1977x, b) and i n our gangl i on cel l s f or l ar ge st i mul i .

A cont r i but i ng f act or t o t he r esponse enhancement may be t he r educed
ant agoni sm bet ween cent er and sur r ound si gnal s t hat woul d occur i f t he t wo
mechani sms wer e mor e near l y coher ent at hi gh t empor al f r equenci es . A si mi l ar
mechani sm f or t he ampl i f i cat i on of si gnal s was descr i bed f or Li mul us eye by

Rat l i f f et al . ( 1970) . However , t he f act , accor di ng t o our decomposi t i ons, t hat
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t he r esponsi vi t y of t he sur r ound sur passes t hat of t he cent er and t hat bot h si gnal s

ar e r api dl y at t enuat ed at hi gh t empor al f r equenci es wher e t he cent er and
sur r ound ar e most coher ent i mpl i es t hat changes i n si gnal ampl i t ude ar e at l east

as i mpor t ant i n descr i bi ng t he cel l ' s peak i n r esponsi vi t y . I n f act , t he decompo-
si t i ons of phot opi c f r equency r esponses show t hat t he phases of t he sur r ound
and cent er wer e st i l l separ at ed by >120' wher e r esponsi vi t y peaked .

The r ol l - of f at hi gh t empor al f r equenci es . The r ol l - of f of r esponsi vi t y of ^- 7

l og uni t s f or each l og uni t of t empor al f r equency agr ees wel l wi t h t he hor i zont al

cel l dat a of Foer st er et al . ( 1977 a) , who f ound l og- l og gr adi ent s of about - 6 f or

t hei r medi um- bandwi dt h cel l s and up t o - 7 f or t hei r wi de- bandwi dt h cel l s . Thi s

suggest s t hat t he r et i nal el ement s t hat det er mi ne t he hi gh- f r equency r ol l - of f ar e

cones or hor i zont al cel l s . Ther e i s evi dence f r om ot her speci es of qual i t at i vel y

si mi l ar l ow- pass f i l t er i ng by r ecept or s ( e . g . , Fuor t es and Hodgki n, 1964 ; Bayl or

et al . , 1974) and at t he r ecept or bi pol ar synapse ( Ashmor e and Copenhagen,

1980) .

Spat i ot empor al r esol ut i on . We f ound a t r ade- of f bet ween spat i al and t empor al

r esol ut i on ; when one i mpr oved, t he ot her det er i or at ed . Fi r st , as t he 2- Hz cent er

r adi us i ncr eased acr oss our sampl e of cel l s, t empor al r esol ut i on i mpr oved ( Fi g .

5) . Second, i n i ndi vi dual ( on- cent er ) X cel l s, i ncr easi ng t he t empor al f r equency

above 32 Hz r esul t ed i n l ar ger cent er r adi i ( Fi g . 9) , an exampl e of spat i ot empor al

i nt er act i on i n t he cel l s' r ecept i ve f i el ds . Det wi l er et al . ( 1978, 1980) f ound a
si mi l ar t r ade- of f i n t he net wor k of t ur t l e r ods, as di d Mol enaar et al . ( 1983) i n
cone- dr i ven r esponses of cat hor i zont al cel l s . The mechani smt hat Det wi l er et al .

pr oposed was i nduct ance- l i ke behavi or i n t he r ecept or membr ane, possi bl y

caused by vol t age- dependent membr ane conduct ances . Such vol t age- dependent

conduct ances have been shown di r ect l y i n t he r ods of t oads ( Tor r e and Owen,

1981) and sal amander ( Bayl or et al . , 1984) .

I n our exper i ment s, t empor al r esol ut i on i ncr eased f or i ndi vi dual cel l s when

we decr eased t he spat i al f r equency of t he st i mul us, and our decomposi t i ons

i ndi cat ed t hat t he sur r ound r esol ved hi gher t empor al f r equenci es t han t he

cent er . Maf f ei et al . ( 1970) , on t he ot her hand, concl uded t hat i t was t he cent er

and not t he sur r ound t hat det er mi ned t he t empor al r esol ut i on . However , t hey

used spot st i mul i , whi ch may not have st i mul at ed t he sur r ound mechani smas

adequat el y as our gr at i ngs . Mar cus ( 1979) , on t he ot her hand, used a st i mul us

mor e l i kel y t o gener at e a consi der abl e sur r ound si gnal and he f ound t hat t he

cel l ' s r esponse di d i ncr ease at hi gh t empor al f r equenci es .

The hi gh t empor al r esol ut i ons at phot opi c l evel s f or di f f use l i ght t hat we

obser ved have been r epor t ed pr evi ousl y f or cat hor i zont al cel l s ( Foer st er et al . ,

1977x) , and f l i cker f usi ons of up t o 80 Hz al so have been r epor t ed f or r et i nal

gangl i on cel l s ( Enr ot h, 1953 ; Ogawa et al . , 1966) . I n addi t i on, Jones and Ber kel ey

( 1983) , who measur ed evoked pot ent i al s f r om t he opt i c t r act , dor sal l at er al

geni cul at e nucl eus, and vi sual cor t ex, r epor t ed f l i cker r esol ut i ons of up t o 90 Hz

f or l ar ge phot opi c spot st i mul i .

Rel at i on t o Vi si on

Bot h Xand Ycel l s r espond poor l y t o l ow spat i al f r equenci es at ver y l ow t empor al

f r equenci es ( e . g . , <1 Hz) . I n cat s, t he exi st i ng behavi or al st udi es of cont r ast
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( Bl ake and Cami sa, 1977 ; Loop and Ber kel ey, 1975) pr ov

ci ent dat a t o addr ess t hi s i ssue. However , i t has been known f or a l ong t i me t hat
t he combi nat i on of l ow spat i al and t empor al f r equenci es i n humans l eads t o ver y
poor cont r ast sensi t i vi t y ( Robson, 1966; Kel l y, 1974) .

The r esponsi vi t i es f or X and Y cel l s measur ed wi t h t he peak st i mul us at

phot opi c l evel s, and f or X cel l s at mesopi c l evel s, wer e opt i mal at - 5 or 6 Hz . A

si mi l ar r esul t was f ound under compar abl e st i mul us condi t i ons by pr evi ous

i nvest i gat or s ( Lenni e, 1980 ; Der r i ngt on and Lenni e, 1982) , and t hi s r esul t does

not appear t o be al t er ed a gr eat deal at t he dor sal l at er al geni cul at e nucl eus

( Tr oy, 1983) or i n ar eas 17 and 18 of t he vi sual cor t ex ( Movshon et al . , 1978) .

Fur t her , t he opt i mal t empor al f r equenci es obser ved i n Bl ake and Cami sa' s ( 1977)

behavi or al st udy under hi gh mesopi c condi t i ons wer e al so si mi l ar .

Wi t h r espect t o t empor al r esol ut i on i n behavi or al st udi es on cat , Loop and

Ber kel ey ( 1975) f ound t hat , f or a 15° pat ch of l i ght , cont r ast sensi t i vi t y dr opped

t o a val ue of uni t y at ^ - 50 Hz, and ext r apol at i ons of Bl ake and Cami sa' s ( 1977)
t empor al cont r ast sensi t i vi t y cur ves f or spat i al f r equenci es of 0. 25 and 0. 5 cycl es
deg' yi el d si mi l ar r esul t s . Our most appr opr i at e dat a f or compar i son ar e t he

r esol ut i ons measur ed wi t h di f f use st i mul i at mi dmesopi c adapt at i on l evel s . Under

t hese ci r cumst ances, on aver age, X cel l s had t empor al r esol ut i ons of - 53 Hz .
Whi l e t hi s compar i son i s necessar i l y a r ough one ( i ncl udi ng t he assumpt i on t hat
our X cel l dat a cover t he same r et i nal eccent r i ci t i es used by t he ani mal f or
per f or mi ng t he t ask) , i t suggest s t hat , f or spat i al l y uni f or m f i el ds, t empor al
r esol ut i on mi ght be pr eser ved f r om t he r et i na up t o t he poi nt wher e f l i cker

det ect i on occur s i n cat s .

Our f i ndi ngs, based on Xcel l s, show t hat f or al l t hr ee spat i al st i mul i , t empor al

r esol ut i on i ncr eases sl i ght l y wi t h cent er r adi us ( Fi g . 5) and hence wi t h r et i nal

eccent r i ci t y ( e . g . , Cl el and and Levi ck, 1974 ; St one and Fukuda, 1974 ; Cl el and

et al . , 1979) . We know of no behavi or al dat a f or t he cat t hat t est t hi s i ssue, but
i n psychophysi cal st udi es i n humans, Kel l y ( 1984) f ound t hat wi t hi n t he cent r al

12° , t he t empor al f r equency cont r ast sensi t i vi t y does not depend on eccent r i ci t y,
pr ovi ded t hat i t i s measur ed wi t h t he opt i mal spat i al f r equency f or t hat eccen-
t r i ci t y ; t hi s i s i n agr eement wi t h pr evi ous f i ndi ngs by Vi r su et al . ( 1982) . Thi s
i ssue cl ear l y needs t o be st udi ed i n cat s .

Model i ng t he Tempor al Fr equency Response

Cent er - sur r ound decomposi t i on . Consi st ent r esul t s wer e obt ai ned i n t hr ee
pr evi ous st udi es i n whi ch X cel l spat i al f r equency r esponses wer e measur ed at
mor e t han one t empor al f r equency and wer e anal yzed usi ng t he di f f er ence- of

Gaussi ans or t he Gaussi an cent er - sur r ound model . I n t he t empor al f r equency

r anges model ed- 0. 16- 20 . 4 Hz f or Der r i ngt on and Lenni e ( 1982) , 0. 5- 32 Hz
f or Enr ot h- Cugel l et al . ( 1983) , and 1- 16 Hz f or Dawi s et al . ( 1984) - cent er
and sur r ound r adi i showed no consi st ent change wi t h t empor al f r equency .
Enr ot h- Cugel l et al . ( 1983) al so showed t hat t he r at i o of cent er and sur r ound
st r engt h i s a f l at f unct i on of t empor al f r equency over t he f r equency r ange t hat
t hey st udi ed . Fur t her , t he sur r ound- cent er phase di f f er ence decr eased on aver -
age by ~30° . We al so f ound t hat t he r at i o of sur r ound t o cent er st r engt h
changed l i t t l e up t o - 30 Hz, and t hat t he phase di f f er ence bet ween mechani sms



624

	

THE JOURNAL OF GENERAL PHYSI OLOGYzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" VOLUME 89 " 1987

decr eased by bet ween ^ " 10° and 40° at t hat f r equency . Thus, up t o - 30 Hz,
our dat a woul d be f i t t ed adequat el y by t he exi st i ng Gaussi an cent er - sur r ound

model ( e . g. , Enr ot h- Cugel l et al . , 1983) . I t was our f i ndi ngs past t hi s f r equency

t hat l ed us t o appl y a mor e gener al model i n whi ch t he cent er and sur r ound r adi i

ar e al l owed t o var y wi t h t empor al f r equency .

A model f or t he t empor al f r equency r esponse. Assumi ng t hat t he Xcel l r ecept i ve

f i el d i s adequat el y descr i bed by t he Gaussi an cent er - sur r ound model , t he t em-

por al f r equency r esponse of an Xcel l can be quant i t at i vel y model ed by f i ndi ng
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Fi t of a model wi t h si x f i r st - or der l ow- pass f i l t er s, one second- or der
f i l t er , a t r ansi t i onal l ead, and a t i me del ay t o t he t empor al phot opi c f r equency
r esponse measur ed wi t h t he peak st i mul us f or t he uni t ( 13X8) t hat was f eat ur ed i n
Fi gs . 1, 8, and 10 . For t hi s par t i cul ar cel l , t he cor ner f r equenci es f or t he si x l ow-
pass f i l t er s wer e at 46 Hz and t he cor ner f r equency f or t he second- or der f i l t er was
at 53 Hz . The second- or der f i l t er had a dampi ng const ant of 0. 17 . The par amet er s
g and T of t he t r ansi t i onal l ead wer e 9 and 4 s, r espect i vel y . The t i me del ay was 15
ms and t he over al l gai n was 800 i mpul ses " s' .

t wo l i near syst ems, one t hat emul at es t he cent er mechani sm' s t empor al f r equency

r esponse and anot her t hat emul at es t hat of t he sur r ound . The shape of t he

cent er ' s t empor al f r equency r esponse above 1 Hz suggest s a cascade of about si x
f i r st - or der l ow- pass f i l t er s and one second- or der f i l t er ( t he second- or der f i l t er
bei ng added t o f i t t he sl i ght enhancement at 40- 50 Hz) . The sur r ound' s t empor al
f r equency r esponse, whi ch i s mor e enhanced t han t he cent er ' s at 40- 50 Hz,
r equi r es a l ower dampi ng const ant f or t he second- or der f i l t er . The sur r ound' s
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model has an addi t i onal shor t del ay of a f ew mi l l i seconds ( Enr ot h- Cugel l et al . ,

1983) , but i s ot her wi se si mi l ar t o t hat of t he cent er . As t he f r equency decr eases

bel ow 1 Hz, t he use of t he l ow- pass f i l t er s al one woul d r equi r e t hat bot h t he

cent er and sur r ound st r engt hs ( i . e . , r esponsi vi t i es at zer o spat i al f r equency)

appr oach a const ant val ue, and t hat t he cent er phase appr oach 0 ° and t he

sur r ound phase 180° f or an on- cent er cel l . I n f act , t he st r engt hs of bot h model s

decr ease at t he r at e of ^zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" 0 . 5 l og uni t per l og uni t of t empor al f r equency and

t hei r phases ar e advanced by - 40° over t he above val ues . To account f or t hese

obser vat i ons, an addi t i onal el ement has t o be added t o bot h t he cent er and

sur r ound pat hways ; a sui t abl e choi ce, suggest ed by Dr . J . G. Robson, woul d be

a t r ansi t i onal l ead ( an el ement wi t h f r equency r esponse [ 1 + ( i r 2r w) /

( g + i r 2r w) j , wher e r i s a t i me const ant , w i s t empor al f r equency, and g i s a

const ant >1) . Wi t h al l t hese el ement s, t he model st i l l does not account f or t he

change i n t he r esponse phase t hat occur s over t he t empor al f r equency r ange t hat

we st udi ed, whi ch suggest s t hat t her e i s anot her component i n bot h pat hways

t hat pr oduces a phase del ay wi t hout obser vabl e ampl i t ude at t enuat i on : a pur e

del ay of ^ - 10- 15 ms ( or , equi val ent l y, a cascade of l ow- pass f i l t er s wi t h ver y hi gh

cor ner f r equenci es) i s a candi dat e f or t hi s component . A pur e del ay coul d ar i se

f r om synapt i c and t r anspor t del ays ; a del ay of 3- 4 ms mi ght be due t o t he f act

t hat t he si t e of r ecor di ng was mai nl y i n t he opt i c t r act i n t hese exper i ment s .

The adequacy of our model f or t he cent er si gnal , compl et e wi t h si x f i r st - or der

l ow- pass f i l t er s, one second- or der f i l t er , a t r ansi t i onal l ead, and a pur e del ay, i s

i l l ust r at ed i n Fi g . 13, wher e i t i s f i t t ed t o a phot opi c t empor al f r equency r esponse

of an X cel l st i mul at ed wi t h t he peak spat i al f r equency . The cl oseness of t he f i t

br i ngs us t o t he concl usi on t hat a model of t he gener al f or m descr i bed above

can pr edi ct our spat i ot empor al f r equency r esponse measur ement s . That such a

compl ex f or m of model i s needed doubt l ess r ef l ect s t he sophi st i cat ed si gnal

pr ocessi ng under t aken by t he neur ons i n t he r et i na .

We ar e gr at ef ul t o Dr . John Robson f or shar i ng hi s obser vat i ons wi t h us.
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