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A b s t ra c t

Spatial and  Spec tra l  P roper t ies  of t h e  Goldfish Retina

by

Joseph  Bilotta 

A dv ise r :  P ro fesso r  Israel Abramov

Most s tud ie s  of re tinal  ganglion cells have  co n ce n t ra te d  on e i th e r  

spat ia l  o r  spec t ra l  p ro p e r t i e s ,  even th o u g h  t h e  same cells a r e  involved 

in p rocess ing  both t y p e s  of information.  This  p ro jec t  examined th e  

re la t ionship  of spat ia l  and  spec t ra l  p rocess ing  in goldfish ganglion

cel ls .  Responses  of s ingle  gangl ion cells from an ex c i sed ,  isolated

re t ina  were  recorded  while va r ious  spatial  and  s p ec t ra l  stimuli were  

p r e s e n t e d  to t h e  re t ina .  Each cell was class if ied  by  its spatial

p ro p e r t i e s  ( e . g . ,  l ineari ty  of spatial  summation and  spat ia l  c o n t r a s t

sen s i t iv i ty  (S -C S F ) )  and  its spec t ra l  p ro p e r t i e s  ( sp e c t r a l  c lass  or  

long-wave leng th  c e n te r  re sp o n se  and  spec t ra l  o p p o n e n c y /  

n o n o p p o n e n c y ) .

Results  show t h a t  X- ,  V-,  and  W-like cells ex is t  in t h e  goldfish 

re t ina .  Goldfish X-like cells ,  like ca t  X-cel ls ,  possess  a null po in t ,  

while Y-like  cells respond  with a f r e q u e n c y  doubl ing  a t  all spatial  

pos it ions  at  high spatial  f r eq u e n c ie s ;  W-like cells'  p r o p e r t i e s  were  

similar to  t h e  "not-X" cells found in t h e  eel re t ina .  T h e se  spatial 

c lasses  were  in d e p en d e n t  of spec t ra l  class and  spec t ra l  o p ponency .



V

The  shape  of t h e  cell 's  S-CSF d e p en d ed  on va r ious  st imulus 

p a ram ete rs  ( e . g . ,  st imulus  d r i f t  ra te )  and  on th e  in t r ins ic  p ro p e r t i e s  

of its recep t ive  fielc’ components .  The  S-CSFs of X- and  Y-like  cells 

also d i f fe red  as a func t ion  of  spec t ra l  c lass  and  sp ec t ra l  opponency .  

T hese  d i f fe rences  can be  expla ined  by  d i f fe rences  in re cep t ive  field 

c e n t e r  size across  spec t ra l  class  and by  an tagon is t ic  in te rac t ions  

between t h e  c e n t e r ’s chromatic  mechanisms in spec t ra l ly  o p p o n e n t  cells. 

Sens i t iv i ty  to a d r i f t in g  g ra t i n g  var ied  as a func t ion  of st imulus 

orien ta t ion  and  d i rec t ion .  Some X-like  cells and  v i r tu a l ly  all Y- and  

W-like cells d isp layed  orien ta t ion  tu n in g ;  however ,  th i s  tu n in g  

d e p en d ed  on t h e  spatial  f r e q u e n c y  of th e  s t imulus .  Many Y-like cells 

and  a i r  W-like cells d isp layed  di rec tion se lec t iv i ty ;  th i s  also  v a r ied  with 

st imulus  spatial  f r e q u e n c y  b u t  in a d i f f e r en t  fashion  th a n  or ien ta tion  

tu n in g .

In conclus ion,  goldfish ganglion cells ,  like th o s e  in mammalian 

re t ina ,  can be  su b d iv id ed  into X - ,  Y-,  and  W-like cells b a sed  on t h e i r  

spat ia l  summation p r o p e r t i e s .  Differences  in S-CSFs  ac ro ss  st imulus  

va r ia t ions  and  th e  cell 's  spec t ra l  p ro p e r t i e s  can be  exp la ined  by  a 

"d i f fe rence  of two Gauss ian d i s t r ib u t io n s"  recep t ive  field model with 

s l igh t  modifications.
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INTRODUCTION

1-1 O verv iew .

T h e  world a round  us conta ins  a p le thora  of visual images.  T he  

role of o u r  visual system is to s o r t  ou t  o r  "f i l te r"  th is  infini te  a r r a y  

of l ight p a t t e r n s  and  to  somehow e x t r a c t  information ab o u t  t h e  

env i ronm ent .  This  is not an easy  t a s k ;  e v e r y  object  o r  st imulus p o s ­

ses se s  a number  of d i f f e r e n t  visual dimensions o r  p ro p e r t i e s .  For 

example,  an objec t  has  a p a r t i c u la r  size ,  p a t t e r n  o r  sh ap e ,  c o n t r a s t  

and  color.  O u r  visual sys tem is able to "keep t r a c k "  of all t h e s e  

dimensions  and  does so with remarkable  success .

The  f i r s t  s t ag e  of p rocess ing  in t h e  visual system occu rs  in t h e  

eye ,  more specif ical ly,  in t h e  neural  t i s s u e  located in t h e  back  p a r t  

of t h e  inside of t h e  eye ,  t h e  re t ina .  T h e  re tina  (which is p a r t  of t h e  

cen tra l  n e rvous  sy s tem ) ,  cons is ts  of severa l  layers  of n e u ro n s ,  each 

with its own func t ion .  For example,  t h e  p h o to re c ep to r s '  function is 

to  c o n v e r t  t h e  l ight p a t t e r n  falling onto t h e  re tina  into neura l  

e n e r g y .  This  r e p r e s e n t s  t h e  f i r s t  s t ag e  of neura l  p ro cess in g  in t h e  

re t ina .  The  re t ina 's  final s t ag e  of neura l  p roce ss ing  occu rs  a t  t h e  

gangl ion cells.  T he  axons  of t h e se  n eu ro n s  send  information to  t h e
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bra in  fo r  f u r t h e r  p ro c e s s in g .  T h u s ,  ganglion cell r e sponse s  a re  th e  

o u t p u t  of all t h e  p ro cess in g  t h a t  t a k e s  p lace in t h e  re t ina .

All n eu rons  communicate o r  send  information by  voltage  changes  

t h r o u g h o u t  th e  var ious  p a r t s  of t h e  neu ron .  Electrical  changes  in 

one  neuron  can ,  u n d e r  ce r ta in  c i rcum stances ,  cause  changes  in a 

ne ighbor ing  neu ro n .  Most n eu ro n s  in t h e  re tina  signal information by  

p ro d u c in g  v e r y  small c h an g e s  in e lectrical  potentia l  - -  t h e s e  neurons  

a r e  phys ica lly  close to  one a n o th e r  so t h a t  small vo ltage  changes

(g r a d e d  po ten t ia ls )  a re  su f f ic ien t .  However,  t h e  gangl ion cells face  a 

d i f f e r en t  s i tua t ion .  Since th e y  must send  s ignals  o v e r  (ong d is tances  

(from t h e  eye  to  th e  b r a i n ) ,  a r e g e n e ra t in g  e lectrical  pu lse  (action 

potentia l)  is s e n t  down th e  axon to t h e  b ra in .  All action potent ia ls  

a r e  similar in t h e i r  ampli tude  and waveform and  t h u s ,  t h e  only in fo r ­

mation t h e  bra in  receives  from th e  re tina  is t h a t  an action potential  

was s en t  o r  t h a t  it w a sn ' t .  To wit,  all t h e  information r e g a rd in g  th e  

visual st imulus is somehow coded  into a p a r t i c u la r  p a t t e r n  ( i . e . ,  a 

b in a ry  code of pu lse  - no pu lse)  of action po ten t ia ls .

A c h a n g e  in t h e  visual st imulus  must  be  r e p r e s e n te d  by  a

ch an g e  in t h e  f r e q u e n c y  of t h e  action po tentia ls  o r  p e rh a p s  by  a

ch an g e  in t h e  f i r ing  p a t t e r n  of t h e s e  s igna ls .  T h e  goal of th is

p ro jec t  is to examine t h e  coding p rocess  in th e  re t ina .  This  will be 

accomplished by  " e a v e sd ro p p in g "  on t h e  ganglion cells by  placing 

microelectrodes  nex t  to  t h e s e  gangl ion cells and  reco rd ing  t h e i r  f ir ing 

p a t t e r n s  as t h e  visual st imulus is v a r ied .  Most s tu d ie s  of retinal 

ganglion cells have  c o n ce n t r a t e d  on e i th e r  spec t ra l  (color) o r  spatial 

( p a t t e r n )  p ro p e r t i e s ,  even  th o u g h ,  t h e  same cells a re  involved in
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process ing  both t y p e s  of information.  This p ro jec t  examines and 

re la tes  t h e  spec t ra l  and  spat ia l  p ro p e r t i e s  of goldfish ganglion cells.

The  goal of th i s  r e s ea rc h  is to p rov ide  a b e t t e r  u n d e r s t a n d in g  of 

t h e  visual sys tem ,  also,  and more genera l ly ,  to p rov ide  some ins ight  

on how n eu rons  communicate with one  a n o th e r .  Ganglion cells a re  

good cand ida tes  fo r  th is  t y p e  of invest iga tion .  As mentioned above, 

t h e  re tina is phys ica l ly  s e p a r a t e  from th e  re s t  of t h e  cen tra l  nervous  

sys tem.  Since t h e  ganglion cells a re  t h e  final p rocess ing  neurons  of 

t h e  re t ina ,  t h e i r  re sp o n se s  contain t h e  basic  information abou t  th e  

visual st imulus p r io r  to  t h e  b ra in ,  making th e  gangl ion cell an impor­

t a n t  w ay-s ta t ion  in vis ion.

A no the r  a d v a n ta g e  in examining t h e  o u tp u t  of t h e  re tina is t h a t  

information is un id i rec t iona l .  T h a t  is,  fo r  t h e  most p a r t ,  information 

t r a v e l s  from t h e  ganglion cell to t h e  b ra in .  Finally,  t h e r e  a re  fewer  

ganglion cells t h a n  any  o t h e r  t y p e  of neurons  in t h e  visual system. 

T h u s ,  information is r e p r e s e n te d  most effic iently  and  with th e  least  

r e d u n d a n c y  a t  th i s  level.

In summary ,  t h e  re t ina  is a se l f -conta ined  visual p rocess ing  unit  

in which th e  ganglion cell r e sp o n se  r e p r e s e n t s  th e  o u tp u t .  The  r e t ­

ina can be t h o u g h t  of as a system o r  device  in which t h e  inpu t  ( the  

visual s t imulus) is known and  contro lled ,  while t h e  o u tp u t  (ganglion 

cell r e s p o n se ) ,  can be  monitored and  reco rded .  T h u s ,  t h e  goal of 

th i s  work  is to  examine how t h e  re tina t rans fo rm s  t h e  inpu t  into a 

code t h a t  t h e  b ra in  can use  to  u n d e r s t a n d  t h e  visual world .

This  work  will focus  on t h e  ganglion cells of t h e  common g o ld ­

f i sh .  T h e r e  a re  both  p rac t ica l  and  theore tical  reasons  fo r  s tu d y in g
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t h e  goldfish re t ina .  Since t h e  goldfish is a cold-b looded v e r t e b r a t e ,  

its re tina can be removed, and  u n d e r  t h e  p r o p e r  condi t ions ,  can be 

k e p t  func t ion ing  and hea l thy  for  long per iods  of t ime. This  prov ides  

an o p p o r tu n i ty  to s tu d y  a p a r t i c u la r  neuron  fo r  much longer  per iods  

of time than  would be poss ib le  if one were  s tu d y in g  t h e  same neurons  

in an in tac t ,  a n e s th e t iz ed ,  warm-blooded animal.  For most c ases ,  th e  

isolated goldfish re tina  can be maintained in good heal th  fo r  up to 6 

h o u rs .  T h e  retinal  n e u ro n s  of t h e  goldfish a r e  l a rg e r  th a n  those  in 

t h e  mammalian re t ina ,  and  th e r e f o r e ,  a re  eas ie r  to record  from, e s p e ­

cially,  t h e  more distal  cells which p rov ide  inp u ts  to  t h e  ganglion 

c e l l s .

A no the r  reason fo r  choosing th e  goldfish fo r  t h e  exper imenta l  

animal is t h a t  it has been widely used as a model of t h e  v e r t e b r a t e  

re t ina  and  th e r e f o r e ,  many of t h e  im por tan t  c h a r ac te r i s t i c s  a re  

a l r e ad y  d e sc r ib e d .  It is known t h a t  t h e  goldfi sh  re t ina  has  t h e  same 

cell t y p e s  and in te rconnec t ions  as o th e r  v e r t e b r a t e s .  However,  one 

should  not assume t h a t  all v e r t e b r a t e  re t inae  a re  t h e  same. T h e re  

a r e  d i f fe rences  across  spec ie s ;  f o r tu n a te ly ,  t h e s e  d i f fe rences  can be 

useful  tools in examining p r o p e r t i e s  which a re  more d i ff icul t  to  s tu d y  

in o th e r  animals (see  below).

Before p r o g r e s s in g  any  f u r t h e r ,  some mention of goldfish t a x o n ­

omy is in o r d e r .  T he  common goldfish belongs  to  t h e  family of 

C ypr in id  f i sh e s ,  commonly r e fe red  to as c a r p s  o r  minnows. C y p r in -  

dae  a re  p a r t  of a la rge  g r o u p  of f r e s h - w a t e r  f i sh e s ,  known as te l-  

eo s t s .  T h e  goldfish be longs  to  t h e  g e n u s  C a r a s s i u s . T h e r e  a r e  two 

members of th e  C aras s iu s  g e n u s ,  t h e  common goldfish ( C arass ius



5

a u r a t u s ) and  th e  c ruc ian  c a rp  ( C aras s iu s  c a r a s s i u s ) . For th e  most 

p a r t ,  visual p rocess ing  across  t h e  cyp r in id  family is v e r y  similar. 

Because  of th i s ,  r e fe ren ces  will be made to t h e  o th e r  c y p r in d a e  when 

information is lacking in t h e  goldf ish .  Since t h e r e  a r e  some sub t le  

d i f fe rences  across  t h e s e  f i sh e s ,  how ever ,  t h e  spec ies  from which th e  

information was ob ta ined  will be  explic it ly  s t a t ed .

T h e  p r im ary  reason for  us ing  t h e  goldfish fo r  th is  work stems 

from th e  fac t  t h a t  th e  goldfi sh  has color  vis ion.  T h e r e  is both p h y s ­

iological and psychophys ica l  ev idence  t h a t  t h e  goldfish has t h e  n e ce s ­

s a r y  mechanisms fo r  color vis ion.  In f a c t ,  goldfish color vision 

a p p e a r s  to be  v e r y  similar,  a t  leas t  qua l i ta t ive ly ,  to  primate  color 

v is ion,  including  t h a t  of humans.  Goldfish possess  t h e  same ty p e s  of 

p h o to re c ep to r s  ( ro d s  and  cones) as  p r im ates .  However,  primate  and  

goldfi sh  p h o to re c ep to r s  d i f fe r  in t h e i r  spec t ra l  sens i t iv i t i e s .  The  

sp e c t r a  of t h e  individual cone photopigments  a re  more s ep a ra te d  in 

goldfi sh  than  in p r im ates .  Because  of th is  sepa ra t ion  of t h e  cone 

t y p e s  across  t h e  s p ec t ru m ,  goldfish a r e  capable  of respond ing  to 

i n f r a - r e d  w ave leng ths  of l ight,  making it much simpler to  identify  

which cone t y p e s  a r e  co n t r ib u t in g  to  t h e  r e sp o n ses  of any  ganglion 

cell.

1 .2  Goldfish Retinal Anatomy.

T h e  b road  p r inc ip le s  of retinal  p ro cess in g  a p p e a r  to  hold across  

spec ies  s ince  most v e r t e b r a t e  re t inae  posse ss  t h e  same ty p e s  of n e u ­

rons  and  in te rconnec t ions  (see  Walls, 1942). T h e  v e r t e b r a t e  re tina  

cons is t s  of f ive  d i f f e r e n t  c lasses  of n eu rons  (Boycott  and  Dowling,
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1969). T h r e e  of t h e se  neuron  ty p e s ,  r e c ep to r s ,  bipolar cells and 

ganglion cells a re  commonly r e f e r r e d  to as th e  d i re c t  neural  pa thway;  

t h a t  is, information t r a v e l s  from th e  recep to r s  d i rec t ly  to t h e  b ipolar 

cells and then  to t h e  ganglion cells which send  t h e i r  information to 

t h e  b ra in .  T he  remaining n e u ro n s ,  hor izontal  and  amacrine  cells ,  

p rov ide  lateral  t r a n s f e r  t h r o u g h o u t  t h e  re t ina .  Horizontal  cells a re  

located be tween t h e  re c ep to r s  and  th e  b ipolar cells ,  and  th e  amacrine 

cells a re  be tween b ipolar  and  ganglion cells.

T he  re tina  can also be d iv ided  into severa l  l ayer s .  T he  t h r e e  

nuc lea r  l ayer s ,  s t a r t i n g  from t h e  back of t h e  eye ,  a re  t h e  o u te r  

nuc lea r  laye r ,  t h e  in n e r  nuc lea r  layer ,  and  t h e  gangl ion cell layer .  

As is a p p a r e n t  from t h e i r  names,  th e  n u c lea r  layers  cons is t  of t h e  

cell bodies of t h e  va r ious  n e u ro n s .  T he  o u te r  nuc lea r  layer  conta ins  

t h e  cell bodies of t h e  r ecep to r s  ( i . e . ,  t h e  rods  and  cones ) .  The  

in n e r  nuc lea r  layer  is w h e re  t h e  cell bodies  of t h e  hor izonta l ,  b ipola r 

and  amacrine cells a re  located,  and  of c o u rse ,  t h e  gangl ion cell bodies 

a r e  found in t h e  ganglion cell layer .

T h e re  a re  two plexiform layers  between t h e  nuc lea r  l ay e r s ,  t h e  

o u t e r  plexiform layer ,  located between t h e  o u te r  and  inne r  nuc lea r  

l ay e r s ,  cons is ts  of sy n ap t i c  connections  among t h e  r e c e p to r s ,  bipolar 

cells and  hor izontal  cells .  The  inne r  plexiform layer ,  cons is ts  of t h e  

synap t i c  connections  among bipolar ,  amacrine and  ganglion cells ,  and 

is found between th e  i n n e r  nuc lea r  layer and  th e  ganglion cell body 

layer .  A schematic i l lu s tra tion  of t h e  anatomy of t h e  goldfish re tina  

is shown in Figure  1.

Of major importance to  th i s  w ork ,  as well as to  any  visual p h y s i -
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Figure  1

Schematic i l lus tra tion of t h e  anatomy of t h e  
goldfish re t ina .  This  f i g u r e  is a composite from 
severa l  so u rc e s .  For a genera l  d e sc r ip t i o n ,  see 
Rodieck (1973),  Dowling (1970) and  DeTesta  
(1966).  T h e  f e a tu re s  of t h e  r e c ep to r s  and  th e  
o u t e r  n u c lea r  layer  a r e  red raw n  from Scholes 
(1975). Information r e g a r d in g  t h e  o u t e r  p lex i ­
form and in n e r  nuc lea r  layer s  can be  found  in 
Stell and  Kock (1983) and  Stell and  Lightfoot 
(1975). T h e  in te rconnec t ions  among bipolar ,  
amacrine and  ganglion cells a r e  d e r iv e d  from 
Famiglietti ,  Kaneko and  Tach ibana  (1977).  Pure  
cone b ipola r cells a r e  not inc luded in th i s  f i g ­
u re  s ince  information r e g a rd in g  t h e i r  anatomical 
connections  is s p a r s e .  T h e  i l lus tra tion  is not 
d rawn to sca le  - -  its p u r p o s e  is to  show th e  
anatomical connec tions  within t h e  goldfi sh  r e t ­
ina.
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ology, is t h e  concep t  of a cell 's  r ecep t ive  field .  The  most genera l  

definit ion is: any  a rea  on th e  re t ina ,  t h a t ,  when stimulated by  l ight,  

p ro d u ces  an electrical  ch an g e  o r  r e sp o n se  in t h e  p a r t i c u la r  cell of 

in t e r e s t .  Since only t h e  recep to r s  a re  capable  of chang ing  l ight  

e n e r g y  to neura l  e n e r g y ,  t h e  recep t ive  field of any  neuron  is u l t i ­

mately a func t ion  of t h e  r ecep to r s  it co n tac ts .  However,  d u e  to t h e  

lateral  connec t ions  t h a t  occu r  in t h e  re t ina ,  t h e  recep t ive  field of a 

neuron  can contain regions  an tagon is t ic  to one a n o th e r .  T h a t  is,  one 

a rea  of t h e  recep t ive  fie ld ,  when st imulated by  l ight,  can p ro d u ce  an 

inc rease  in t h e  r e sp o n se  of t h a t  n e u ro n ,  while a n o th e r  port ion of t h e  

r ecep t ive  field can cause  a d e c rea se  in th e  cell 's  r e sponse .

2 - 2 Pho to recep to rs  and  Pho top igm ents .

The  goldfish re tina  is similar to  t h e  primate  re tina  in t h a t  it is a 

duplex  re t ina .  However,  unlike t h e  primate  re tina  which has a fovea 

conta in ing  th e  v a s t  majority of cones ,  th e  goldfi sh  rods  and  cones  

a p p e a r  to  be  even ly  d i s t r i b u t e d  across  t h e  re tina  (Marc and  Spe r l ing ,  

1976) with a s l igh t ly  h ighe r  d e n s i ty  of rods  and  cones  a t  t h e  

tem pora l -dorsa l  s ide  (S che l la r t ,  1973). T h e r e  a r e  a t  leas t  six mor­

phologically d i s t in c t  t y p e s  of cones in t h e  goldfish re t ina ,  a l though 

t h e r e  do  not a p p e a r  to  be any  func tional d i f f e rences  ac ross  t h e  d i f ­

f e r e n t  t y p e s  (Marc,  1977). T he  only func tional d i f f e r en ce  among th e  

cones  is t h a t  th e y  each possess  one of t h r e e  d i f f e r e n t  photopigments  

(Haros i ,  1976; Marc, 1977; Marc and Sper l ing ,  1976; Stell and  Harosi ,  

1976). T h r o u g h  t h e  use  of m ic rospec t ropho tom etry ,  t h e  X-max, o r  

peak  sen s i t iv i ty ,  of t h r e e  of t h e  goldfish cone t y p e s  has  been d e t e r ­
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mined to be 450 nm, 533 nm and 625 nm (Haros i ,  1976). T hese  cone 

ty p e s  will be  d e s ig n a ted  as t h e  sh o r t -w a v e le n g th  cones (S -c o n es ) ,  

middle -wavelength  cones  (M -cones) ,  and  long-wave leng th  cones 

(L -co n es ) ,  re spec t ive ly ,  to r e f e r  to  t h e  port ion of th e  spec t rum  in 

which t h e i r  peak  sens i t iv i t ies  a r e  fo u n d .  T h e  p ropo r t ions  of th e  

t h r e e  cone ty p e s  in t h e  re tina  have  been de te rm ined  to be 45% 

L-cones ,  35% M-cones and  20% S-cones  (Marc and S pe r l ing ,  1976).

The  adu l t  goldfish re tina  con ta ins  a subs tan t ia l  num ber  of rods  

(Stell and  Harosi ,  1976), b u t  t h e  rods  do not a p p e a r  to have  any  d i f ­

f e r e n t  s t r u c tu r a l  t y p e s  as  do th e  cones .  B r idges  (1967) has d e t e r ­

mined th e  spec t ra l  s en s i t iv i ty  of t h e  goldfi sh  rod photopigment  by  

means of pigment  ex t rac t ion  and  b leach ing  of t h e  rod p igments  con ­

ta ined  in t h e  c ruc ian  c a r p .  T h e  goldfish  rods  contain  t h e  p ho top ig ­

ment p o r p h y r o p s in ,  which is commonly found  in f r e s h - w a t e r  f ishes  

and has a X-max of 520 nm. (Walls, 1942).

About half th e  cones  in t h e  goldfish  re tina  a r e  twin o r  double  

cones .  Double cones cons is t  of two cones  ju x ta p o sed  a t  t h e  ellipsoid 

and myoid portion (Marc,  1977). T h e  longer  o u t e r  segment  of a

double  cone conta ins  t h e  L-cone photop igm ent  while t h e  s h o r t e r  o u te r  

segment conta ins  t h e  M-cone photop igm ent  (Stell and Harosi ,  1976). 

T h e  long, s ingle  cones can po s se s s  e i t h e r  t h e  L- o r  M-cone p ho top ig ­

ment;  S-cone  photopigment  is found  only in t h e  s h o r t  and  min ia ture  

cone ty p e s  (Marc and S p e r l in g ,  1976; Stell and  Harosi ,  1976).

The  cone pedicles of t h e  goldfi sh  (S tell ,  1972) posse ss  invagi-

na ted  s y n ap se s  and within any  one  c ro s s - s e c t io n  conta ins  a b ipolar 

cell d e n d r i t e  s i tua ted  be tween two horizonta l  cell d e n d r i t e s .  This
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" t r iad"  a r ra n g em en t  in t h e  cone pedicles is v e r y  common in many 

species  (Scholes ,  1975; Stell ,  1967).  T h e r e  is also ev idence  t h a t  th e  

recep to r s  make reciprocal  con tac ts  with o th e r  r e c ep to r s  in a v a r ie ty  

of spec ies .  Scholes (1976) found  t h a t  t h e  r u d d  (which is a cypr in id  

f ish )  possesses  invag ina t ing  co ne- to -cone  in te rac t ions  t h a t  o ccu r  

across  t h e  d i f f e r en t  cone t y p e s  in a p a r t i c u la r  a r ra n g e m e n t .  M-cones 

invag ina te  into L-cones ,  L-cones into M-cones ,  and S-cones  invag ina te  

into M-cones.  Similar in te rconnec t ions  have  been found  in t h e  go ld ­

f ish with th e  addit ion  t h a t  L- and  M-cones invag ina ted  into S-cones  

(L ockhar t  and  Stell ,  1979).

The  recep to r s '  o u t e r  segments  and  th e  pigment ephi thel ium of 

goldf ish ,  as well as th o s e  of many o th e r  f i sh ,  migra te  d e p en d in g  upon 

t h e  l ighting conditions  of t h e  env i ronm ent .  T he  r e su l t s  of t h e se  

movements is t h a t  t h e  o u t e r  segm ent  is s u r r o u n d e d  by  t h e  pigment 

ephithelium which ac ts  as  a " sh ea th "  of a b so rb in g  p igment;  a possib le  

c onsequence  of th is  be ing  t h a t  t h e  r e c e p to r ’s s en s i t iv i ty  to  l ight  is 

r e d u c ed .  T h e se  "re tinomotor movements" a re  t h e  r e s u l t  of changes  in 

t h e  l ight ing condi tions  and  a r e  also a func t ion  of a c i rcad ian  rhy thm 

o r  d a y / n i g h t  cycle  (AM, 1975). In d a y l ig h t ,  t h e  cone myoids ( the  

port ion of t h e  r e c ep to r  t h a t  connec ts  t h e  o u t e r  segment  to t h e  inner  

segment)  sho r ten  leaving th e  cone ellipsoids n e a r  t h e  ex te rn a l  limiting 

membrane,  and r e t r a c t e d  from th e  p igment ephithe lium. The  rod 

myoids,  on t h e  o th e r  h a n d ,  l e n g th en ,  placing t h e  rod ell ipsoids and  

t h e  o u t e r  segments  n ea r  t h e  p igment ephithelium to p r o t e c t  t h e  highly  

sens i t ive  rods from bleaching  by  s t r o n g  l ight (AM, 1975).  In d a r k ­

n e ss ,  t h e  retinal  movements a r e  j u s t  t h e  oppos i te  fo r  both ty p e s  of
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recep to r s  exposing  th e  rods  to function a t  scotopic  l ight  levels.

Recently ,  t h e r e  have  been severa l  psychophys ica l  r e p o r t s  of a 

possib le  f o u r th  r e c e p to r  in goldfish (Haw ryshyn  and Beauchamp, 

1985; Neumeyer,  1985). This  r e c ep to r  ty p e  is sens i t ive  to ult rav io le t  

( U .V . )  l igh t,  has a X-max a t  abou t  380 nm and  is sens i t ive  up to 

abou t  420 nm (H aw ryshyn  and Beauchamp, 1985). Although t h e r e  is 

no d i re c t  ev idence  from m icrospec t ropho tom etry  fo r  such  a re cep to r  in 

gold f ish ,  t h e r e  have  been  r e p o r t s  of U .V . - s e n s i t i v e  photopigments  in 

o th e r  cyp r in id  f i shes  (A v e ry ,  Bowmaker,  Djamgoz and  Downing, 1982; 

Harosi and Hashimoto,  1983). In both c ase s ,  t h e  U .V . - s e n s i t i v e  

recep to r  was found  in t h e  smaller cone ty p e s .  This  may account  fo r  

t h e i r  e lus iveness  in o t h e r  microspec t ropho tom etry  s tu d ie s .  It is also 

in te re s t in g  to note  t h a t  a l though  th e  U.V. r e c e p to r  is a p p a r e n t  in 

p sychophys ica l  m easu re s ,  t h e r e  is only one r e p o r t  of any  e lec t ro-  

physiological  ev idence .  F u k u r tan i  and  Hashimoto (1984) found U.V. 

re sponses  from horizonta l  cells in severa l  f ish species  (none of which 

were  g o ld f i sh ) .  T h e re  is ce r ta in ly  no ev idence  fo r  a U.V. re cep to r  

in p u t  a t  t h e  level of t h e  ganglion cell o r  op tic  n e rv e  in t h e  range  

from 400 to 720 nm in t h e  goldfish (Beauchamp and  Lovasik,  1973; 

Mackintosh,  Bilotta and  Abramov,  1987; Spekre i j se ,  Wagner and  Wol- 

b a r s h t ,  1972).

1 -2 .2  Horizontal  C e l l s .

The  horizontal  cell layer  in t h e  te leos t  f i sh comprises  o n e - th i r d  

of t h e  e n t i r e  re t ina .  T h e s e  g ia n t  cells have  cell bodies t h a t  range  

from 15 to 40 ym in d iam eter  (S che l la r t ,  1973). T h e r e  a re  fo u r  ty p es
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of horizontal  cells based  on th e i r  morphology and a rbo r iza t ions ;  each 

forming a layer la tera lly  across  t h e  re t ina .  Lateral transmiss ion  of 

information between horizonta l  cells may be in t h e  form of c o n v en ­

tional sy n ap se s  (Witkovsky and Dowling, 1969) as well as by  electrical  

coupling (Kaneko, 1971a).

The  fo u r  horizontal  cells t y p e s  also d i f fe r  in t h e i r  specific 

r e c ep to r  connec t ions .  S ta r t in g  from t h e  most sc le rad  layer  in th e  

re t ina :  H1 cells make d i r e c t  connections  with all cone t y p e s  (S - ,  M-, 

and  L-cones ,  including  double  co n es ) .  H2 cells s y n a p s e  to  all M- and  

S-cone  ty p e s  ( inc luding  s h o r t ,  double  cones which contain  t h e  M-cone 

p igm ent) ,  and H3 cells sy n ap se  only to S -cones  ( s h o r t ,  s ingle  and  

min ia tu re  cone t y p e s ) .  (See Stell and  Lightfoot,  1975, fo r  more 

d e ta i l s . )  T he  fo u r th  t y p e ,  RH, make connections  only to  t h e  rods .  

All cone- to -hor izon ta l  cell s y n ap se s  a r e  sign c o n se rv in g  (Stell and 

Lightfoot,  1975); t h a t  is , both t h e  r ecep to r s  and  t h e i r  c o r re sp o n d in g  

horizonta l  cells hype rp o la r ize  to l ight.  The  cone horizontal  cell (H1, 

H2, H3) r e sp o n se  can be  a l te red  by  th e  influence of o t h e r  cone h o r i ­

zontal cell t y p e s  by  means of feedback  s y n ap se s  of horizonta l  cells to 

t h e  cones  (Stell and  Lightfoot,  1975). This  in te rac t ion  among ho r i ­

zontal  cells p roduce?  t h e  spec t ra l  opponency  r e sp o n se  found  in t h e  

b iphas ic  (H2) and  t r i p h a s ic  (H3) cells and  will be  d i s c u s s e d ,  in more 

de ta i l ,  below. Cone horizonta l  cell axons  a p p e a r  to  t e rm ina te  in t h e  

inne r  nuc lea r  layers  of t h e  re tina (Stel l ,  1975); how ever ,  t h e i r  s p e ­

cific function is still unknown.  At p r e s e n t ,  t h e r e  is insuff ic ien t  

information r e g a rd in g  t h e  p re s e n c e  o r  role of rod horizontal  cell 

a x o n s .
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1 -2 .3  Bipolar C el ls .

T h e re  a re  two morphological t y p e s  of bipolar cells in th e  goldfish 

re tina :  la rge  bipolar cells and  small b ipola r cells .  T h e  d iameter  of 

t h e  small b ipolar cell body is 8 ym; w he rea s ,  t h e  la rge  bipolar cell 

body diameter is l a rg e r  than  10 ym (Cajal ,  1893; Stell,  1972; Witkov­

sk y  and  Dowling, 1969). Due to  t h e  size of t h e  small b ipola r cell, 

t h e r e  has been little success  in de termin ing  its s t r u c t u r e  and  f u n c ­

tion .

T he  two morphological t y p e s  of b ipolar cells can also be d i s t i n ­

g u ished  by t h e i r  r e c ep to r  co n tac t s .  The  small b ipola r  cells con tac t  

exclus ively  cones while t h e  la rge  b ipola r cells receive  in p u t  from both 

rods  and  cones .  T h u s ,  t h e se  cells t y p e s  a r e  also r e f e r r e d  to as p u r e  

cone and mixed bipolar  cells ,  r e spec t ive ly  (Scholes ,  1975; Stell ,  

1980). Unlike mammals, te leos ts  posse ss  no p u r e  rod b ipola r cells 

(Kolb,  1970). Stell and  colleagues (see  Stell and  Kock, 1983 fo r  a 

review)'  have f u r t h e r  d iv ided  th e  mixed bipolar  cells of t h e  goldfish 

into five t y p e s .  This  division is based  on t h e i r  r e c e p to r  in p u t  and  

t h e i r  te rmination in t h e  sublaminae  of th e  inne r  plexiform layer  ( IPL) .  

Bipolar cells t h a t  te rm ina te  in t h e  dis tal  sublamina "a" a r e  de s igna ted  

as ty p e s  al and  a2. Bipolar cells te rm ina t ing  in t h e  proximal s u b la ­

mina "b" a re  de s igna ted  as t y p e s  b l ,  b2,  and  b3. S u b ty p e s  al  and  

b1 contac t  rods  and  L-cones ,  while s u b ty p e s  a2, a3, b2,  and  b3

sy n ap se  on rods ,  M-cones and  L-cones .  Stell and Kock (1983) have  

pos tu la ted  a s ix th  ty p e  of b ipola r cell based  on s tu d ie s  us ing  c a rp  

(Saito,  Kujiraoda and  Vonaha, 1983). T h e y  have s u g g e s t e d  t h a t  th e  

new ty p e  of b ipola r cell should  be labelled as a3 based  on t h e i r  cone
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i n p u t s ,  d e n d r i t i c  field size and re sponse  t y p e  ( i . e . ,  O F F -ce n te r ) .

The  size of th e  goldfish mixed bipolar cell den d r i t i c  t r e e  diame­

t e r  va r ies  l inearly with t h e  num ber  of individual cones con tac ted .  

However,  t h e r e  is no corre la t ion  between den d r i t i c  field size and  the  

num ber  of rods  con tac ted  o r  t h e  ratio of rods  to cones contac ted

( I sh id a ,  Stell and  Lightfoot,  1980). Also, t h e  d e n d r i t i c  a rboriza tion 

of t h e  mixed bipolar cell is s l igh t ly  elliptical and  may p roduce  an 

"orienta tion bias" even a t  th i s  level of t h e  re t ina .  However th is  

d e g re e  of ell iptici ty is not enough to  accoun t  fo r  t h e  o r ien ta tion  t u n ­

ing found in ganglion cells s ince  t h e  d e n d r i t i c  s p re ad  of a s ingle

b ipola r is smaller than  t h e  recep t ive  field c e n t e r  of a goldfish g a n ­

glion cell. More will be  said r e g a rd in g  th is  bias in Section 1 .5 .2 .

T he  p u r e  cone b ipolar  cell d e n d r i t i c  field is much l a rg e r  than  

t h a t  of t h e  mixed b ipolar  cell (Scholes ,  1975). At p r e s e n t ,  only p u r e  

S- and  M-cone bipolar  cells have  been found .  T h e r e  has  been no

ev idence  fo r  a p u r e  L-cone bipolar  cell, however ,  it has been s p e c u ­

lated t h a t  th i s  t y p e  does ex i s t .  Pure  cone bipolar cell termination 

a p p e a r s  to  be  somewhere  in t h e  inne r  synap t ic  layer ,  b u t  detai ls  

ab o u t  th is  cell t y p e  a re  unc lea r .  One final point  wor th  mentioning 

ab o u t  t h e  b ipola r cells is t h a t  t h e  S-cone  inpu ts  a re  completely s e g r e ­

g a ted  from t h e  o th e r  cone in p u t s .  T h e  S-cones  a p p e a r  to  supp ly  

information only to p u r e  cone b ipola r cells.  T h e re  is no in teract ion 

of t h e  S-cones  with t h e  o th e r  cone ty p e s  a t  t h e  level of t h e  bipolar 

cell (Scholes ,  1975; Stell and  Lockhar t ,  1975).
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2 - 2 .4  Amacrine C el ls .

T h e re  ap p ea r  to be fo u r  morphologically d i f f e r en t  ty p e s  of amac­

r ine  cells in t h e  goldfish re tina (DeTesta ,  1966). Like th e  horizontal 

cel ls ,  amacrine  cells s t r e t c h  lateral ly across  th e  re t ina .  Amacrine 

cells do not possess  an y  t y p e  of axon,  however,  th e y  have  widely 

b ra n c h e d  d e n d r i t e s  which te rm ina te  in t h e  inne r  nuc lea r  layer (INL) 

and  inne r  plexiform layer  ( IPL) .  One t y p e  of amacrine  cell sends  its 

d e n d r i t i c  a rbor iza t ions  to  sublamina "a" of t h e  IPL and  receives  inpu t  

from mixed bipolar cells t h a t  te rm ina te  in th is  sublamina ( i . e . ,  a1 and  

a2 of Stel l ' s  c la ss i f ica t ion) .  A no the r  t y p e  of amacrine cell has its 

d e n d r i t e s  te rm ina te  in sublamina  "b" of t h e  IPL and t h u s ,  receives 

information from b1, b2,  and b3 mixed bipolar cells .  A th i r d  ty p e  of 

amacrine cell sends  d e n d r i t i c  a rbor iza t ions  to  both sublaminae and  

receives  inpu t  from both  t y p e s  of b ipola r cells (Famigliett i ,  e t  a l . ,  

1977). This  "wiring" p ro d u c e s  a functional d i f fe rence  among th e  

amacrine  cells which will be  d i scu ssed  in Section 1 .3 .

2 - 2 . 5  Ganglion C el ls .

Ganglion cell axons  make up  th e  optic  n e rv e  and th e r e f o r e  t h e i r  

r e sp o n ses  r e p r e s e n t  th e  last  p rocess ing  befo re  reach ing  t h e  b ra in .  

Ganglion cells receive  information from bipolar cells and  amacrine 

cells .  Recent ly ,  goldfi sh  ganglion cells were  class ified into t h r e e  

morphological t y p e s  (Hitchcock  and Eas te r ,  1984). This  classification 

was based  on th e  size of t h e  cell body and its d e n d r i t i c  a rbor iza t ions .  

T y p e  I cells consis ted  of a small cell body ,  one to t h r e e  th in  p r imary  

d e n d r i t e s ,  and small, d e n se  a r b o r s .  T y p e  II cells possessed  a l a rg e r
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cell body ,  two to five th ic k  pr im ary  d e n d r i t e s ,  and la rge ,  moderately  

d e n se  a rbor iza t ions .  T y p e  III cells had small somata, and  one to 

t h r e e  th in  pr im ary  d e n d r i t e s ,  b u t  also p osse ssed  la rge  s p a r s e  a r b o r s .  

It was also found t h a t  each ty p e  conta ined  severa l  s u b ty p e s  based  

upon t h e i r  d en d r i t i c  s t ra t i f ica t ion  p a t t e r n .  U nfo r tuna te ly ,  no c o r r e l a ­

tion between th e se  morphological  t y p e s  and t h e i r  func t ions  has been 

a t tempted  in th e  goldf ish .  Since t h e i r  original  r e p o r t ,  Hitchcock and 

E as te r  (1986) have  found  a fo u r th  morphological c lass  of goldfish g a n ­

glion cell. T hese  cells a r e  similar to t h e  T y p e  I cells ,  b u t  a re  some­

what smaller in cell body size.

This  re la tionship  has been examined in t h e  ca t  re tina and  a v e r y  

s t r o n g  corre la tion between morphological and  functional cell t y p e s  was 

fo u n d .  Boycott  and  Wassle (1974) found  t h a t  ca t  retinal  ganglion 

cells could be d ivided into t h r e e  morphological c lasses  based  on 

somata size and d e n d r i t i c  a rbor iza t ion .  T h e  f i r s t  t y p e ,  3-cel ls ,  p o s s ­

e ssed  t h e  l a rg e s t  cell body  and a large  d en d r i t i c  t r e e .  T h e  a - t y p e ,  

on t h e  o th e r  h and ,  had t h e  smallest  soma and th e  smallest  d e n d r i t i c  

t r e e .  T h e  t h i r d  t y p e ,  y-ce l ls ,  had a small soma like t h e  a-cel ls  b u t  

po sse ssed  a la rge  d e n d r i t i c  t r e e  not unl ike  t h e  3-cells .  Famgilietti 

and  Kolb (1976) have  e labora ted  on th is  f ind ing  by  d iv id ing th e  a- 

and  3-cells  into subc la s se s  based  on t h e i r  d e n d r i t i c  b ra n c h in g  p a t ­

t e r n s .  The  a - ,  3“ / and  JT-cell morphological c lasses  of cat  retinal  

gangl ion cells (which c o r r e sp o n d  to  t h e  I, II, and  III t y p e s ,  r e s p e c ­

t ive ly ,  found in t h e  goldfish  re t ina)  have  been co r re la ted  with th e  

t h r e e  functional t y p e s  of ganglion cells ( i . e . ,  X - ,  Y-,  and  W-cells) 

based  on t h e i r  spatial  summation p ro p e r t i e s .  3-cells  have  been pos i ­
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t ive ly  identif ied as th e  Y-cell func tional t y p e  (C le land, Levick and 

Wassle, 1975). Although t h e r e  has been no d i r e c t  ev idence  re la ting 

t h e  a-cel ls  and X-cel ls ,  t h e r e  is a s t ro n g  corre la tion be tween th e  

recep t ive  field c e n t e r  s ize  of X-cel ls  and  t h e  d e n d r i t i c  s p re ad  of 

a-cell s  (Cleland and  Levick ,  1974a). Finally,  t h e  r a n g e  of den d r i t i c  

field s p re a d  of 2f-cells a g r e e  with t h e  ran g e  of recep t ive  field c en te r s  

found  in W-cells.  However,  th is  is not as c l e a r - c u t  s ince  t h e  p r o p e r ­

t i es  of W-cells a re  somewhat v a g u e .  The  similarit ies in t h e  morpholo­

gical class ificat ions  between t h e  w e l l -s tud ied  ca t  ganglion cells and 

t h e  goldfish cells would p re d ic t  t h a t  t h e s e  t h r e e  functional ty p e s  

should  also ex i s t  and  c o r re la t e  with t h e i r  morphological  cell t y p e s .

T h e  d e n d r i t i c  p r o c e sse s  of gangl ion cel ls ,  like amacrine  cells ,  

also te rm ina te  in d i f f e r e n t  sublamina of t h e  IPL. Some gangl ion cells 

t e rm ina te  in sublamina "a" ,  some in sublamina "b" and  o t h e r  ganglion 

cells te rm ina te  in both  sublaminae  (Famigliett i ,  e t  a l . ,  1977).

1_.3 Physio logy of t h e  Goldfish R e t in a .

2 . 3 . 2  R e c e p to r s .

Tomita (1966) was t h e  f i r s t  to  su ccess fu l ly  record  in t race l lu la r ly  

from s ingle  cones .  Using t h e  c a r p  re t ina ,  he  d iscove red  severa l  

impor tan t  c h a r ac te r i s t i c s  of t h e  cone re sp o n se .  He found t h a t  all 

cone ty p e s  show a s u s ta in e d  hyperpo la r iza t ion  to  l ight st imula tion,  t h e  

consequences  of th i s  be ing  t h a t  no one cone ty p e  is capable  of w ave­

length  discr iminat ion s ince  t h e r e  is no means of comparison across
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w av e len g th s .  This  is known as t h e  p r inc ip le  of un ivar iance  (R ush -  

to n ,  1965). U nivar iance  s ta t e s  t h a t  once a quan tum  of l ight  is

ab so rb ed  by  t h e  pho top igm ent  re su l t ing  in isomerization,  all informa­

tion re g a rd in g  t h e  waveleng th  of t h e  l ight is lost . T h u s ,  recep to rs  

can only r e p o r t  a t  wha t  r a te  th e  photopigment a b so r b s  pho tons .

Tomita also found  t h a t  t h e  action s p e c t r a  ob ta ined  by e lec t ro-  

physiological  r e co rd in g s  from th e  c a r p  cones  a g re e d  with t h e  d i f f e r ­

ence  sp ec t ru m  (M arks ,  1965) obta ined  by  m icrospec t ropho tom etry  from 

goldfish  cones .  The  X-maxs of th e  photopigments  have  also been v e r ­

ified by  reco rd in g s  in more proximal cells ,  such  as goldfish horizontal  

cells (S pek re i j s e  and  Nor ton ,  1970) and  goldfish  ganglion cells (Mack­

in tosh ,  e t  a l . ,  1987).

It was orig inally  believed  t h a t  t h e  recep t ive  field of a s ingle  

cone was t h e  d iameter  of t h e  o u t e r  segment  of t h e  cone;  however,  

th i s  is not t h e  case  in many spec ies .  For example,  t h e  recep t ive  

fields of t u r t l e  cones e x t e n d  up to 100 ym in d iam eter ,  well beyond 

t h e  s ize  of t h e  individual cone o u te r  segm ent .  This  was a t t r i b u t e d  to  

e lectrical  coupling among cones of t h e  same ty p e  (Baylor  and  Hodg- 

r..n, 1973). F u r t h e r  examination of t h e  t u r t l e  cones  revealed  an a n t a ­

gonis tic  c e n t e r  and  s u r r o u n d  o rgan iza t ion ;  l igh t  st imulation on th e  

c e n t e r  of t h e  field p r o d u c e d  a hyperpo la r iza t ion  re s p o n se ,  while st im­

ulation on t h e  o u t e r  por t ion  of t h e  recep t ive  field a rea  r e su l ted  in a 

depolar iz ing  re sp o n se  (Baylor  and  F u o r te s ,  1970).  This  an tagonis t ic  

s u r r o u n d  is believed to  b e  t h e  r e su l t  of a reciprocal  fe edback  s y n ap s e  

to  t h e  cone from a horizonta l  cell. Th is  was ver i f ied  by  O 'Bryan  

(1973) who d em o n s t ra t ed  t h a t  th e  s u r r o u n d  r e sp o n se  of t h e  cone to
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i l lumination had  a similar time c o u r s e  to t h a t  of horizonta l  cells .

A lthough  t h e r e  is ev idence  t h a t  goldfish rods  and  cones  may be 

e lec t r ica l ly  coupled  as in t h e  t u r t l e  cones  (N agy ,  Stell and  Lightfoot,  

1983, c i ted  in Stell and  Kock, 1983),  t h e r e  is no ev idence  of th e  

la rge  cone r e c e p t iv e  f ie lds  (Kaneko, 1973).  However,  in o t h e r  f ish ,  

such  as t h e  p i k e - p e r c h ,  cone re c ep t iv e  fields may e x te n d  up  to  100 

pm ( B u r k h a r d t ,  1977).

T h e  r e s p o n s e  of t h e  c a r p  cone to  l ight in te n s i ty  is non l inea r  and  

may be  d e s c r i b e d  as  a com press ive  func t ion  (Tomita,  1972). T h e  s in ­

gle  r e c e p to r  r e s p o n s e  conforms to  t h e  func t ion :

w h e re  v and  k a r e  h a l f - s a tu ra t io n  c o n s t a n t s ,  I is t h e  l igh t  in te n s i ty  

and  n = 0 .7 3 .  When I is small, compared to k ,  t h e  r e s p o n se  r i se s  in 

p ro p o r t io n  to  i n t e n s i ty ;  t h u s ,  a t  low in te n s i t i e s ,  t h e  r e s p o n s e  is 

ap p rox im a te ly  l inea r .  When l ight in ten s i ty  is v e r y  high (so  t h a t  k is 

neglig ib le )  t h e  r e s p o n s e  s a t u r a t e s .  This  com press ive  fun c t io n  for  

s ingle  cones  also holds f o r  o t h e r  spec ies ,  such  as  N ec tu ru s  (Werblin 

and  Dowling, 1969) and  macaque  monkey (B oynton  and  Whitten,  

1970).

2 - 3 .2  Horizontal  C e l l s .

T h e  re s p o n se s  of horizonta l  cells o r  S -p o ten t ia l s  (named a f t e r  

t h e i r  d i s c o v e r e r ,  Svae t ich in ,  1953) can be  c lass if ied  into two t y p e s .  

T h e  L - ty p e  ( luminosity  cells)  r e sp o n d s  to all w av e len g th s  of l ight
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with hyperpolar iza t ion  (Byzov and Tr i fonov ,  1968; T r i fonov ,  1968). 

C - ty p e  (color cells) S -p o ten t ia l s ,  however,  can re spond  by  hy p e rp o -  

lariz ing o r  depolar iz ing dep en d in g  upon th e  waveleng th  of t h e  l ight;  

t h e s e  cells a re  t h e r e f o r e ,  spec t ra l ly  o p p o n en t .  C - t y p e  cells can be 

f u r t h e r  subd iv ided  into b iphas ic  o r  t r i p h a s ic  cells .  Biphasic cells 

respond  with hyperpo la r iza t ion  to midd le -wavelengths  and  depo lar iza ­

t ion to long-w ave leng ths  l igh ts .  T r ip h as ic  cells r e sp o n d  to both 

sh o r t -  and  long-w ave leng ths  with hyperpo la r iza t ion  and  depolariza tion 

to  midd le -waveleng ths .  T he  spec t ra l  opponency  found  in t h e se  

C -u n i t s  is a function of t h e  in te rac t ions  among t h e  d i f f e r e n t  hor izon­

tal cells ty p e s  d e sc r ib e d  in Section 1 .2 .2 .  Since cone- to -hor izon ta l  

cell sy n ap se s  a re  s ig n - c o n s e r v in g ,  and  t h u s  capable  of only h y p e r p o ­

larizat ion,  depolar ization re sponses  must develop from in te rac t ions  

with o th e r  horizontal  cells (Stell and  Lightfoot,  1975).

Stell and colleagues (see  Stell and  Kock, 1983, fo r  a review) 

have  p roposed  a model to  accoun t  fo r  t h e s e  d i f f e r en t  r e sp o n se  ty p es  

based  on what is known re g a rd in g  t h e i r  s y n ap t i c  connec t ions .  Each 

horizontal  cell p o s se sse s  a d i r e c t  n o n - in v e r t i n g  connection to  a s p e ­

cific cone ty p e .  Each horizontal  cell also conta ins  an in v e r t in g  f e e d ­

back  sy n ap se  to t h e  o t h e r  cone t y p e s .  T hese  in v e r t in g  s y n ap se s  can 

a f fec t  t h e  re sponse  of t h e  o th e r  horizonta l  cell t y p e s  to p ro d u ce  a 

depolar iz ing  re sp o n se .  For example,  t h e  HI horizonta l  cell receives  

only a d i re c t  n o n - in v e r t i n g  inpu t  from th e  L-cones and  t h u s  re sponds  

with hyperpolar iza t ion  ac ro ss  t h e  spec t rum  with its maximum response  

a t  th e  longer w ave leng ths ;  t h e  remaining connect ions  to t h e  o th e r  

cone ty p e s  of t h e s e  HI cells p rov ide  an in v e r t in g  f eed b ack  sy n ap se
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which affects  th e  re sponses  of th e  o th e r  horizontal  cell t y p e s  (see 

b e low ) .

The H2 cell t y p e  (b iphas ic  C-cel ls )  receive  a n o n - in v e r t i n g  input  

from th e  M-cones and  t h u s  re sponds  with hyperpo lar iza t ion  a t  th e  

s h o r t -  and  m idd le -wavelengths .  However,  due  to an inve r t ing  f e e d ­

back s y n ap s e  from th e  H1 cells onto th e  M-cones ,  any  long- 

wavelength  stimulation will inc rease  th e  re sp o n se  of t h e  HI cells and 

th u s  p roduce  an oppos i te  depolar iz ing  re sp o n se  of t h e  H2 cells .  A 

similar,  a l though somewhat more complicated,  e f fec t  o ccu rs  with th e  

t r i p h as ic  H3 cells.  T h e se  cells receive  d i re c t  inpu t  from S-cones  and 

th u s  hyperpo la r ize  to s h o r t -w a v e le n g th s ;  b u t  b ecause  of an inve r t ing  

fe edback  sy n ap se  from t h e  H2 cells onto t h e  S -cones ,  t h e  r e s u l t  is 

inpu ts  opposite  of t h e  H2 cells ( i . e . ,  hyperpo lar iza t ion  a t  middle- and 

depolar ization a t  long -w ave leng ths )  p roduc ing  depolar ization a t  

middle -wavelengths  and  hyperpo la r iza t ion  a t  long -w ave leng ths .

This  model has been s u p p o r t e d  by  th e  f ind ing  t h a t  t h e  latencies 

of t h e  chromatic r e sponse s  of t h e  horizontal  cell t y p e s  d i f f e r  in th e  

d irection one would p r e d ic t  from th e  model. T h a t  is,  d i r e c t  non­

inve r t ing  re sponses  would have  t h e  s h o r t e s t  la tency (25 msec fo r  th e  

"blue" component in t r i p h a s ic  cells ,  t h e  "g reen"  component in b iphasic  

cells ,  and  th e  " red"  component fo r  monophasic o r  L - ty p e  ce l l s ) .  The  

la tency was found to be 50 msec fo r  t h e  "g reen "  component in t r i p h a ­

sic cells and  th e  " red"  component in b iphasic  cells ,  and  t h e  longest  

la tency o c cu r red  with t h e  " red "  component of t h e  t r i p h a s ic  cells which 

was 75 msec.  This  would be ex pec ted  s ince  th is  component  involved 

" th re e  s teps"  (S pekre i j se  and  Norton,  1970).
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S-poten t ia ls  obey Ricco's law (a rea  x in tens i ty  = k) ove r  la rge  

d is tances  ac ross  t h e  re t ina  implying a la rge  recep t ive  field.  Naka 

and  Rushton  (1966a ,b ,c )  de te rm ined  t h a t  t h e se  f ind ings  were  due  to 

an electrical  c u r r e n t  ac ross  th e  horizonta l  cells.  For c a rp  horizontal  

cells ,  Ricco's law holds up to 10 mm on t h e  re t ina .  Exceeding th is  

area  does not re su l t  in a decrem en t  in re sp o n se  and  th e re fo re  demon­

s t r a t e s  t h a t  horizonta l  cells have  no an tagonis t ic  c e n t e r  and s u r r o u n d  

organ iza t ion .

2 -3 .3  Bipolar C e l l s .

Bipolar cells ,  u n d e r  most condi t ions ,  respond  to  l ight  by  means 

of a g ra d e d  su s ta in ed  re sp o n se .  This  has been dem ons t ra ted  in go ld ­

fish (Kaneko, 1970), c a r p  (Kaneko and Hashimoto, 1969) and  Nectu- 

rus  (Dowling and  Werblin,  1969). Although most b ipola r cells r e c o rd ­

ings have  been from la rge  b ipola r cells ,  t h e  r e sp o n ses  and synap t ic  

termination in t h e  inne r  plexiform layer  of small b ipola r  cells ap p ea r  

to  be  similar (Famigliett i ,  e t  a l . ,  1977; Kaneko, 1971b).  Bipolar cells 

a re  th e  f i r s t  n eu ro n s  in th e  goldfish re tina  to dem ons t ra t e  a t r u e  

c e n t e r / s u r r o u n d  spat ia l  an tagonism.  T h e y  have  a concen t r ic  o rg a n i ­

zation in which t h e  c e n t e r  is much more sens i t ive  than  th e  s u r r o u n d  

mechanism (Kaneko,  1970).  The  recep t ive  field c e n t e r  of t h e  goldfish 

bipolar cell is rough ly  100-200 ym in d iameter .  This  c o r re sp o n d s  to 

t h e  d e n d r i t i c  field of t h e  b ipola r cells and  s u g g e s t s  t h a t  t h e  bipolar 

recep t ive  field c e n t e r  receives  d i re c t  cone inpu t  (Kaneko,  1973; Werb­

lin and  Dowling, 1969).

The  s u r r o u n d  port ion of t h e  b ipola r cell 's  re cep t ive  field p r o b ­
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ably r e su l t s  from inpu t  of t h e  horizontal  cells.  To dem ons t ra t e  t h a t  

horizontal  cells a re  re spons ib le  for  t h e  bipolar cell s u r r o u n d ,  Toyota 

(see  Kaneko, 1979), while reco rd ing  from a b ipola r cell ,  elec trica lly  

st imulated a horizontal  cell and  found th e  re sponse  of th e  b ipola r cell 

to  be  similar in r e sp o n se  to t h e  s u r r o u n d  when st imula ted by  l ight.  

Exactly how horizontal  cells play a role in t h e  s u r r o u n d  of bipolar 

cells is still unc lea r .  T h e  s u r r o u n d  could be formed by  e i th e r  d i rec t  

horizontal  cell influence or  by  means of a feedback  system onto  th e  

r e c e p to r s .  It is also poss ib le  t h a t  f e ed b ack  from amacrine  cells may 

be  respons ib le  (Stel l ,  1978).

Bipolar cells can be  c lass ified into two g r o u p s  based  on t h e i r  

r e sp o n se  p r o p e r t i e s .  A b ipola r cell can be  an O N -type  (depo la r iza ­

t ion to l ight  illumination of t h e  recep t ive  field c e n te r )  o r  an O F F - type  

(hype rpo la r iza t ion  to l igh t  in t h e  recep t ive  field c e n t e r ) .  The  

r e sp o n se  to l ight in t h e  s u r r o u n d  portion of t h e  recep t ive  field of 

each of t h e s e  two cell t y p e s  is opposite  to t h e  r e sp o n se  in t h e  c e n t e r  

( i . e . ,  O N -type  s u r r o u n d  hyperpo la r izes  to l ight and  O F F - ty p e  dep o ­

larizes to l ig h t ) .  T h e r e  do not a p p e a r  to  be  any  morphological  d i f ­

f e re n ce s  between O N - ty p e  and  O F F - ty p e  bipolar cells .  T h e  d i f f e r ­

ences  a p p e a r  to be in t h e  n a tu re  of t h e  r e c e p to r - to -b ip o la r  cell 

con tac t .  For example,  mixed ON-bipola r cells make e i t h e r  r ibbon or  

na r row clef t  con tac ts  with ro d s ,  whereas  mixed OFF-b ipo la r  cells con­

t a c t  rods with only wide c lef t  junc t ions ;  however t h e  exac t  n a tu re  of 

t h e se  d i f fe rences  is still unc lea r  (Saito,  e t  a l . ,  1983; Sakai and  Naka, 

1983; Ste ll ,  Ishida  and  Lightfoot ,  1977). T h e se  functional d i f fe rences  

in ON and  OFF systems a re  f u r t h e r  s e g r e g a te d  in t h e i r  termination in
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t h e  inne r  plexiform layer .  ON-bipolar cells te rm ina te  in sublamina 

"b" of th e  inner  plexiform layer  and OFF-b ipola r cells send  t h e i r  p r o ­

cesses  to sublamina "a" of t h e  inne r  plexiform layer  (Famigliett i ,  et  

a l . ,  1977).

Many bipolar cells a re  also spec t ra l ly  opp o n en t  (Kaneko and 

Hashimoto,  1969). Using Ste ll 's  classification scheme fo r  b ipola r cells 

( see  Section 1 .2 . 3 ) ,  t y p e s  al and  bl  a p p e a r  to receive  in p u t  from 

L-cones (as as well as t h e  rods)  while a2 and  b2 receive  in p u t  from 

both t h e  L- and M-cone t y p e s .  Stell and Kock (1983) s u g g e s t  t h a t  

t h e  a2 and  b2 b ipola r cells may be d o u b le -opponen t .  T h e se  d o u b le ­

opp o n en t  cells a re  both spatia lly  and  sp ec t ra l ly  opponen t ;  t h a t  is, 

t h e y  a re  spec t ra l ly  oppo n en t  within a recep t ive  field area  ( i . e . ,  c e n ­

t e r  o r  s u r r o u n d ) .  For example,  a doub le -opponen t  cell may posse ss  a 

c e n t e r  mechanism t h a t  will hype rpo la r ize  to long-wave leng th  l ight ( -R)  

and  depolar ize  to middle-wavelength  l ight ( +G) g iv ing  an overall  c e n ­

t e r  re sp o n se  of - R +G. T h e  s u r r o u n d  re sponse  would be an tagon is t ic  

o r  oppos i te  to t h e  c e n t e r ,  i . e . ,  +R-G. Double -opponent  b ipola r cells 

have  been found in t h e  c a rp  (Kaneko and T ach ibana ,  1981) and  in 

dace  (Hashimoto and  Inokuchi,  1981). Kaneko and  Tachibana  (1981) 

identif ied t h e  cone inp u ts  of t h e s e  d oub le -opponen t  cells as th e  L- 

and  t h e  M-cones.  It is believed t h a t  a num ber  of t h e s e  cells a re  

d i rec t ly  connec ted  to ,  and  may be t h e  origin of t h e  d o ub le -opponen t  

ganglion cells .  Finally,  it should  be mentioned t h a t  t h e  L-cone inpu t  

and  t h e  rod inpu t  to  b ipolar  cells a re  always s y n e r g i s t i c  (Saito,  

Kondo and Toyoda , 1979).
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2 -3 .4  Amacrine C e l l s .

Amacrine cell bodies a re  located in t h e  proximal area  of th e  inner  

nuc lea r  layer .  T h e i r  d e n d r i t e s  a rbo r ize  into th e  in n e r  plexiform layer 

where  t h e y  con tac t  b ipolar  and  ganglion cell p ro c e ss e s .  T he  role of 

amacrine cells is not e n t i r e ly  c lear ,  however ,  Werblin and Dowling 

(1969) s u g g e s t  t h a t  t h e  amacrine cell 's  role is to p ro cess  th e  dynamic 

o r  t r a n s i e n t  a sp e c t s  of t h e  s t imulus .  Amacrine cells may also play a 

role in t h e  overall  adap ta t ion  level of th e  re t ina .

T h e r e  a r e  t h r e e  func t iona l ly  d i s t in c t  t y p e s  of amacrine cells:  

t r a n s i e n t  ON-OFF cells (Kaneko,  1970; Werblin and  Dowling, 1969), 

su s ta in ed  ON-cells ,  and  s u s ta in e d  OFF-cells  (Kaneko,  1973; Naka and  

O h tsu k a ,  1975). The  functional p ro p e r t i e s  of t h e s e  amacrine  cells 

c o r re sp o n d  to  t h e i r  sy n a p t i c  con tac t  in t h e  in n e r  plexiform layer .  

Sus ta ined  ON-cells  te rm in a te  in t h e  inne r  sublamina "b" and  sy n ap se  

with O N -type  b ipola r cells;  su s ta in ed  OFF-cells  t e rm ina te  in t h e  o u t e r  

sublamina "a" and  make con tac t  with O F F - ty p e  bipolar  cells;  ON-OFF 

amacrine cells a rbo r ize  in both  sublaminae and  t h e r e f o r e  receive  in p u t  

from both ON- and  O F F - ty p e  b ipola r cells (Famigliett i ,  e t  a l . ,  1977).

Goldfish amacrine cells d isp lay  no spatial  an tagonism,  a l though 

Werblin and  Dowling (1969) found  a s l igh t  c e n t e r / s u r r o u n d  antagonism 

in N ectu rus  amacrine cells .  Like horizontal  cells ,  amacrine  cells d i s ­

play la rge  recep t ive  fie lds  which is most likely due  to lateral  con tac ts  

among amacrine cells .  It has been s u g g e s t e d  t h a t  amacrine cells a re  

capable  of g e n e r a t in g  action potentia ls  as well as g ra d e d  potentia ls  

a l though it is not c lear  w h e th e r  t h e se  cells a r e  amacrine cells o r  

merely d isp laced  ganglion cells .
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2 -3 .5  Ganglion C e l l s .

The  ganglion cell s en d s  information abou t  th e  visual environment 

to t h e  b ra in .  It is t h e  only retinal  neuron  with a typical  axon.  The  

ganglion cells'  axons ,  which c o n s t i tu te  t h e  op tic  n e rv e ,  t r a v e r s e  a 

la rge  d is tance  to reach t h e  a p p r o p r i a t e  a rea  of th e  b ra in .  T h e re fo re ,  

unlike t h e  o th e r  retinal  n e u ro n s ,  ganglion cells must p roduce  r e g e n ­

e ra t in g  s ignals  down t h e  axon to reach t h e i r  object ive .  T hese  action 

potentia ls  (or  sp ikes )  a r e  randomly g e n e r a te d  even in t h e  ab sence  of 

any  visual st imulation; th is  is t h e  cell 's  spon taneous  o r  maintained 

ra te .  Changes  in t h e  visual s t imulus  must be re f lec ted  by  changes  in 

p a t t e rn  o r  r a te  from th e  cell 's  spon taneous  ra te .

Hartl ine (1938),  re co rd ing  from frog  ganglion cel ls ,  found t h r e e  

functionally  d i s t in c t  t y p e s  based  -on t h e i r  r e sp o n se  to  la rge  spo ts  of 

white  l ight:  ON-cel ls ,  OFF-cells  and  ON-OFF cells .  Light stimulation 

of ON-cells would inc rease  t h e  f i r ing  ra tes  of t h e se  cells ,  while s t imu­

lation of OFF-cells  would d e c rea se  t h e i r  f i r ing  with r e fe ren ce  to t h e i r  

spon taneous  ra te s .  ON-OFF cells would inc rease  t h e i r  f i r ing  ra te  

both a t  th6  o nse t  and  of fse t  of l ight st imulation.

Kuffler (1953) p r e s e n te d  small spo ts  of l ight to t h e  re tina  while 

record ing  from ca t  ganglion cells and  found  t h a t  t h e s e  cells possessed  

a recep t ive  field c e n t e r  with an an tagon is t ic  s u r r o u n d .  Using similar 

stimuli , c e n t e r  and  s u r r o u n d  components  were  also found  in goldfish 

ganglion cells (Wagner,  MacNichol and  Wolbarsht,  1960). T h ese  go ld ­

fish ganglion cell r ecep t ive  f ie lds ,  unl ike  th e  ca t  cells ,  had a s p e c ­

t r a l ly  opponen t  c e n t e r  ( e . g . ,  - R +G) and  a small spec t ra l ly  nonoppo­

n e n t  s u r r o u n d  ( +G).
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Daw (1967a) recorded  from goldfish ganglion cells using a large 

an n u la r  l ight st imulus and  found  t h a t  t h e  ganglion cell recep t ive  

fields were  much l a rg e r  and  more complex than  p rev ious ly  believed. 

He found a l a rg e r  s u r r o u n d  component which was both spec t ra l ly  and 

spat ia lly  o pponen t  to t h e  c e n t e r  mechanism. An example of th e se  

"doub le -opponen t"  gangl ion cells would be +R-G in t h e  c e n t e r  and 

- R +G in t h e  s u r r o u n d  mechanism. A ganglion cell with t h e  mir ror

image of th is  cell can also ex is t  ( i . e . ,  - R +G c e n te r  and  +R-G s u r ­

r o u n d ) .  Spectra l  sens i t iv i t ies  of t h e s e  d oub le -opponen t  cells revealed 

M- and  L-cone inpu ts  with an tagon is t ic  r e sponses  (Beauchamp and 

Lovasik,  1973; Spekre i j se ,  e t  a l . ,  1972). T hese  d oub le -opponen t  cells 

a r e  believed to  mediate simultaneous color c o n t r a s t  (Daw 1967b; 1968) 

s ince  a +R-G c e n t e r / - R +G s u r r o u n d  cell would be most re spons ive  to 

a red  spo t  of l ight  with a g reen  s u r r o u n d .

C u r r e n t l y ,  it is g enera l ly  accep ted  t h a t  t h e r e  a re  t h r e e  fu n c t io n ­

ally d i s t in c t  t y p e s  of gangl ion cells in th e  goldfish re t ina .  T hey  a re  

usually  d e s ig n a te d  as Red-ON c e n te r ,  Red-OFF c e n te r  and ON-OFF 

cells .  Red-ON c e n te r  cells a re  equ iva len t  to +R-G c e n t e r  with - R +G

s u r r o u n d ;  Red-OFF c e n t e r  cells c o r r e sp o n d  to - R +G c e n t e r  with +R-G

s u r r o u n d ;  ON-OFF cells a r e  eq u iva len t  to Hartl ine 's  ON-OFF c lass if i­

cation of f rog  ganglion cells .  The  L-cone component ( r ed )  is used 

fo r  classification s ince  t h e s e  cone in pu ts  a re  easily isolated (s ince 

only t h e y  a r e  sens i t ive  to  long-wavelength  l ight)  and  allow fo r  a 

qu ick  class ification scheme of t h e  goldfish ganglion cell. T he  Red-ON 

c e n te r  cells d e n d r i t i c  a rbor iza t ions  te rm ina te  in sublamina "b" of th e  

in n e r  plexiform layer ,  while t h e  Red-OFF c e n te r  cell p rocesses  te rm i­
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nate  in sublamina "a" of th e  inne r  plexiform layer .  ON-OFF ganglion 

cells s end  a rbor iza t ions  to  both sublaminae (Famigliett i ,  et  a l . ,  1977). 

Red-ON and Red-OFF c e n t e r  cells have  a c e n t e r  diameter of a p p ro x i ­

mately 1 mm a l though t h e  Red-ON c e n te r  cell 's  c e n t e r  is genera l ly  

smaller. Both cell t y p e s  possess  a large s u r r o u n d  rang ing  from 1.5 

to  6 mm in d iameter .  More will be said about  t h e se  size d i f ferences  

in Section 1 .6 .3 ,  below.

All goldfish gangl ion cells receive  in pu ts  from both rods and  

cones .  T h e  diameters  of t h e  rod and  cone recep t ive  field c e n te r s  of 

a ganglion cell a re  equ iv a len t  in size (R aynau ld ,  1969). Spectra l  

sen s i t iv i ty  c u rv e s  from d a r k - a d a p t e d  ganglion cells c o r re sp o n d  to t h e  

goldfish rod photopigment.  Also,  t h e  s ign of t h e  rod re sponse  is 

s y n e r g i s t i c  to t h e  L-cone in p u t  to  t h e  ganglion cell (Beauchamp and 

Daw, 1972; Raynauld ,  1972; Sh e fn e r  and Levine,  1977).

Various  goldfish ganglion cells have  been re p o r te d  in which a t  

least  one  cone inpu t  is u n d e tec ted  (Abramov and  Levine,  1972; 

Adams, 1970; Daw, 1968; Spekre i j se ,  et  a l . ,  1972). For example,  the  

s u r r o u n d  components  and  t h e  M-cone inpu t  of t h e  recep t ive  field c e n ­

t e r  a re  vu ln e rab le  to  t h e  isolation p ro c e d u re  when record ing  from th e  

excised  goldfish re tina  (Abramov and Levine, 1972; Sh e fn e r  and Lev­

ine,  1979; Spekre i j se ,  e t  a l . ,  1972). The  gas  composition d u r in g  th e  

isolation p r o c e d u re s  can c o n v e r t  a spec t ra l ly  nonopponen t  cell into a 

spec t ra l ly  opp o n en t  one .  Abramov and Levine (1972) found t h a t  a 

gas  composition of 100% o xygen  p roduced  goldfish gangl ion cells t h a t  

were  more sens i t ive ,  had h ig h e r  spon taneous  ra tes  in t h e  d a r k ,  and 

were  spec t ra l ly  nonopponen t .  By chang ing  t h e  gas  composition to
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contain 2% carbon d ioxide ,  t h e  same cells re sponded  with lower 

spon taneous  ra tes  in t h e  d a r k ,  were  less sens i t ive ,  and  also became 

spec t ra l ly  opponen t .  It should  be noted t h a t ,  a l though  th e  cone 

in pu ts  can be made to "d i s ap p ea r "  in t h e  ganglion cell r e sp o n se  u n d e r  

cer ta in  condi t ions ,  t h e  sign o r  n a tu r e  of t h e  cone in p u t  remains the  

same r e g a rd le s s  of t h e  manipula tion (Mackintosh,  e t  a l . ,  1987). T ha t  

is,  no th ing  can be manipula ted  to c o n v e r t  a +R-G c e n te r  cell to a 

-R +G c e n te r  cell.

T h e r e  is an obvious lack of information re g a rd in g  t h e  c o n t r i b u ­

tion of t h e  S-cones  to  t h e  ganglion cell. Many in v es t ig a to r s  found 

little ev idence  fo r  S -cone  in p u t  to  t h e  ganglion cell (Adams, 1970; 

Daw, 1967a).  However,  it is now a p p a r e n t  t h a t  t h e  S-cones  do con ­

t r i b u t e  to  th e  ganglion cell r e s p o n se ,  a l th o u g h ,  t h e r e  has been some 

d isag reem en t  as to t h e  "s ign"  of t h e  S-cones  to  t h e  gangl ion cell. 

One g ro u p  of exper im en ts  s u g g e s t  t h a t  t h e  S -cones ,  when th e y  a re  

found ,  a r e  sy n e r g i s t i c  with t h e  L-cone inpu t  (S pek re i j s e ,  e t  a l . ,  

1972; van Dijk and  S p ek re i j s e ,  1984a).  Spekre i j se ,  e t  al. (1972),  

reco rd ing  from th e  isolated goldfi sh  re tina  found  only  a few ganglion 

cells with S-cone  in p u t  and  t h e i r  re sp o n se  was always s y n e r g i s t i c  

with t h e  L-cone inpu t ;  also,  S-cone  inpu t  was found  only in th e  c e n ­

t e r  of t h e  recep t ive  fie ld .  T h e  inpu ts  to t h e  ganglion cells were  

de te rm ined  us ing  a t h r e s h o ld  t e ch n iq u e ,  in which a st imulus was p r e ­

sen ted  below th re s h o ld  and  g rad u a l ly  inc reased  in in tens i ty  until  a 

th re sh o ld  re sponse  (a ch an g e  in f i r ing  ra te )  was reach ed .  However,  

Beauchamp and  Lovasik (1973) record ing  from th e  optic  t r a c t  of th e  

in tac t  goldfish found t h a t  t h e  majority of ganglion cells did possess
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an S-cone  component in both t h e  c e n t e r  and  s u r r o u n d ,  and th is  

component was an tagon is t ic  to t h e  L-cones .

In an a t tem pt  to resolve  t h e  d isc repanc ie s  conce rn ing  th e  c o n t r i ­

bution of t h e  S-cones  to  goldfi sh  ganglion cells ,  Mackintosh and  col­

leagues  (Mackintosh ,  1981; Mackintosh,  e t  a l . ,  1987) examined th e  

S-cone  in pu ts  of o v e r  a h u n d r e d  ganglion cells r eco rded  from th e  

ex c i sed ,  isolated re t ina  ac ross  a r a n g e  of d i f f e r e n t  retinal  p r e p a r a ­

t ions .  Each cell was f i r s t  c lass ified into one of t h r e e  cell t y p e s  based  

on t h e  re sp o n se  of t h e  c e n t e r ' s  L-cone inpu t .  T h e  t h r e e  cell ty p es  

were:  L+/- c e n t e r  ( o n - ex c i t a t io n /  o f f - in h ib i t io n ) ; L - / + c e n te r  (on-

in h ib i t i o n /o f f - ex c i ta t io n ) ; L+/ + c e n te r  ( o n - e x c i t a t i o n /o f f - e x c i t a t io n ) .

T h e s e  t h r e e  cell t y p e s  c o r r e sp o n d  to t h e  Red-ON, Red-OFF and 

ON-OFF cell t y p e s ,  r e sp ec t iv e ly ,  d e sc r ib e d  in p rev ious  l i t e ra tu re .  

T h e  new te rminology was used  b ecause  it ref lec ts  a more accu ra te  

desc r ip t ion  of t h e  r e sp o n se  c h a r a c te r i s t i c s  of t h e  cell ,  s ince  all t h r e e  

cell t y p e s  r e spond  to both o n s e t  and  of f se t  of a l ight s t imulus .  For 

example ,  a Red-OFF c e n t e r  cell (or  L - /  + ) r e sp o n d s  with exci ta tion at  

l ight o f f se t  b u t  also r e sp o n d s  with inhibit ion a t  l igh t  o n se t .  L+/- 

c e n t e r  cells r e spond  a t  l ight o f f se t  with inhibit ion as well as 

exci tat ion a t  t h e  o n se t  of t h e  s t imulus .

It was fo u n d ,  with r a r e  excep t ion ,  t h a t  t h e  th r e s h o ld  spectra l  

sens i t iv i t ies  of t h e  c e n t e r s  and  s u r r o u n d s  of cells t h a t  possessed  

oppos i te  ON and  OFF re sp o n se s  (L+/ -  and  L - / +) exh ib i ted  S-cone 

c o n t r ib u t io n s ,  e i th e r  p r io r  to  a n d / o r  d u r in g  chromatic  adap ta t ion  of 

t h e  M- and  L-cones;  t h e  S -cone  r e sp o n se  was an tagon is t ic  with 

r e s p e c t  to t h e  L-cones;  S -cone  inpu ts  were  also found  in both th e
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c e n te r  and s u r r o u n d  components .  T he  L+/ + c e n te r  cells also

p o sse ssed  an S-cone  in p u t ,  b u t  it was s y n e r g i s t i c  to  t h e  L-cone inpu t  

a t  s u p r a th r e s h o ld  in tens i t ie s .  T h e se  f ind ings  were  ro b u s t  across  all 

of t h e  retinal  p re p a ra t io n s  employed and t h e  s p ec t ra  of all isolated 

mechanisms ag reed  v e r y  well with t h e  d i re c t  microspectrophotometr ic  

measures  of goldfish cones .  T h e se  re su l t s  a re  in agreem ent  with

Beauchamp and Lovasik (1973) b u t  d i s ag r ee  with S pek re i j s e  and  col­

leagues  (S pek re i j s e ,  e t  a l . ,  1972; van Dijk and  Spek re i j s e ,  1984a);

one  reason fo r  t h e  d isag reem en t  may be  t h a t  Spekre i j se  and  colleagues 

ca tegor ized  t h e i r  cells only  a t  th r e s h o ld  and some of t h e i r  cells may

have  been mis typed as L+/ + c e n t e r  cells .

2 - 3 .6  In te rp lex iform C e l l s .

A fi f th  retinal  neura l  t y p e ,  called t h e  in te rp lexiform cell, has

been ident if ied in t h e  goldfi sh  (Dowling, Eh inger  and  Hedden,  1976).

Its cell body  is located in t h e  in n e r  nuc lea r  layer  and  has reciprocal 

con tac ts  with amacrine cells in both sublaminae  of t h e  in n e r  plexiform 

layer .  It p o sse sse s  an axon which con tac ts  horizontal  and bipolar 

cells .  Litt le is known ab o u t  its func t ion ,  however  it is specula ted  

t h a t  t h e  in te rp lexiform cell 's  role is to control  t h e  la teral  in teract ions  

of horizontal  cells (Kaneko, 1979).

2 -4  Spatial  Summation of Ganglion Cell Receptive  F ie lds .

As mentioned above ,  t h e  ganglion cell re sp o n se s  r e p r e s e n t  th e  

final p roce ss ing  by  th e  re t ina  be fo re  information is s e n t  to th e  b ra in .



T h e re fo re ,  only information t h a t  reaches  t h e  ganglion cell can 

ult imately reach th e  b ra in .  Since t h e r e  a re  many more recep to rs  than  

gangl ion cells ,  an enormous  a m o u n t ’of spatial  summation must t ake  

place a t  th e  ganglion cell level. For example,  t h e  human retina con ­

ta in s  6 .5  million cones ,  120 million rods  b u t  only  1 million ganglion 

cells (see  Abramov and Gordon, 1973). It is t h e re fo re  essentia l  to 

u n d e r s t a n d  th e  spatial  p ro p e r t i e s  of t h e  gangl ion cells .  T h e re  have  

been volumes of l i t e r a tu r e  r e g a rd in g  th is  topic ,  b u t  th e  re sea rch  

seems to lack co h es iv en ess .  T h e r e  a r e  so many var ia t ions  of stimuli 

t h a t  it becomes dif f icul t  to  compare across  s tu d ie s .  This  review does 

not in tend  to be  e x h a u s t iv e ;  its p u rp o s e  is to review t h e  work  re le ­

v a n t  to th i s  p ro jec t .  Th is  section will be d iv ided  into two broad  c a t ­

egor ie s ;  t h e  ea r l i e r  s tu d ie s  which examined l inear ity  us ing  small spots  

of l ight,  and  th e  more recen t  s tu d ie s  involving spatial  f r e q u e n c y  

analys is .

The  u n d e r ly in g  ques t ion  is w h e th e r  t h e  spat ia l  summation of th e  

ganglion cell is l inear o r  nonlinear .  Inqu ir ing  abou t  t h e  cell 's  l inea r ­

i ty poses  severa l  problems.  A major problem is t h a t  as ea r ly  as th e  

r e c e p to r s ,  t h e r e  a r e  in h e r e n t  nonl inear i t ies .  T h e  re c ep to r  re sponse  

as a function of l ight  in ten s i ty  is c lear ly  nonlinear  and  any  non l inea r ­

i ty o c cu r r in g  a t  th i s  s t a g e  of p rocess ing  should  o ccu r  a t  all la te r  

s ta g e s .  (An exception to  th is  would be a s i tuation in which a s u b ­

s e q u e n t  s tag e  imposes an in v e rse  t r a n s f o r m . )  However,  th is  re sponse  

approximates  a l inear func t ion  a t  st imulus  in tens it ie s  nea r  th re sh o ld  

and  a t  low st imulus in tens i t ie s .  T h e re fo re ,  t h e  re sponse  v s .  

in tens i ty  func t ion  can a p p e a r  to behave  l inearly  o v e r  a range  of
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in tens i t ie s .  T h e  n on l inea r i ty  will be  more obvious  us ing  b r i e f  ffashes  

so t h a t  adap ta t iona l  mechanisms can n o t  come into p lay .  Also,  t h e  

r a n g e  o v e r  which r e s p o n se s  a re  l inea r  d e p e n d s  on th e  size  of t h e  

s t imulus  - -  small stimuli will e x t e n d  t h e  l inear  r a n g e .

2 . 4 - 1  Spatial  Summation Using Small Spo ts  of L i g h t .

Much of t h e  e a r ly  work  on spatia l  summation was per fo rm ed  on 

ca t  ganglion cel ls .  Like t h o s e  of t h e  go ld f i sh ,  most ca t  gangl ion  cell 

r e cep t iv e  fields  co n s i s t  of a c e n t e r  and  an an tag o n i s t i c  s u r r o u n d  

reg ion .  One t e c h n i q u e  u sed  to  examine spatial  summation is to d e t e r ­

mine if t h e  a lg eb ra ic  sum of t h e  r e s p o n s e s  to  two s e p a r a t e  sp o ts  of 

l igh t,  yie lds  t h e  same r e s p o n s e  as when t h e  same two sp o ts  of l igh t 

a r e  p r e s e n t e d  s im u l taneous ly .  T h i s  can be  r e p r e s e n t e d ,  formally ,  in 

t h e  following m an n er :

R1+2 = R1 + R2 (2 )

If t h e  p rev ious  equa t ion  is fo und  to  be valid ,  t h e n  t h e  s u b a r e a s  a r e  

l inearly  add ing  t h e i r  s igna l s .

Cleland and  E n ro th -C u g e l l  (1968) fo und  th i s  re la t ionsh ip  to hold 

in c a t  ganglion cells u s in g  sp o ts  of l igh t p laced  in d i f f e r e n t  a reas  

within t h e  r e c e p t iv e  field c e n t e r .  However ,  l inea r i ty  was t e s t e d  only  

a t  t h r e s h o ld  which does  not n e ce s sa r i ly  imply t h a t  t h e s e  f in d in g s  will 

hold a t  h ig h e r  s t imulus  in t e n s i t i e s .  S tone  and  Fabian (1968) found  

t h a t  l inear  spatia l  summation does  not hold a t  h ig h e r  in ten s i t i e s .  

T h e y  used  a t e c h n i q u e  simi lar to  t h e  p re v io u s  s t u d y  with t h e  e x c e p ­
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tion t h a t  t h e  re la t ionship  was t e s t e d  o v e r  a wide range  of luminances 

and  found t h a t  l ineari ty  did not p e r s i s t  ov e r  t h e  en t i re  range  of lumi­

nances .  T hey  con tended  t h a t  t h e s e  nonlineari t ies  were  not t h e  resu l t  

of t h e  nonl inear i ty  a t  t h e  r e c ep to r  level,  since  any  nonlineari ty  

o c c u r r in g  as ear ly  as t h e  recep to r s  would be p r e s e n t  on both sides  of 

t h e  equa t ion .  T h u s ,  t h e s e  nonlineari t ies  must o ccu r  a t  some la ter 

s t ag e  of p ro cess in g .  G r u s s e r ,  Schaible and V ie rkan t -G la the  (1970) 

found  similar re su l t s  us ing  a s l igh t ly  d i f f e r en t  p ro c e d u re ;  ins tead of 

v a r y in g  luminance,  t h e  luminance of each spot remained t h e  same, b u t  

t h e y  inc reased  t h e  num ber  of s p o t s .  Like Stone and  Fabian (1968), 

t h e y  found  t h a t  with more s p o t s ,  t h e  a lgebra ic  sum of t h e  spo ts  was 

g r e a t e r  than  t h e  r e sp o n se  to  t h e  spo ts  p r e s e n te d  s imultaneously .

Severa l  s tud ie s  have  in ves t iga ted  t h e  spatial  in te rac t ions  between 

t h e  c e n t e r  and  s u r r o u n d  mechanisms of t h e  recep t ive  field .  For 

example,  Enro th-Cugel l  and  Pinto (1972a, b ) , found t h a t  t h e  i n t e r a c ­

tions  be tween th e  c e n t e r  and s u r r o u n d  a reas  were  l inear;  t h a t  is, th e  

a lgeb ra ic  sum of a spot  in t h e  c e n t e r  and  a spo t  in t h e  s u r r o u n d  was 

similar to  th e  re sp o n se  when t h e  spo ts  were  s imultaneous ly  illumi­

na ted .  Similar re su l t s  o c c u r r e d  even u n d e r  a modera te  ran g e  of illu­

mination (Maffei and  C e r v e t to ,  1968).

T u r n in g  to th e  goldfish l i t e ra tu re ,  Levine and  Abramov 

(Abramov and Levine, 1975; Levine,  1972; Levine and  Abramov, 

1975), examined spat ia l  summation in goldfish ganglion cells us ing 

small spo ts  of long-wave leng th  l ight (710 nm). Long-wavelength  st im­

uli were  used because  t h e  a u th o r s  were  in te re s t ed  in examining th e  

c h a r a c te r i s t i c s  of a s ingle  r e c e p to r  t y p e  without t h e  complexities of
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spec t ra l  in te rac t ions .  T h e y  analyzed  t h e i r  re su l t s  in te rms of 

re sp o n se  summation (as in t h e  p rev ious  work)  and  also in te rms of 

s en s i t iv i ty  summation. T h a t  is , does t h e  a lgebra ic  summation of th e  

sens i t iv i t ies  of t h e  two a r e a s ,  st imula ted s ep a ra te ly ,  have  t h e  same 

s en s i t iv i ty  as  when both  spo ts  a re  simultaneously  p re sen te d ?  T hese  

two ana lyses  to g e th e r  were  used  to examine a t  which s tag e s  th e  non- 

l inear it ie s ,  if any ,  ex i s t ed  in t h e  o u tp u t  of t h e  ganglion cell. For 

example,  any  nonlineari t ies  be fo re  t h e  f i r s t  in te rac t ion  of th e  a reas  

would be a p p a r e n t  in t h e  r e sp o n se  summation ana lys is ;  nonlineari t ies  

be fo re  t h e  final summation, would be  revealed  in t h e  s en s i t iv i ty  sum­

mation ana lys is .  T h e y  found  l inear spat ia l  summation within t h e  d i f ­

f e r e n t  s u b a r e a s ,  b u t  nonlinear it ie s  both be fo re  and  a f t e r  summation. 

Pr ior  to summation, t h e  non l inear i ty  was d e sc r ib e d  as a s q u a r e  root 

func t ion  p robab ly  a t  t h e  level of t h e  r e c ep to r s  (a s q u a r e  root 

func t ion  is a compress ive  func t ion )  and  a n o th e r  nega t ive ly  acce lera ted  

func t ion  following summation. T h e se  nonlineari t ies  were  most a p p a r ­

e n t  a t  h ig h e r  in tens i t ie s ;  a t  lower in tens i t ie s ,  t h e  r e sponses  were  

approximate ly  l inear.  All of t h e s e  f ind ings  fo r  t h e  goldfish c o r r e ­

spond  to t h e  re su l t s  ob ta ined  from cat  ganglion cells .  T h a t  is,  a t  low 

in ten s i ty  levels ,  spatial  summation is l inear ,  b u t  a t  h ig h e r  st imulus 

in tens i t ie s ,  summation is non l inear  and  can be  d e sc r ib e d  as a com­

p r e s s iv e  func t ion  t h a t  c an n o t  be  d u e  solely to t h e  non l inear i ty  found 

a t  t h e  r e c ep to r  level.

A no the r  t e ch n iq u e  f o r  de te rm in ing  t h e  spatial  summation p r o p e r ­

t ies  is to examine t h e  condit ions  u n d e r  which Ricco's law holds.  Ric- 

co ’s law a s s e r t s  t h a t  t h e r e  is a reciprocal  re la t ionsh ip  be tween th e
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area  being  st imula ted and  th e  st imulus  in te n s i ty .  T h u s ,  to maintain a 

c o n s ta n t  re sp o n se ,  an inc rease  in area  can be compensated fo r  by  th e  

a p p r o p r i a t e  d e c rea se  in st imulus  in tens i ty .  T h e  usual p ro c e d u re  fo r  

de te rm in ing  Ricco's law fo r  a g iven  a rea  is to  measure  some cr i te r ion  

re sp o n se  ( e . g . ,  t h r e s h o ld )  as a func t ion  of inc reas ing  spo t  d iameter .  

If Ricco's law app l ies ,  th e n  inc reas ing  spo t  d iameter  will re su l t  in less 

st imulus in tens i ty  n e c e s sa ry  to p ro d u ce  th e  c r i te r ion  re sponse .  The  

re su l t  will be a l inear func t ion  up to a poin t  w here  increas ing  th e  

sp o t  d iameter  no longer  p ro d u c e s  a d e c rea se  in in tens i ty  to reach c r i ­

t e r io n .  T h e  spo t  d iameter  w here  t h e  slope of t h e  function approaches  

zero  is t h e  limit of Ricco's a rea .

Eas te r  (1967, 1968) dem ons t ra ted  Ricco's law to  hold within t h e  

c e n t e r  port ion of goldfi sh  ganglion cells .  He found  t h a t  st imulus 

d iameters  of up to 1 mm obeyed  Ricco's law. This  d iameter  c o r r e ­

s ponds  to  t h e  a v e r a g e  ganglion cell c e n t e r  d iameter .  E a s t e r ’s f i n d ­

ings  have  since  been ve r i f ied  by  Spekre i j se ,  et  a l . ,  (1972). How­

e v e r ,  E as te r  d iscovered  an e x t r a  "wrinkle" in his f in d in g s .  When 

us ing  one spo t  which va r ied  in d iameter ,  Ricco's law was upheld ;  

however ,  small spo ts  of l ight,  placed in a reas  s e p a ra te  from one 

a n o th e r  b u t  still within Ricco's a re a ,  did not summate t h e i r  signals 

l inear ly .  Th is  was not t h e  case  when th e  same exper im en ts  were  p e r ­

formed on ca t  ganglion cells (Cleland and  E n ro th -C uge l l ,  1968). For 

ca t  gangl ion cells ,  Ricco's  law was valid fo r  c i r c u la r  concentr ic  stimuli 

as well as fo r  small spo ts  placed in s e p a r a t e  a re as .  It should  be 

poin ted ou t  t h a t  Ricco's law does not necessa r i ly  dem ons t ra te  l inea r ­

i ty:  re cep to r s  can be non l inear  and  t h e  spat ia l  summation at  a la te r
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s t a g e  can be t h e  i n v e r s e  of t h e  recep to r  func t ion .  (See Levine, 

1972, fo r  more d e ta i l s . )

1 . 4 . 2  Spatial F requency  A n a ly s i s .

Spatial  f r e q u e n c y  analys is  has been used  in optics  to  de termine  

th e  o u tp u t  o r  t r a n s fo rm  of lenses .  This  te chn ique  has  been appl ied 

to  t h e  optics  of t h e  eye  and  has been used  in human p s y ch o p h y s ic s .  

Spatial  f r e q u e n c y  analys is  involves t h e  p re sen ta t ion  of s inusoidal p a t ­

t e r n s  of l ight and  d a r k  b a r s  ( g r a t i n g s )  to  t h e  p a r t i c u la r  system being 

s tu d ied  and  th e n  de te rm in ing  th e  c h a rac te r i s t i c s  or  t r a n s fo rm  of t h e  

o u tp u t  of t h a t  sys tem .  Once th is  is complete,  t h e  r e sp o n se  of t h a t  

system to  any  st imulus can be p red ic ted  by  t h e  t r a n s fo rm .  For an 

exce l len t  review of t h e  use  of spatial  f r e q u e n c y  analys is  in vis ion,  

see  Barlow and  Mollon (1982).

Spatial f r e q u e n c y  analys is  has now focused  on t h e  p roce ss ing  of 

s ingle  n e u ro n s .  Robson (1975) points  ou t  t h a t  t h e r e  a r e  many a d v a n ­

ta g e s  to  th i s  t y p e  of inves t iga t ion .  F i r s t ,  it a p p ea r s  t h a t  most visual 

n eu ro n s  re spond  to t h e  p re sen ta t io n  of a d r i f t in g  g ra t i n g  ac ross  th e  

r ecep t iv e  field (Maffei and  Fiorentini ,  1973) even th ough  th e y  may not 

r e spond  to  small spo ts  of  l ight.  A second ad v an ta g e  is t h a t  due  to 

t h e  repe t i t ive  n a t u r e  of t h e  st imulus (s inusoidal  p a t t e r n s ) ,  da ta  can 

be  collected and  a v e r a g e d  a t  a much f a s t e r  r a te .  Also, sinusoidal 

p a t t e r n s  of l ight can be used  to  st imulate  th e  e n t i r e  recep t ive  field ,  

p rov id ing  more a c c u ra te  information abou t  th e  neuron  as a whole 

r a t h e r  th a n  information abou t  segments  o r  por t ions  of t h e  recep t ive  

fie ld .
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One d raw back  of us ing  spatial  f r e q u e n c y  analys is  is t h a t  a major 

assumption of t h e  analys is  is t h a t  t h e  system u n d e r  invest igation  is 

l inear.  As mentioned above, th e  visual sys tem is not l inear ,  b u t  can 

approximate  l inear i ty  u n d e r  ce r ta in  condi t ions .  If t h e  system is 

work ing n e a r  th re s h o ld  o r  a t  low s timulus  in ten s i ty  levels,  then  th e  

ganglion cell r e sp o n se  is approximate ly  l inear.  Approximating  l inea r ­

i ty can also be accomplished by  modula ting th e  c o n t r a s t  of a s inuso i ­

dal st imulus a ro u n d  some c o n s ta n t  mean luminance,  t h u s  maintaining 

th e  cell a t  t h e  same adapta t ion  level. Th is  allows f o r  a d i r e c t  exami­

nation of t h e  spatial  summation p ro p e r t i e s  of t h e  neuron  while keeping 

t h e  nonlineari t ies  of t h e  gain control  c o n s ta n t  ( see  Shapley  and  

Enro th -C uge l l ,  1984, fo r  an e x h a u s t iv e  review of re tinal  gain c o n ­

tro l )  .

Spatial Null Po in t . T h e r e  a re  severa l  methods t h a t  can be used 

to  de termine  th e  spatial  summation p ro p e r t i e s  of a n e u ro n .  T he  most 

commonly accep ted  m easure  is to de te rm ine  if t h e  cell p o sse sse s  a 

spatial  null poin t .  Th is  section d e sc r ib e s  t h e  ra tionale  beh ind  th is  

te ch n iq u e  and  t h e  implications of its r e s u l t s .

One method of de termin ing  a ganglion cell 's  spat ia l  summation 

p ro p e r t i e s  is to p r e s e n t  two small spo ts  of l ight a t  two s e p a r a t e  loca­

tions  on t h e  cell 's  recep t ive  field and  then  de te rm ine  t h e  a lgebra ic  

sum of t h e  re sponse s  to  t h e  two spo ts  s ep a ra te ly  and  compare th is  

va lue  with t h e  r e sp o n se  of th e  cell when both spo ts  a r e  p r e s e n te d  

s imultaneously .  If t h e  two values  a re  equal ,  t h e n  t h e  cell possesses  

l inear spatial  summation. If t h e  two values  a r e  not t h e  same, then  

th e  cell is add ing  th e  s ignals  nonlinearly .
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This can also be t e s t e d ,  using  th e  same two spo ts  of l igh t,  by 

p re s e n t in g  both spots  of l ight s imultaneously ,  wait ing until t h e  cell 

adap ts  to th is  ch an g e  in luminance, and t h e n ,  modula ting t h e  lumi­

nance  of t h e  spots  180 d e g re e s  ou t  of phase .  By doing so,  as th e  

in tens i ty  of one l ight  is d e c r e a se d ,  t h e  in tens i ty  of th e  second spo t  is 

increased  at  t h e  same ra te .  If t h e  cell possesses  l inear spatial  sum­

mation,  and assumming t h a t  all s tages  p r io r  to spatial  summation a re  

approximate ly  l inear ,  then  th is  manipulation will p ro d u ce  no ch an g e  in 

re sponse .  T h e  cell will respond  as if t h e r e  were  no ch an g e  in th e  

st imulus .

The  two spo ts  of l ight can be replaced with two ad jacen t  semi­

circ les  of l ight t h a t  cover  th e  en t i r e  recep t ive  field c e n t e r  (assuming 

a c i rcu la r  and  symmetric c e n t e r  a rea)  so t h a t  each semi-ci rcle  of l ight 

falls d i rec t ly  on only o ne -ha l f  of th e  recep t ive  field c e n t e r .  The  

luminances of t h e s e  semi-ci rcles  a re  modulated o u t - o f - p h a s e  so t h a t  as 

one inc reases ,  t h e  o th e r  dec rea se s  at  t h e  same ra te .  If t h e  cell is 

l inear ,  th e n  th i s  s t imulus will also p ro d u c e  no ch an g e  in r e sp o n se  - -  

i . e . ,  t h e  cell possesses  a null po in t .  The  implication is t h a t  th e  

inc reased  s ignals  fo r  o ne -ha l f  of t h e  recep t ive  field c e n t e r  a r e  being 

compensated fo r  by  a d e c r e a se  in t h e  s ignals  from th e  o th e r  side  of 

t h e  recep t ive  field .

If t h e  modulated semi-circles  of l ight a r e  posit ioned j u s t  s l ightly  

off t h e  midpoint of t h e  recep t ive  field c e n t e r  so t h a t  one  semi-circle 

s t imulates  more of t h e  c e n t e r  area  than  th e  o th e r ,  then  th e  cell will 

re spond  to  th e  st imulus modulation.  If t h e  cell is l inear ,  then  th e  

re sponse  p a t t e rn  will c o r re sp o n d  to t h e  st imulus  modulation.  T he
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l a rg e s t  re sp o n se  to t h e s e  stimuli will o ccu r  when only one of t h e  

semi-ci rc les is posit ioned on th e  c e n t e r  mechanism.

T h u s ,  any  s t imulus which equal ly  st imulates  both halves  of th e  

recep t ive  field mechanism can be used  to de te rm ine  t h e  ex is tence  of a 

spatial  null po in t .  T he  most commonly used s t imulus  fo r  th is  p ro c e ­

d u r e  is a spatial  s inusoidal g r a t in g  ( l ight and  d a r k  b a r s  of l ight)  

c e n te re d  a ro u n d  th e  midpoint of t h e  recep t ive  fie ld .  T h e  ad v an tag e  

of th is  st imulus  is t h a t  t h e  spatial  f r e q u e n c y  (n u m b e r  of b a r s  of l ight 

p e r  unit  on t h e  re t ina )  can be contro lled ; by  manipula ting th e  spatial  

f r e q u e n c y  of t h e  g r a t i n g ,  one  can obta in  a b e t t e r  u n d e r s t a n d in g  of 

t h e  exac t  n a tu r e  of t h e  summation p ro p e r t i e s  of t h e  cell as will be 

dem ons t ra ted  below.

It is also impor tant  to point  ou t  t h a t  t h e  spatial  null t e s t  only 

d e sc r ib e s  t h e  spatial  summation p ro p e r t i e s  within a g iven  mechanism. 

For example,  if a spat ia l  null point  is fo u n d ,  us ing  a st imulus  t h a t  

st imula tes t h e  e n t i r e  re cep t ive  fie ld ,  fo r  a cell t h a t  p o s se s se s  a c e n t e r  

and  an tagon is t ic  s u r r o u n d ,  t h e  implications a r e  t h a t  t h e  s ignals  within 

t h e  c e n t e r  summate l inear ly ,  and  t h e  s ignals  within t h e  s u r r o u n d  

summate l inear i ty .  It does  not necessa r i ly  imply t h a t  t h e  c e n t e r  and  

s u r r o u n d  s ignals  summate l inearly .  If t h e  c e n t e r  and  s u r r o u n d  s ig ­

nals a r e  "nulled" p r io r  to in te rac t ion ,  and  t h e  null po in ts  of both 

mechanisms a re  located in t h e  same posit ion,  t h e n  it is not possib le  to 

de termine  t h e  p rocess  o r  opera t ion  by  which th e y  in te ra c t .  It is 

qu i te  likely t h a t  t h e s e  mechanisms in t h e  ganglion cells summate p r io r  

to  t h e i r  in te ract ion  s ince  t h e y  receive  t h e i r  inp u ts  from d i f f e r en t  

c lasses  of n e u ro n s ;  t h e  c e n t e r  mechanism receives  its s ignals  d i rec t ly
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from bipolar cells while t h e  s u r r o u n d  p robab ly  receives  its inpu t  from 

amacrine cells.

Receptive  Field Spatial  Summation of Cat Ganglion C el ls . 

Enro th -Cugel l  and  Robson (1966) p r e s e n t e d  s inusoidal p a t t e r n s  of 

l ight to ca t  ganglion cells and  found  two d i s t inc t  func tiona l ty p e s  

based  on t h e i r  spatial  summation p ro p e r t i e s .  Cells t h a t  a p p ea red  to 

behave  l inearly  were  labelled X-cells  and  cells t h a t  ap p ea re d  to f u n c ­

tion nonlinearly  were  class if ied  as Y-cel ls .  Th is  dichotomy was d e t e r ­

mined by  f lash ing  a s ta t io n a r y  s inusoidal g r a t i n g  a t  va r ious  posit ions 

(spatial  phase )  ac ross  t h e  recep t ive  fie ld .  For X-cel ls ,  when th e  

position of t h e  s inusoidal p a t t e r n  was d i r ec t ly  c en te re d  on t h e  r e c e p ­

t ive  fie ld ,  t h e r e  was no change  in t h e  f i r ing  ra te  of t h e  cell. This  

was t h e  cell 's  spatial  null point  and  implied t h a t  t h e  recep t ive  field 

was l inearly  add ing  its s igna l s .  Placing th e  s inusoidal g r a t i n g  at  any  

o t h e r  location in t h e  r ecep t iv e  field did not p ro d u ce  a "null" e ffect .  

For Y-cel ls ,  t h e r e  was no posit ion-on t h e  recep t ive  field w here  a null 

poin t  could be fo u n d .  T h e re fo re ,  Y-cell spat ia l  summation was not 

l inear.

Enro th -Cugel l  and  Robson then  p r e s e n te d  s inusoidal d r i f t in g  

g r a t i n g s  ac ross  t h e  recep t ive  field of t h e  ganglion cell. T he  reason 

f o r  us ing  a d r i f t in g  g r a t i n g  as opposed  to  a s ta t io n a ry  g ra t i n g  was to 

eliminate an y  adap ta t ion  e f fec ts .  T hey  found  t h a t  X-cells  re sponded  

only a t  t h e  modulated s t imulus  f r e q u e n c y .  T h a t  is , t h e  f i r ing  ra te  of 

t h e  ganglion cell c o r r e sp o n d e d  with t h e  temporal modulation p ro d u ced  

by  d r i f t in g  th e  g ra t i n g  a c ro ss  t h e  recep t ive  field .  A cr i te r ion  fo r  a 

l inear sys tem ,  in g e n e r a l ,  is t h a t  t h e  f r e q u e n c y  of a sys tem 's  o u tp u t
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is t h e  same as th e  inpu t  f r e q u e n c y .  Hence,  X-cel ls  a re  l inear cells. 

T h e  Y-cells '  r e sp o n se ,  on th e  o th e r  h an d ,  did not co r re sp o n d  to th e  

s inusoidal g ra t in g  d r i f t in g  across  t h e  recep t ive  field a t  all spatial f r e ­

quenc ie s .  At low spat ia l  f r eq u e n c ie s ,  d r i f t in g  g r a t i n g s  p roduced  a 

r e sp o n se  modulated at  t h e  st imulus  f r e q u e n c y ;  however ,  at  h ighe r  

spatial  f r eq u e n c ie s ,  th e  cell r e sp o n d ed  with an e leva ted  d i sch a rg e  o r  

inc rease  in fi r ing  ra te .  T h a t  is,  t h e  av e rag e  f i r ing  ra te  of t h e  cell 

in c reased ,  b u t ,  t h e r e  was no p a t t e r n  o r  modulation to  t h e  re sponse .

Hochstein and Shapley  (1976a) have  e labora ted  on t h e  X/Y 

dichotomy in t h e  ca t  ganglion cell by  p r e s e n t in g  c o u n te r p h a s e  modu­

lated g ra t i n g s  to t h e  cell 's  recep t ive  fie ld .  A c o u n te r p h a s e  modulated 

g ra t i n g  is an a l te rn a t in g  phase  g ra t i n g  o r  c o n t r a s t - r e v e r s a l  g r a t i n g ,  

in which th e  c o n t r a s t  a t  a p a r t i c u la r  poin t  in space  va r ie s  as a s i n u ­

soidal func t ion  in time. P resen t in g  t h e s e  c o n t r a s t - r e v e r s a l  g r a t in g s  

as a function of spatial  p h a se  p ro d u c e d  r e su l t s  similar to t h e  Enro th-  

Cugell  and  Robson s t u d y ;  t h e r e  were  two func t iona l ly  d i s t inc t  ty p e s  

of ca t  gangl ion cell b ased  on t h e i r  spatial  summation p ro p e r t i e s .  

Hochste in and Shapley per fo rm ed  a Four ie r  analys is  on th e  re sponses  

of X- and  Y-cel ls .  Since a l inear cell should  re sp o n d  only a t  t h e  

modulation f r e q u e n c y  (f)  of t h e  s t imulus ,  X-cel ls  should  have  most of 

t h e i r  power a t  t h e  fundamenta l  f r e q u e n c y .  Th is  was found to be t h e  

case .  Also, t h e  ampl itude of t h e  fundamenta l  component of th e  

r e sp o n se  was a s inusoidal function of t h e  spat ia l  p h ase  of t h e  g r a t ­

ing; moving th e  g ra t i n g  away from t h e  null posit ion p roduced  an 

inc rease  in t h e  amplitude of t h e  fundamenta l  component which reached  

i ts maximum amplitude a t  a position 90 d e g re e s  away on e i th e r  side  of
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t h e  null posi t ion.  A Four ie r  analysis  on Y-cells  revealed th a t  th e  

Y-cell re sponse  conta ins  most of its power a t  double  t h e  modulation 

f r eq u e n c y  o r  2f. Y-cells  were  found to be non l inear  even a t  low con­

t r a s t s  and  th e  ampl itude of t h e  second harmonic was in d e p en d e n t  of 

t h e  spatial position of t h e  g r a t i n g .  The  fundamenta l  component of 

Y-cel ls ,  however ,  resembled t h e  spatial  phase  sens i t iv i ty  of X-cel ls  in 

t h a t  its amplitude was a sinusoidal func t ion  of t h e  posit ion of th e  

s t imulus .  This  s u g g e s t s  t h a t  t h e r e  a r e  both l inear and  nonlinear 

components in t h e  Y-cell r e sponse .

This  was also s u p p o r t e d  by  th e  fac t  t h a t  a t  low spatial  f r e q u e n ­

c ies ,  even Y-cells  con ta ined  a s t ro n g  fundamenta l  component a t  most 

spatial  posit ions;  only a t  t h e  null posit ion of t h e  fundamenta l  compo­

nen t  was t h e r e  a s l igh t ,  b u t  su b s ta n t i a l ,  second harmonic component .  

More ex tens ive  t e s t i n g  by  Hochstein and  Shapley  (1976b) showed t h a t  

t h e  nonlineari t ies  of Y-cells  were  caused  by  small, nonlinear  su b u n i t s  

in t h e  recep t ive  field .  T h e se  unit s  ex ten d  across  t h e  c e n t e r ,  s u r ­

round and  even beyond .  T h e y  possess  t h e  same s ign o r  r e sp o n se  as 

t h e  c e n t e r  mechanism and  ac t  as rec t i f ie rs  t h u s  p roduc ing  a nonlinear 

r e sponse .  This  exp la ins  why th e  nonlineari t ies  a p p e a r  pr im ari ly  a t  

high spatial  f r eq u en c ie s  fo r  both c o n t r a s t - r e v e r s a l  and  d r i f t in g  g r a t ­

ings  ( the  e leva ted  d i s c h a r g e  a t  high spatial  f r e q u e n c i e s ) ,  s ince  t h e se  

small su b a rea s  would be most re spons ive  at  high spatial  f r eq u e n c ie s .

Since t h e  d i s co v e ry  of t h e  X/Y dichotomy, t h e r e  h ave  been 

a t tempts  to  d i f fe ren t ia te  t h e s e  cells along o t h e r  dimens ions .  Cle land , 

Dubin and  Levick (1971),  found  t h a t  ca t  ganglion cells could be d i s ­

t in g u ish ed  by  t h e i r  r e sp o n se  p a t t e r n s ;  t h a t  is,  t h e y  could be  class i-



fied as e i th e r  su s ta in ed  o r  t r a n s i e n t  r e sp o n se  t y p e s .  X-cells  

ap p ea red  to  possess  a su s ta ined  re sponse ,  while Y-cells  r e sponded  in 

a t r a n s i e n t  p a t t e r n .  However,  X-cells  a re  not always sus ta ined  and  

Y-cells a re  not always t r a n s i e n t  in t h e i r  r e s p o n se s .  Hochstein and

Shapley (1976a) dem ons t ra ted  t h a t ,  u n d e r  ce r ta in  condi t ions ,  X-cells

could p roduce  a t r a n s i e n t  re sponse .  T h e r e f o r e ,  th e  X/Y  and 

s u s t a i n e d / t r a n s i e n t  dichotomies should  not be cons ide red  synonomous.

Clelend and Levick (1974a) found  t h a t  X-cel ls  were  pr imar i ly  

located in th e  cen tra l  re t ina  of th e  cat  and  t h a t  most p ro jec t  to  t h e

lateral  gen icu la te  nuc leus  (LGN). Fukuda  and  Stone  (1974) found

t h a t  Y-cells p ro jec t  to both th e  midbrain and  t h e  LGN. Y-cell r e c e p ­

t ive  fields a re  genera l ly  l a rg e r  than  X-cells  and  t h e r e f o r e  it was con ­

c luded t h a t  Y-cells  have  l a rg e r  cell bodies.  Th is  was confirmed by  

Boycott  and  Wassle (1974) who found morphological  d i f f e rences  among 

gangl ion cells which c o r re sp o n d  to  t h e  functional d i f f e rences  of t h e  

X- and  Y-cells .

Because of th is  a p p a r e n t  dichotomy between t h e  ganglion cells ,  

many have specu la ted  as to th e  p u rp o s e  of th i s  parallel  pa thw ay .  On 

t h e  su r fa ce ,  it a p p e a r s  t h a t  th e  func t ion  of X-cel ls  is visual acu i ty .  

This  is based  on t h e  following: t h a t  t h e  majority of X-cel ls  a r e  found 

in t h e  a rea  cen t r a l i s ,  t h e y  possess  smaller re cep t ive  f ie lds ,  hence  

b e t t e r  spatial a cu i ty ,  and  th e i r  pa thway  to  t h e  b ra in  (d i r ec t ly  to  t h e  

LGN) is cons idered  to be  th e  "pr imary"  visual p a thw ay .  T h e  Y-cel ls ,  

on t h e  o th e r  h and ,  have  la rge  recep t ive  f ie lds ,  a r e  located in t h e  

more pe r iphe ra l  a reas  of th e  re tina and  p ro jec t  not only to t h e  p r i ­

mary visual pa thway  b u t  also to t h e  midbrain o r  re t i cu la r  formation.
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Many have  specu la ted  t h a t  t h e  role of the  Y-cells  is to p rov ide  

s en so ry  information to t h e  eye  movement system s ince  eye  movements 

a re  believed to be g e n e r a te d  by  th e  midbrain .  The  fac t  t h a t  Y-cells 

have  a f a s t e r  conduction veloci ty than  X-cells  also s u p p o r t s  th e  

notion t h a t  Y-cells  a re  involved in informing th e  eye  movement sys tem 

w here  to move th e  eyes  so t h a t  t h e  image falls on t h e  fovea which 

conta ins  t h e  high acu i ty  X-cel ls .

More recen t ly ,  a t h i r d  functional ty p e  of ca t  gangl ion cell, 

W-cells , has been fo u n d .  T h e se  W-cells have  slower conduct ing  axons 

and  smaller cell bodies th a n  e i th e r  X- o r  Y-cells (S tone  and Fukuda ,  

1974). T hey  a p p e a r  to  p ro jec t  into th e  s u p e r io r  colliculus (Fukuda  

and S tone ,  1974) and  a r e  sens i t ive  to moving p a t t e r n s  and d i rec t ions  

(Cleland and  Levick,  1974a, b ) . W-cells a re  morphologically d i f f e r en t  

from X- and  Y-cells  as  well (Boycot t  and  Wassle, 1974).  T he  role of 

t h e s e  W-cells is unc lea r  and unp red ic tab le  (hence ,  t h e i r  designa tion  

as W o r  w e i rd ) .  T hey  a p p e a r  to possess  such d i f fu se  ch a rac te r i s t i c s  

t h a t  many believe t h a t  t h e y  a r e  j u s t  an amalgamate of severa l  c lasses .  

It is also v e r y  dif ficult  to  record  from t h e s e  cells d u e  to  t h e  f ac t  t h a t  

t h e y  have  v e r y  small cell bodies.

Ganglion Cell Spatial  Summation [n O th e r  S p e c ie s . Although th e  

majority of work on ganglion cell spatial  summation has been done 

with t h e  ca t ,  some in v e s t ig a to r s  have  examined th e  l inea r /non l inea r  

dichotomy in o th e r  spec ie s .  Gouras  (1968, 1969) found  t h a t  monkey 

gangl ion cells could be  d iv ided  into tonic  and phas ic  t y p e s  (similar to 

t h e  s u s t a i n e d / t r a n s i e n t  dichotomy in th e  cat )  based  on t h e i r  re sp o n se  

to p ro longed stimuli.  T h e  tonic  cells had smaller axons  than  th e  pha -
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sic cells and  were  located in t h e  fovea.  X-l ike and  Y-like cells have 

been found  in t h e  monkey LGN based  on t e s t s  similar to those  used 

on ca t  ganglion cells ,  inc luding t e s t in g  fo r  a spat ia l  null point  (Dre-

h e r ,  Fukuda  and  Rodieck,  1976; Kaplan and Shap ley ,  1982).

Shapley  and  Gordon (1978) found X-l ike  cells in t h e  eel retina  

us ing  c o n t r a s t - r e v e r s a l  g r a t i n g s ;  a l though no Y-l ike  cells were  found ,  

a t y p e  of cell resembling  a cat  W-cell was fo u n d .  Ganglion cells of 

N ectu rus  (T u t t l e  and  Sco t t ,  1978) and  f rog  (Gordon and Shapley ,  

1978) can also be  class if ied  into X-like  and  Y-like cells.

T u r n in g  to t h e  goldfi sh  l i t e ra tu re ,  S pek re i j s e  and  van den Berg

(1971) examined phas ic  ganglion cells of t h e  goldfi sh  to de termine  th e

spatial  summation of t h e  va r ious  recep t ive  field components  and  

mechanisms. T h e y  found  t h a t  fo r  t h e  c e n t e r  and  s u r r o u n d ,  as well 

as Red and  Green components ,  t h e r e  was a l inear  spatial  summation 

fo r  t h e  va r ious  in te rac t io n s .  T h u s ,  t h e y  concluded  t h a t  all goldfish 

gangl ion cells a r e  X-l ike ;  t h e r e  was no r e p o r t  of cells t h a t  did not 

follow linear  summation. However,  t h e  s ta t em en t  made r e g a rd in g  l in­

e a r i ty  in th i s  s t u d y  may be misleading s ince  a "null  point"  was dem­

o n s t r a t e d  fo r  a spec ific  se t  of stimuli.  Th is  was accomplished, for  

example,  by  super im posing  temporally  modulated l ights  (500 nm and 

650 nm to  t e s t  t h e  l inear  combination of t h e  Red and Green compo­

nen ts )  and  ad jus t ing  both  t h e  modulation and  re la t ive  phases  until a 

null r e sp o n se  was o b ta ined .  However,  as po in ted  o u t  in a la te r p a p e r  

by Hochstein and  Shapley  (1976a), one null r e s p o n se ,  a t  one p a r t i c u ­

lar c o n t r a s t  does not imply l inear i ty .  One m ust  examine t h e  re sponse  

at  severa l  c o n t r a s t s  to  de te rm ine  w h e th e r  a null r e sp o n se  is a t r u e
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null o r  j u s t  a m at te r  of s e ren d ip i ty .  This  was not a t t empted  in th e  

Spekre i j se  and  van den Berg exper im en t .  Also, t h e i r  stimuli con­

s is ted  of la rge  c h ec k e rb o a r d  p a t t e r n s ,  which cons is t  primarily  of low 

spatial  f r e q u e n c y  components .  It is possib le  t h a t  if t h e r e  a re  nonlin­

ear i t ies  due  to th e  small su b u n i t s  as th o se  found  in t h e  cat  re t ina ,  

then  t h e y  would be insens i t ive  to  t h e s e  stimuli .

Levine and  S h e fn e r  (1979) d i s t in g u ish ed  between X-like and  not-  

X-l ike ganglion cells in t h e  goldfish by  us ing  a pinwheel of l ight 

whose posit ion could be sh i f ted  within t h e  c e n t e r  mechanism of the  

gangl ion cell. Shif t ing  t h e  pinwheel posit ion did  not ch an g e  th e  

amount of l ight st imula ting th e  c e n t e r  a n d ,  t h e r e f o r e ,  if t h e  spatial 

summation of t h e  cell w ere  l inear,  t h e r e  should  be no change  in t h e  

r e sp o n se  p a t t e r n .  T h e y  found  t h a t  ou t  of 24 gangl ion cells t e s t e d ,  9 

were  X-l ike and  15 w ere  no t-X- l ike .  A l though th i s  pinwheel t e c h ­

nique  is useful in de te rm in ing  if t h e  cell is l inear o r  X-l ike it can say  

noth ing  abou t  t h e  c h a r ac te r i s t i c s  of t h e  no t -X - l ike  cells o th e r  than  

t h a t  t h e y  a re  nonlinear .  Also,  th is  s t u d y  only examined t h e  l ineari ty  

of t h e  c e n t e r  mechanism. In a la te r  s t u d y ,  Levine (1982),  us ing  th e  

pinwheel t e ch n iq u e  on goldfi sh  gangl ion cell c e n t e r s ,  found  t h a t  of 10 

Red-OFF c e n te r  cells ,  3 were  X-l ike ,  6 were  n o t -X - l ike  and  one was 

unc lass i f ied .  For th e  3 Red-ON c e n te r  cells t e s t e d ,  1 was X-like  and 

2 were  no t -X - l ike .  T h e s e  f ind ings  a re  in d i sag reem en t  with S p e k ­

reijse  and  van den Berg (1971) s ince  o v e r  half  of t h e  cells o b se rv ed  

by  Levine were  nonl inear .
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2-5 Difference of Gauss ians  Recept ive Field Model.

Most of t h e  work  c o n ce rn ed  with spatial  p rocess ing  of ganglion 

cells has focused  on t h e  ca t  re t ina .  T h u s ,  th i s  section summarizes 

wha t  is known abou t  c a t  ganglion cells with an occasional re fe rence  to 

o th e r  spec ies .  Goldfish ganglion cells a re  somewhat more complex, 

s ince  many of th e  cells a r e  double  o pponen t  (making it d iff icul t  to 

s e p a ra te  t h e  spat ia l  and  sp ec t ra l  p r o p e r t i e s ) .  What is known abou t  

t h e i r  spatial  p ro p e r t i e s  and  recep t ive  field a r ra n g em en t  will be d i s ­

cu sse d  in Section 1 .6 .3 .

2 - 5 .2  Spatial C o n t r a s t  S ens i t iv i ty  F u n c t io n s .

The  Recept ive Field Model. It has been known fo r  some time 

t h a t  s ens i t iv i ty  ac ross  t h e  c e n t e r  mechanism is not uniform. For

example,  us ing  small sp o ts  of l ight to map t h e  recep t ive  field c e n te r s  

of ca t  ganglion cells ,  Cleland and  Enro th -Cugel l  (1968), found s e n s i ­

t iv i ty  maximum in t h e  middle of t h e  c e n t e r  component  and  d ecreased  

away from th e  middle of t h e  field.  Similar f ind ings  have  been

re p o r te d  fo r  t h e  s u r r o u n d  mechanism (Hammond, 1973). Most v e r t e ­

b r a t e  ganglion cell r e c ep t iv e  fields a re  o rgan ized  in a concentr ic  

c e n t e r / s u r r o u n d  p a t t e r n  w h e re  t h e  s u r r o u n d  re sponses  a re  oppos i te  

to  t h e  c e n t e r  r e s p o n se s .  A useful  model of t h e  recep t ive  field is t h e  

"d i f fe rence  of two Gauss ian  d i s t r ib u t io n s"  (Rodieck ,  1965). In th i s  

model,  both c e n t e r  and s u r r o u n d  d i s t r ib u t io n s  a re  c en te re d  on th e  

en t i r e  f ield ,  each with its maximal s en s i t iv i ty  located in th e  middle.

The  c e n te r  d i s t r ibu t ion  is n a r ro w e r ,  b u t  its amplitude is l a rg e r  than
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t h a t  of t h e  s u r r o u n d  d i s t r ib u t io n .  Rodieck (1965) has s u g g es te d  th a t  

if th e  s ens i t iv i ty  profile of th e  ganglion cell recep t ive  field were 

known, then  its r e sp o n se  to  any  st imulus could be dete rmined.  

U nfor tuna te ly ,  it is dif f icul t  to t e s t  th is  model ' u s in g  spots  of l ight 

s ince  any  st imulus  t h a t  st imulates t h e  c e n t e r  mechanism must inevi­

tab ly  s t imula te  t h e  s u r r o u n d  mechanism.

However,  spatial  f r e q u e n c y  analysis  can be v e r y  useful in r e la t ­

ing a cell 's  r e sponse s  to its sens i t iv i ty  profi les  (Shapley  and Lennie,  

1985). One way to accomplish th is  is to de te rmine  th e  cell 's  s en s i t iv ­

ity to s inusoidal g r a t in g s  of var ious  spatial  f r eq u e n c ie s .  This  can be 

obta ined by  d r i f t in g  s inusoidal g ra t i n g s  of d i f f e r en t  spatial  f r e q u e n ­

cies a t  a c o n s ta n t  temporal r a te  across  t h e  recep t ive  field and d e t e r ­

mining t h e  c o n t r a s t  n e ce s sa ry  to  reach a c r i te r ion  re sponse .  This  

Spatial C o n t r a s t  Sens i t iv i ty  Function (S-CSF)  is ex tremely  useful,  

especially if t h e  cell 's  re sponses  a re  l inear.  When t h e  cell 's  S-CSF is 

known, t h e  r e sp o n se  of t h e  cell to  any  st imulus can be p red ic ted ,  

s ince ,  accord ing  to Four ie r ' s  theorem, any  st imulus  can be decom­

posed into a p a r t i c u la r  combination of s inuso ids .  Also, th e  S-CSF of 

a neuron  is va luable  s ince  it can be d i rec t ly  compared with th e  S-CSF 

obta ined  behavio rally  from th e  e n t i r e  organism (B ra d d ic k ,  Campbell 

and  Atk inson ,  1978).

T es t in g  t h e  Model. T he  S-CSFs d e r iv ed  from single  ganglion 

cells a r e  qua l i ta t ive ly  similar to th e  psychophys ica l ly  dete rmined 

S-CSF (see  Maffei, 1978, fo r  a rev iew).  T h e r e  is a d ro p  in s e n s i t iv ­

ity a t  t h e  h ig h e r  spatial  f r equenc ie s  expec ted  of any  optical imaging 

device ,  as well as a t tenuat ion  of sens i t iv i ty  a t  low spatial  f r eq u en c ie s ,
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which is be lieved to be  t h e  p ro d u c t  of neural  inhibition (Ratl iff ,  

1965).

Enro th-Cugel l  and  Robson (1984) have  i l lu s t ra ted  how a ganglion 

cell 's  S-CSF can be d e r iv e d  from a "d i f fe rence  of Gauss ians"  r e c e p ­

t ive  field model.  F igure  2 shows th e  S-CSFs of t h e  c e n t e r  alone,  th e  

s u r r o u n d  a lone ,  and  t h e  e n t i r e  re cep t ive  field based  on a d i f ference  

of Gauss ians  model. Examining t h e  c e n t e r  S-CSF f i r s t ,  one can see 

t h a t  when t h e  l ight  por tion  of t h e  st imulus  covers  t h e  e n t i r e  c e n te r  

area  maximal re sp o n se s  will be  p ro d u c e d .  T h u s ,  t h e  c e n t e r  

mechanism will be  maximally sens i t ive  to a st imulus  cons is t ing  of a 

spatial  f r e q u e n c y  whose  period is o ne -ha l f  th e  ex ac t  d iameter  of t h e  

recep t ive  field c e n t e r  o r  lower. As spat ia l  f r e q u e n c y  is inc reased ,  

t h e  c e n t e r  mechanism will n e v e r  be "filled" by t h e  l ight portion  of t h e  

st imulus ,  so sen s i t iv i ty  d ec rea se s  until  t h e  spatial  f r e q u e n c y  is high 

enough so t h a t  t h e  c e n t e r  mechanism can no longer  "discr iminate"  th is  

st imulus from a uniform s timulus .  This  is t h e  acu i ty  limit of t h e  c e n ­

t e r  mechanism. Similar f ind ings  o ccu r  when t h e  s u r r o u n d  mechanism 

is st imula ted alone; how ever ,  since  th e  s u r r o u n d  d iameter  is l a rg e r  

th a n  t h e  c e n t e r ,  t h e  spatial  f r e q u e n c y  which covers  t h e  e n t i r e  s u r ­

round is l a rg e r ;  t h u s ,  s ens i t iv i ty  beg ins  to d ro p  a t  a lower spatial  

f r e q u e n c y  th a n  th e  c e n t e r  mechanism. Because of th i s ,  t h e  s u r r o u n d  

has poo re r  spatial  resolu tion than  t h e  c e n t e r  and  is v i r tua l ly  in sens i ­

t ive  a t  t h e  h ig h e r  spat ia l  f r eq u en c ies  w here  t h e  c e n t e r  is still r e s p o n ­

s ive.

T h e  overall  S-CSF of t h e  neuron  m us t  inev i tab ly  re su l t  from th e  

in teract ion of t h e  c e n t e r  and  s u r r o u n d  components .  Since t h e  spatial



F i g u r e  2

Hypothetical  S-CSFs d e r iv ed  from t h e  d i f f e r en t  
recep t ive  field components of a ganglion cell. 
Shown he re  a re  t h e  func t ions  ob ta ined  from 
s timulating th e  e n t i r e  recep t ive  field (solid 
l ine),  t h e  c e n t e r  mechanism alone (do t t ed  l ine),  
and  th e  s u r r o u n d  mechanism alone (d a sh ed  and  
d o t ted  l ine).  Note t h a t  when both  t h e  c e n te r  
and  s u r r o u n d  a re  examined s ep a ra te ly ,  t h e r e  is 
no low f r e q u e n c y  a t ten u a t io n .  However,  when 
t h e  e n t i r e  recep t ive  field is s t im ula ted ,  th e  
in te ract ion  be tween th e  two an tagon is t ic  mecha­
nisms ( c e n te r  and  s u r r o u n d )  p ro d u c e s  lateral  
inhibit ion a t  t h e  spatial  f r eq u e n c ie s  w here  th e y  
a r e  both sens i t ive  ( i . e . ,  low spat ia l  f r e q u e n ­
c ie s ) .  Th is  f ig u r e  is redrawn and  modified 
from Enro th-Cugel l  and Robson (1984).
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resolut ion of th e  s u r r o u n d  is less than  t h e  c e n t e r ,  s ens i t iv i ty  a t  high 

spat ia l  f r equenc ies  is d u e  solely to th e  c e n t e r  component.  Because 

t h e  c e n t e r  and s u r r o u n d  components  a r e  an tagon i s t i c ,  any st imulus 

which ac t iva tes  both mechanisms will p ro d u c e  an tagon is t ic  re sponses  

re su l t ing  in t h e  neuron to be less sens i t ive  to t h e s e  stimuli.  This  

expla ins  th e  d ro p  in sen s i t iv i ty  of t h e  overall  S-CSF of t h e  cell a t  low 

spatial  f r eq u e n c ie s .  At low f r eq u e n c ie s ,  sen s i t iv i ty  is reduced  

because  of t h e  in te rac t ion  between th e  an tagon is t ic  c e n t e r  and  s u r ­

round  mechanisms. Gordon and  Shapley (1978) found  ev idence  to 

s u p p o r t  t h e  notion t h a t  low f r e q u e n c y  a t tenua t ion  is due  to  t h e  a n t a ­

gonis tic  c e n t e r  and  s u r r o u n d  in te rac t ions  in f rog  and  eel ganglion 

cells;  cells t h a t  d isp layed  no a p p a r e n t  s u r r o u n d  also had S-CSFs with 

no low f r e q u e n c y  a t tenua t ion .

T he  d i f fe rence  of G auss ians  model has been t e s t e d ,  a t  least  ind i­

rec t ly ,  by  examining S-CS Fs  ac ross  cell t y p e s  and  d i f f e r e n t  st imulus  

condi t ions .  For example,  ca t  X-cells  posse ss  b e t t e r  spatial  resolution 

th a n  Y-cel ls .  This  has been de termined  by  comparing t h e i r  S-CSFs

a t  high spatial  f r eq u e n c ie s  (En ro th -C uge l l  and  Robson,  1984). Since

t h e  sens i t iv i ty  a t  high spatial  f r eq u en c ie s  is due  to  t h e  c e n t e r  mecha­

nism, X-cel ls  should  p o s se s s  smaller c e n t e r  d iameters  th a n  Y-cel ls .

Linsenmeier ,  Fr ishman, Jakie la  and  Enro th-Cugel l  (1982) d e r iv ed  th e  

sen s i t iv i ty  profi les  of X- and  Y-cells  by  decomposing t h e i r  S-CSFs 

us ing  an i te ra t ive  p ro ces s  to  f ind  t h e  b e s t  f i t  Gauss ian  profiles to t h e  

S -CSFs .  T h e i r  f ind ings  s u g g e s t  t h a t  X-cells  have  smaller recep t ive  

field c e n te r s  than  Y-cel ls .

The  in te ract ion between t h e  c e n t e r  and  s u r r o u n d  components  may
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also v a r y  as a function of t h e  st imulus and b a ck g r o u n d  condit ions .  

For example,  t h e  sh ap e  of t h e  S-CSF var ies  as a function of st imulus 

d r i f t  r a te  (Dawis,  Shap ley ,  Kaplan and  T r an c h in a ,  1984). Derr ing ton  

and  Lennie (1982) found  t h a t  chan g es  in st imulus  temporal f r e q u e n c y  

p ro d u c e d  dramatic  c h an g es  in ca t  ganglion cell S -CSFs .  However,  

t h e s e  changes  were  found  only a t  low spatial  f r eq u e n c ie s ;  chang ing  

t h e  temporal f r e q u e n c y  of t h e  st imulus did not a l te r  t h e  peak  of th e  

S-CSF o r  th e  sh ap e  of t h e  function at  high spatial  f r eq u e n c ie s .  On 

t h e  o t h e r  hand ,  s en s i t iv i ty  a t  low spatial  f r eq u e n c ie s  inc reased  with 

inc reas ing  temporal f r e q u e n c y .  T h a t  is, t h e  low f r e q u e n c y  a t t e n u a ­

tion diminished with inc reas ing  temporal f r e q u e n c y .  T hey  s u g g e s t e d  

t h a t  t h e se  r e su l t s  could be expla ined  by th e  fac t  t h a t  t h e  c e n t e r  and 

s u r r o u n d  components  po s se s s  d i f f e r e n t  temporal c h a r a c te r i s t i c s .  This  

also expla ins  why t h e  func t ion  is unaffec ted  by  high temporal f r e ­

quenc ie s  a t  t h e  high spat ia l  f r e q u e n c ie s ,  s ince  t h e  s u r r o u n d  is in sen ­

s it ive  a t  t h e  high spatial  f r e q u e n c ie s ;  t h e  r e sp o n se  a t  th is  poin t  is 

d u e  only to  t h e  c e n t e r  component .

T h e r e  is physiological  ev idence  of a phase  de lay in t h e  s u r r o u n d  

in ca t  gangl ion cells (Rodieck and  Stone,  1965). E n ro th -C uge l l ,  Rob­

son ,  Schwei tzer  and  Watson (1983) have p roposed  t h a t  spatio- temporal 

in te rac t ions  can be exp la ined  by  a signal delay of a few milliseconds 

in t h e  s u r r o u n d  r e sp o n se .  T h e y  der ived  S-CSFs a t  va r ious  temporal 

f r e q u e n c ie s ,  us ing  c o n t r a s t - r e v e r s a l  g ra t in g s  ins tead  of d r i f t in g  g r a t ­

ings .  C o n t r a s t - r e v e r s a l  g r a t i n g s  were  used  b ecause  th e y  p rov ide  

more a cc u ra te  information r e g a rd in g  th e  p h ase  lag of t h e  re sp o n se  

t h a n  d r i f t in g  g r a t i n g s .  To v e r i fy  t h a t  t h e  r e sp o n ses  to c o n t r a s t -
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reversa l  g r a t i n g s  were  similar to re sponses  ob ta ined  from d r i f t ing  

g r a t i n g s ,  S-CSFs  were  d e r iv e d  from both stimuli and  compared for  

each cell. T h e y  found  no d i f f e rence  between th e  re la tive  S-CSFs 

acr'-oss t h e  d i f f e r en t  st imuli.  U nfo r tuna te ly ,  th e  S-CSFs were  com­

p a red  a f t e r  each func t ion  was normalized; a l though  t h e  shapes  of th e  

two func t ions  ob ta ined  were  v i r tua l ly  identical ,  t h e i r  absolu te  s e n s i ­

t iv it ies  were  not compared .  This  is im por tan t s ince  a c o n t r a s t -  

reversa l  g r a t i n g  is phys ica l ly  equ iva len t  to two d r i f t in g  g ra t i n g s  mov­

ing in oppos i te  d i rec t io n s .  T h u s ,  a d r i f t in g  g r a t i n g  st imulus  would 

possess  one -ha l f  t h e  c o n t r a s t  of t h e  c o r r e sp o n d in g  c o n t r a s t - r e v e r s a l  

g r a t i n g .  Dif ferences  in abso lu te  sens i t iv i t ies  could also a r i s e  from 

t h e  asymmetr ies  found  in t h e  c e n t e r  and s u r r o u n d  mechanisms which 

can p ro d u c e  d i rec t iona l ly  selec tive  re sponses  (Dawis,  e t  a l . ,  1984). 

It should  also be  ment ioned t h a t  t h e y  only examined cells t h a t  p o s s ­

e ssed  l inear spatial  summation. However,  if t h e  r e sp o n ses  were  con­

f ined to only t h e  c e n t e r  and  s u r r o u n d  components  of t h e  recep t ive  

field,  Y-cells  should  p ro d u c e  th e  same f in d in g s .  For Y-cel ls ,  th is  

can be accomplished by  examining only t h e  fundamenta l  component of 

t h e  r e sponse .

E nro th -C uge l l ,  e t  al .  (1983) also found  t h a t  t h e  cell 's  p h a se  lag 

to  sinusoidal g r a t i n g s  of high spatial  f r eq u en c ie s  c o r r e sp o n d e d  to th e  

r e sp o n se  of t h e  c e n t e r  mechanism; t h a t  is , an O N -cen te r  cell 

r e sponded  in -p h a se  to t h e  c o n t r a s t - r e v e r s a l  g r a t i n g .  However,  when 

s timulated with lower spat ia l  f r e q u e n c ie s ,  t h e  r e sp o n se  was s l ightly  

o u t - o f - p h a s e .  T h e y  a t t r i b u t e d  th i s  ch an g e  in p h a se  lag to t h e  p r e s ­

ence  of th e  s u r r o u n d  re sp o n se  in te rac t ing  with th e  c e n t e r  mechanism.
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In summary ,  it is not possib le  to s e p a ra te  t h e  spatial  and th e  

temporal p ro p e r t i e s  of a cell 's  re sponse .  The  in te ract ion  between th e  

c e n t e r  and s u r r o u n d  components  a p p e a r s  to ch an g e  as a function of 

both t h e  spatial  and temporal p ro p e r t i e s  of t h e  st imulus .  These  

spat io- tempora l  in te rac t ions  have also been found  in human p s y ch o ­

phys ics  (Kelly,  1974).

Finally,  t h e  mean level of illumination also affec ts  t h e  S-CSF of a 

neu ro n .  When th e  mean level of illumination is low, low f r eq u e n c y  

a t tenua t ion  d i s ap p e a r s  in t h e  S-CSF of ca t  ganglion cells (E nro th -  

Cugell and  Robson, 1966; Kaplan,  Marcus and  So, 1979). This also 

ref lec ts  d i f f e rences  in t h e  in te rac t ions  between t h e  c e n t e r  and  s u r ­

round  mechanisms. It has been shown t h a t  t h e  s u r r o u n d  mechanism 

is v i r tua l ly  insens i t ive  a t  low light levels (Barlow, F itzhugh and Kuf- 

f l e r ,  1957). T h u s ,  one would p r e d ic t  t h a t  if low f r e q u e n c y  a t t e n u a ­

tion is due  to t h e  c e n t e r  and  s u r r o u n d  in te ra c t io n s ,  t h e r e  would be 

no low f r e q u e n c y  a t tenua t ion  a t  low light  levels.

^ . 5 . 2  Or ien ta tion  and  Direction S e lec t iv i ty .

Cat Ganglion C e l l s . The  d i f fe rence  of G auss ians  model proposed  

by  Rodieck assumes  a co ncen t r ic  c e n t e r  and  s u r r o u n d  organiza t ion .  

With th is  a r ra n g e m e n t ,  an individual ganglion cell would be incapable 

of p rov id ing  any  orien ta t ion  information.  T h a t  is,  a b a r  of l ight o r  a 

g r a t i n g ,  d r i f t e d  across  t h e  ganglion cell r e c ep t iv e  f ie ld ,  would yield 

t h e  same re sp o n se  r e g a rd le s s  of which or ien ta t ion  o r  direction th e  

st imulus c ro s se d  th e  fie ld .  Despite  t h e  fac t  t h a t  cortical  cells in v a r i ­
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ably  a re  orien ta t ion  se lec tive ,  ganglion cells were  believed to be 

con cen t r ic  and  symmetrical .  Careful invest igat ion of cat  ganglion cell 

re cep t ive  fie lds ,  however,  has revealed t h a t  th i s  is not t h e  case .  

For example,  when th e  c e n t e r  mechanisms of ca t  ganglion cells were  

mapped with small spots  of l igh t ,  it was found t h a t  t h e  c e n te r  was 

not c i rcu la r  b u t  elliptical (Hammond, 1974).

Levick and  Thibos  (1982) d r i f t ed  sinusoidal g r a t i n g s  a t  d i f f e ren t  

o r ien ta t ions  across  th e  recep t ive  field of ca t  ganglion cells and  found 

t h a t  t h e  majority of cells were  indeed orien ta t ion  se lec tive .  However,  

or ien ta t ion  tu n in g  was found  only when g ra t i n g s  of high spatial  f r e ­

q u e n c y  were  p r e s e n te d .  At low spatial  f r eq u e n c ie s ,  t h e  cells behaved  

as if t h e y  were  c i rcu la r ly  and  concentr ica lly  o rgan ized  while a t  high 

spat ia l  f r e q u e n c ie s ,  t h e y  c lear ly  re sponded  as if t h e  recep t ive  fields 

were  ell iptical . To accoun t  fo r  t h e se  f in d in g s ,  Levick and  Thibos 

p roposed  t h a t  ca t  ganglion cell c en te r s  were  elliptical while th e  s u r ­

ro und  mechanisms were  c i r c u la r .  At low spatial  f r eq u e n c ie s ,  w here  

t h e r e  is no a p p a r e n t  orien ta t ion  t u n in g ,  t h e  s u r r o u n d  component dom­

inates  t h e  re sp o n se ;  a t  high spatial  f r eq u e n c ie s ,  only  t h e  elliptical 

c e n t e r  component re sponds  p roduc ing  or ien ta tion  tu n in g .  This  is 

c o n s i s t e n t  with Hammond’s (1974) f inding  t h a t  t h e  c e n t e r  component is 

elliptical in shape .  Levick and  Thibos  also found  no ev idence  of 

d i rec t ion  se lec t iv i ty  in ca t  ganglion cells .  T h a t  is,  a g ra t in g  a t  a 

p a r t i c u l a r  or ien ta tion  moving in one d irec tion  p roduced  th e  same 

r e sp o n se  as th e  same g r a t i n g ,  at  t h e  same o r ien ta t ion ,  b u t  moving in 

t h e  oppos i te  d i rec t ion .  U nfo r tuna te ly ,  none of t h e  cells in th is  s tu d y  

were  t e s t e d  fo r  l inear ity  of spatial  summation. T h e re fo re ,  it is not
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known w h e th e r  orien ta t ion  tu n in g  is d e p e n d e n t  on th e  spatial 

summation p ro p e r t i e s  of t h e  cell o r  even  if all th e  c lasses  were  exam­

ined.

Soodak, Kaplan and  Shapley (1985) have con t inued  to inves t iga te  

orien ta t ion  tu n in g  in t h e  ca t  re tina  and  lateral  gen icu la te  nucleus  

(LGN). T hey  confirmed th e  f ind ings  of Levick and Thibos t h a t  g a n ­

glion cells a re  or ien ta t ion  tu n e d  because  of an elliptical c e n t e r  mecha­

nism; o r ien ta tion  tu n in g  o c c u r re d  with stimuli of high spatial  f r e q u e n ­

cies,  b u t  not with stimuli of low spatial  f r e q u e n c ie s .  T hey  also 

d iscovered  t h a t  t h e  cell 's  r e sp o n se  as a func t ion  of or ienta tion 

changed  from a func t ion  conta in ing  two peaks  a t  o r ien ta t ions  180 

d e g re e s  a p a r t  to  a func t ion  with fo u r  o r  more peaks  a t  v e r y  high 

spatial  f r eq u e n c ie s .  T h e y  bel ieve t h a t  th is  ch an g e  in t h e  orienta tion 

tu n in g  c u r v e  is a re su l t  of t h e  fac t  t h a t  th e  c e n t e r  component is not 

a s ingle ,  uniform mechanism b u t  cons is ts  of smaller s u b a r e a s .  The  

fo u r  peaked  orien ta t ion  tu n in g  c u r v e  found a t  high spatial  f requenc ies  

can be b e s t  expla ined  by  t h e  fac t  t h a t  t h e  c e n t e r  cons is ts  of two 

ad jacen t  c i r c u la r  s u b a r e a s  (Soodak,  1986). T h u s ,  a t  modera te  spatial 

f r eq u e n c ie s ,  t h e  c e n t e r  will a p p e a r  elliptical and  only a t  high spatial  

f r eq u e n c ie s  will t h e  s u b a r e a s  become a p p a r e n t .  T h e se  su b a rea s  a re  

not t h e  small, nonlinear s u b u n i t s  d i scu ssed  above s ince  t h e s e  f indings  

a re  ro b u s t  fo r  both X- and Y-cel ls;  however ,  like t h e s e  nonlinear 

s u b u n i t s ,  t h e se  s u b a r ea s  r e spond  primari ly a t  high spatial  f r e q u e n ­

cies .

In a following p a p e r ,  Soodak, Shapley and  Kaplan (1986) exam­

ined th e  o r ien ta tion  tu n in g  of t h e  small, nonlinear  su b u n i t s  found in
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Y-cel ls.  T hey  were  able  to eliminate th e  c e n t e r  and  s u r r o u n d  

component re sponses  b y  us ing  c o n t r a s t - r e v e r s a l  g r a t i n g s  and "nu l l ­

ing" t h e i r  r e sp o n se s ,  leaving only t h e  re sp o n se  of t h e  nonlinear 

s u b u n i t s .  By v a ry in g  t h e  o r ien ta t ion  of t h e  g r a t i n g ,  th e y  found t h a t  

t h e  nonlinear su b u n i t s  w ere  also orien ta t ion  t u n e d ,  b u t  in a d i f fe ren t  

fashion from th e  c e n t e r  component .

Although most of t h e i r  cells were  c lear ly  or ien ta t ion  tu n e d ,  t h e r e  

were  v e r y  few cases  in which t h e y  were  also d irec tion  select ive.  

U nfo r tuna te ly ,  due  to t h e  n a tu r e  of t h e i r  re co rd ing  t e ch n iq u e ,  no 

W-cells were  examined (W-cells axons  a r e  re la tive ly  small and  t h e r e ­

fo re  dif ficul t  to isolate when reco rd ing  a t  t h e  level of t h e  LGN); 

W-cells a re  t h e  most likely cand ida te s  fo r  d irec tion  se lec tiv ity  in t h e  

re tina  (see  Rodieck, 1979).

T h e r e  is some ev idence  t h a t  d irec tion  se lec t iv i ty  ex is t s  in th e  cat  

re t ina .  Dawis, e t  al. (1984) found  t h a t  most X-cells  in t h e  ca t  re tina 

a r e  somewhat asymmetr ic .  T h u s ,  a g r a t i n g  d r i f t in g  ac ross  t h e  r e c e p ­

t ive  field in one di rec t ion  p ro d u ced  a d i f f e r e n t  r e sp o n se  than  if t h e  

same g ra t in g  was d r i f t e d  in t h e  oppos i te  d i rec t ion .

Goldfish Ganglion C e l l s . T h e r e  has  been v e r y  little ev idence  

th a t  goldfish ganglion cells a re  orien ta t ion  o r  d irec tion  selective .  

Despite  t h e  fac t  t h a t  o r ien ta t ion  and  d i rec t ion  se lec tive  cells a re  

found in t h e  h ig h e r  v isual c e n t e r s ,  i . e . ,  t h e  op tic  tectum (Cronly-  

Dillon, 1964; Jacobson and  Gaze,  1964; Riemslag and  Sche l la r t ,  1978; 

Wartzok and Marks,  1973),  t h e r e  have  been few examples of t h e s e  

cells in t h e  re t ina .  Direct ion se lec tive  cells have  been found occa­

sionally in optic  n e rv e  r eco rd in g s  (Daw and  Beauchamp,  1972); o r i e n ­
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tat ion se lective  cells a re  also j u s t  as r a r e  in t h e  optic ne rv e  (Daw and 

Beauchamp,  1972; Riemslag and S che l la r t ,  1978).

This  lack of tu n in g  a t  t h e  ganglion cell level is qu i te  puzzling ,  

s ince  t h e r e  is both anatomical and  physiological  ev idence  th a t ,  a t  t h e  

v e r y  least ,  orienta tion tu n in g  should be found a t  th is  level. For 

example,  th e  d e n d r i t i c  s p re a d  of te leos t  b ipolar cells c learly  shows 

asymmetr ies  in t h e  form of elliptical f ields  (Stell and  Kock, 1983). 

Similar f ind ings  have  been r e p o r te d  in c a rp  ganglion cells (Kock and 

R eu te r ,  1978).

Levine and  Zimmerman (1986) have  inves t iga ted  th e  re sponses  of 

th e  su b a rea s  of t h e  c e n t e r  and  s u r r o u n d  por t ions  of t h e  goldfish g a n ­

glion cell. By examining t h e  ON and  OFF re sponses  to small spo ts  of 

l igh t ,  t h e y  were  able to  map t h e  r e sp o n se  ch a rac te r i s t i c s  of t h e  

s u b a r e a s .  T hey  found t h a t  t h e  s u b a r e a s  were  not uniform in t h e i r  

re sponses  within t h e  c e n t e r  and  s u r r o u n d  mechanisms. In fac t ,  many 

of t h e  cells examined revealed  t h a t  t h e i r  p ro p e r t i e s  were  much more 

complicated than  t h e  d i f f e r en ce  of Gauss ians  model would p red ic t .  

T h e  recep t ive  field components  were  g enera l ly  e longated  and  not con ­

cen t r ic  as t h e  model would s u g g e s t .  T hey  also found fields  t h a t  were  

asymmetr ical .  Elliptical f ie lds  and  asymmetr ies  within t h e  fields would 

s u g g e s t  t h a t  goldfish ganglion cells should  possess  o r ien ta tion  and  

di rec tion se lec t iv i ty .  However,  like t h e  ca t  cells ,  t h e  tu n in g  c h a r a c ­

te r i s t i c s  of t h e se  cells may d ep en d  on t h e  p a r t i c u la r  stimuli.

It is c lear  from t h e s e  s tud ies  of t h e  ca t  and  goldfish re tina t h a t  

t h e  recep t ive  field is not as simple as p roposed  by  t h e  d i f fe rence  of 

Gauss ians  model. The  recep t ive  field is not as symmetrical  and u n i ­
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form as original ly  p roposed  and  th e se  var ia t ions  can p ro d u ce  sub t le  

and  sometimes dramatic  changes  in r e sp o n se  fo r  a p a r t i c u la r  s e t  of 

stimuli.  Yet,  one should  not completely d i s ca rd  t h e  model since  it 

does explain many of t h e  phenomena associa ted  with t h e  recep t ive  

field re sp o n se s .  However,  t h e  model does have  its d raw backs  and 

d o es -n o t  completely d e sc r ib e  t h e  recep t ive  field p ro p e r t i e s .

2 .6  Cone C on tr ibu t ions  to  Ganglion C e l l s .

V ery  little e f fo r t  has been made to  examine t h e  re la tionship  

between th e  spat ia l  and  spec tra l  p ro p e r t i e s  of ganglion cells .  One 

reason fo r  th is  lack of information is t h a t  much of t h e  work  on g a n ­

glion cell spatial  p ro ce ss in g  has been done with t h e  ca t ,  an animal not 

known fo r  its color vis ion.  However,  when th is  re la t ionsh ip  has been 

inv es t ig a ted ,  t h e  re su l t s  have  proven  to  be in te r e s t in g .

De Valois and  De Valois (1975) p r e s e n te d  two ty p e s  of stimuli to 

t h e  recep t ive  fields  of LGN cells of t h e  macaque monkey. (Macaque 

LGN neurons  a r e  similar in re sp o n se  to  t h e i r  ganglion cells in t h a t  

t h e y  a re  concen tr ica l ly  o rgan ized  and color c o d e d . )  One st imulus 

cons is ted  of a whi te  b a r  of l ight while t h e  o th e r  s t imulus  was a red 

b a r  of l ight s u r r o u n d e d  on both sides  by  g re e n  b a r s  of l igh t (a t h i r d  

st imulus  cons is t ing  of a g reen  b a r  of l ight f lanked  by  red b a r s  of 

l ight was also u s e d ) .  T h e  red and  g reen  l ights  were  equa ted  for  

luminance so t h a t  t h e  st imulus r e p re s e n te d  only a ch an g e  of color.  

T h e  st imulus  was c e n t e r e d  on th e  recep t ive  field and  re sponses  were  

reco rd ed .  T h e  line w id ths  were  then  inc reased  to  de termine  which
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width p ro d u c e d  th e  g r e a t e s t  re sponse .  As ex p ec te d ,  t h e  white 

st imulus '  optimum width  rough ly  c o r re sp o n d e d  to t h e  size of the  

recep t ive  field c e n t e r ,  and  r e sp o n ses  dec rea sed  as t h e  width was 

inc reased  to also st imula te  t h e  s u r r o u n d  portion of t h e  field.  The  

p u r e  color s t imulus ,  on t h e  o t h e r  hand ,  p roduced  d i f f e r en t  r e su l t s .  

As t h e  c e n t e r  b a r  width  inc reased  so did th e  cell 's  r e sp o n se ,  even 

when t h e  c e n t e r  b a r  encroached  into t h e  s u r r o u n d .  For t h e  color 

s t imulus ,  st imulating  t h e  s u r r o u n d  ac tually  enhanced  th e  re sponse ,  

w h e rea s ,  fo r  t h e  white l ight s t imulus ,  t h e  s u r r o u n d  an tagonized  th e  

c e n t e r  mechanism. T h e y  concluded t h a t  fo r  t h e  LGN cells of the  

macaque,  t h e  c e n t e r  and  s u r r o u n d  a re  an tagon is t ic  fo r  luminance 

c h an g es  b u t  s y n e r g i s t i c  fo r  color st imuli.  Examining t h e s e  re su l t s  

closely ,  t h e  synerg ism  be tween th e  c e n t e r  and  s u r r o u n d  mechanisms 

becomes a p p a r e n t ;  fo r  a +R c e n t e r  and  -G s u r r o u n d  cell , as t h e  red 

c e n te r  b a r  spills o v e r  into t h e  s u r r o u n d ,  t h e r e  will be  less g reen  

l ight in th e  s u r r o u n d  p ro d u c in g  less inhibition and  t h e r e f o r e  s t r o n g e r  

e x c i t a t io n .

Gouras  and  Z r e n n e r  (1979) d em ons t ra ted  t h a t  t h e  c e n t e r  and 

s u r r o u n d  in te rac t ions  w ere  d e p e n d e n t  upon both  t h e  temporal and 

spec t ra l  p ro p e r t i e s  of t h e  s t imulus .  T h e y  p re s e n te d  va r ious  spec t ra l  

stimuli a t  v a ry in g  f l i cke r  ra te s  and  found t h a t  a t  high f l icke r  r a te s ,  

not only did  color coded ganglion cells lose t h e i r  spec t ra l  opponency ,  

b u t  t h e  c e n t e r  and  s u r r o u n d  re sponse s  were  actually  sy n e rg i s t i c .  

T h e i r  r e su l t s  can be  exp la ined  by  a f r e q u e n c y  d e p e n d e n t  p hase  sh i f t  

be tween t h e  c e n t e r  and  s u r r o u n d  spec t ra l  mechanisms. T he  above 

exper im en ts  i l lu s t ra te  t h a t  t h e r e  a r e  in te rac t ions  between th e  c h r o ­
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matic,  spat ia l ,  and  temporal channels  in t h e  ganglion cell and  th a t  th e  

channels  a r e  not s ep a rab le .

2 . 6 . J  Spatial  Summation and  Cone I n t e r a c t io n s .

It was or ig inally  believed t h a t  th e  X/V dis t inc tion was re la ted to 

w h e th e r  t h e  cell was sp ec t ra l ly  oppo n en t  o r  nonopponent  (Schil ler  and  

Malpeli, 1977). D re h e r ,  e t  al. (1976) a t tem pted  to  c lass ify  LGN cells 

of old world monkeys  into X- and  Y-cells  as well as into spec t ra l  

c lasses .  T h e  spec t ra l  classificat ion was based  on t h e  classification of 

Wiesel and  Hubei (1966).  T h e y  found  t h a t  t y p e s  I and  II of Wiesel 

and  Hubei 's  c lass ificat ion were  X-l ike while t y p e  IV ap p ea re d  to  be  

Y-like .  T y p e  III cells were  su b d iv id ed  into 111 x and  Il ly  cells.

However t h e i r  stimuli cons is ted  of sp o ts  of l ight and  t h e y  class ified  

t h e  cells into X- and  Y-l ike based  on th e  basis  of t h e  s u s t a in e d /  

t r a n s i e n t  c r i t e r io n .  T h u s ,  spatial  summation was not d i rec t ly  t e s t e d .  

Also, spec t ra l  c lass ificat ion was based  on t h e  re sp o n se  to severa l

waveleng ths  of l igh t;  no action s p ec t ra  were  ob ta ined  to  ve r i fy  

exac t ly  which cone in p u ts  were  p r e s e n t .

Only one ex per im en t  to  da te  has  a t tem pted  any  f u r t h e r  in v es t i ­

gation to re la te  t h e  spec t ra l  p ro p e r t i e s  of a cell and  its l ineari ty  of 

spatial  summation, de  Monasterio (1978) found  t h a t  t h e  seg rega t ion  of 

t h e  two dichotomies (X/Y  a n d .  spec t ra l ly  o p p o n e n t /n o n o p p o n e n t )  is not 

as c l e a r - c u t  as orig inally  p roposed .  Record ing from macaque ganglion 

cells ,  he ca tegor ized  each cell us ing  Wiesel and  Hubei 's  (1966) c la s s i ­

fication scheme fo r  macaque LGN cells .  Once c lassi fied along th is

dimension, each cell was examined fo r  its overall  l ineari ty  as well as
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t h e  l ineari ty  of its c e n t e r  and s u r r o u n d  mechanisms s ep a ra te ly .  The  

re su l t s  were  t h a t  only t y p e  I cells ( i . e . ,  cells t h a t  received only one 

cone inpu t  within a recep t ive  field mechanism) had overall  l inear ity ,  

t y p e  III and  ty p e  IV cells were  classified as Y-like cells even though  

ty p e  IV cells were  sp ec t ra l ly  o pponen t .  By p r e s e n t in g  stimuli of d i f ­

f e r e n t  waveleng ths  on d i f f e r e n t  chromatic b a c k g r o u n d s ,  de Monasterio 

was also able to  examine t h e  p ro p e r t i e s  of th e  individual  cone inpu ts .  

For spec t ra l ly  o pponen t  cells ( ty p e  I and  IV) it was found t h a t  only 

cone in pu ts  t h a t  were  spec if ic  to  a p a r t i c u la r  mechanism ( i . e . ,  c e n t e r  

o r  s u r r o u n d )  were  l inear .  For example,  in a t y p e  IV cell (which 

consis ts  of both Red and  Green exc i ta to ry  components  in t h e  c e n t e r  

( + RG) and an inh ib i to ry  Red component in t h e  s u r r o u n d  ( - R ) )  only 

t h e  Green component ap p ea re d  to be  l inear.  For t y p e  I cells ( + R in 

th e  c e n t e r  and  -G in t h e  s u r r o u n d )  both  components  were  l inear.  To 

dem ons t ra te  th i s  f u r t h e r ,  de  Monasterio examined t h e  s en s i t iv i ty  p r o ­

files of t h e  t y p e  I r e cep t iv e  fields and  found  th e  s u r r o u n d  mechanism 

to have  a bimodal prof ile ;  t h a t  is,  t h e  s u r r o u n d  mechanism does not 

over lap  t h e  c e n t e r  component ;  fo r  t h e s e  cells t h e  c e n t e r  and s u r r o u n d  

por tions  were  completely s e p a ra te .

T h e re  a r e  severa l  problems with th is  s t u d y .  Although spec tra l  

sens i t iv i t ies  were  ob ta ined  initially to  c lass ify  t h e  cell , t h e r e  is no 

indication t h a t  any  sp ec t ra l  sens it iv it ies  were  de termined  d u r in g  c h r o ­

matic adap ta t ion .  T h e r e f o r e ,  t h e r e  is no way of knowing which cone 

t y p e s  were  co n t r ib u t in g  to t h e  o u tp u t  of t h e  cell. For example,  de  

Monasterio,  Gouras  and T o l h u r s t  (1976) found  concealed color oppo- 

nency  in rh e su s  monkey ganglion cells.  It is possib le  t h a t  concealed
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cone in p u ts ,  revealed  by  chromatic  adap ta t ion ,  may have influenced 

t h e  re sponses  of t h e  cells .  This  can only be  de termined by  

examining t h e  spec t ra l  sens i t iv i t ies  of t h e  cell d u r in g  chromatic  a d a p ­

ta t ion .  A second problem has to do with th e  "c loseness"  of t h e  s p e c ­

t ra l  sens it iv it ies  of t h e  pr imate  cones .  Any a t tem pt  to  chromatically 

a d ap t  one cone ty p e  will inevi tably affect  t h e  s ens i t iv i ty  of t h e  o t h ­

e r s .  This  again s u g g e s t s  t h a t  spec t ra l  sens i t iv i t ies  should  have  been 

de termined  d u r in g  chromatic  adapta tion  to de termine  t h e  " p u r i ty "  of 

t h e  cone in p u ts .  A no th e r  problem is t h a t  th e  sen s i t iv i ty  profi les  

were  examined only fo r  cells with o v e r t  d ichromatic  opponency .  This  

was done fo r  t h e  sake  of convenience; however ,  th is  el iminates any  

cells with a t r ichrom at ic  a r r a n g em en t .  The  most se r ious  problem with 

th is  s tu d y  is t h a t  a b ip a r t i t e  field was used  to t e s t  fo r  t h e  ex i s t ence  

of a spatial  null po in t .  Since such a st imulus  cons is t s  primari ly  of 

low spatial  f r eq u en c ies  it might have  been in adequa te  to ac t iva te  t h e  

small, nonlinear  s u b u n i t s ;  many Y-like cells may have  been misclassi-  

fied as l inear .

T h e se  r e su l t s  and  shor tcomings  ra ise  some in te re s t in g  ques t ions  

r e g a rd in g  goldfish ganglion cells.  T he  majority of goldfi sh  gangl ion 

cells a re  both spatia lly  and  spec t ra l ly  o p ponen t .  In f a c t ,  t h e y  a re  

d oub le -opponen t  in t h a t  t h e y  d isp lay  spec t ra l  opponency  within a c e n ­

t e r  o r  s u r r o u n d  mechanism ( e . g . ,  +R-G in t h e  c e n t e r  and  - R +G in 

th e  s u r r o u n d ) .  It also a p p ea rs  t h a t  each mechanism receives  inpu t  

from all t h r e e  cone t y p e s  w h e th e r  th e  con t r ib u t io n s  a re  o v e r t  o r  not 

(Mackintosh,  1981; Mackintosh ,  e t  a l . ,  1987). If th i s  is th e  case ,  

then  t h e  r e su l t s  from t h e  spec t ra l ly  opponen t  ganglion cells of t h e
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primate  would s u g g e s t  t h a t  t h e  d oub le -opponen t  ganglion cells of th e  

goldfish a re  nonlinear  o r  Y-like .  This  d i rec t ly  opposes  th e  f ind ings  

of Spekre i jse  and  van den  Berg (1971) who r e p o r t  t h a t  all goldfish 

ganglion cells a re  both spatia lly  and  sp ec t ra l ly  l inear.  T h a t  is,  not 

only do th e  spatial  s u b a r e a s  summate l inearly ,  b u t  t h e  spec t ra l  inpu ts  

( e . g . ,  Red- and  G reen-com ponen ts )  summate t h e i r  s ignals  l inearly 

(see  Section 1 .4 .2 ) .

More recen t ly ,  van Dijk and  Spekre i j se  (1984b) examined t h e  l in­

ea r i ty  of t h e  spec t ra l  inp u ts  of d o ub le -opponen t  ganglion cells in th e  

c a rp  re t ina .  Lineari ty  was de termined by  a lgebra ica l ly  combining th e  

c e n t e r  re sponses  to a 694 nm spo t  and  a 550 nm spo t  p re s e n te d  s e p a ­

ra te ly  and  comparing them to  t h e  physiological  sum resu l t ing  from 

p re s e n t in g  both spo ts  s im ultaneously .  Four teen  ou t  of 49 cells t e s t e d  

d isp layed  l inear summation. C lear ly ,  spatial  summation is not d e p e n ­

d e n t  on w h e th e r  only one  cone mechanism is p r e s e n t  within a r e c e p ­

t ive  field a rea .  U n fo r tu n a te ly ,  in all t h e  s tu d ie s  d e sc r ib e d  above,  

spatial  summation was not r igo rous ly  and q u a n t i t a t iv e ly  a s s e s s e d  with 

t h e  a p p ro p r ia t e  stimuli o r  p r o c e d u re s  as has been done  in t h e  cat  

re t ina .

1 -6 .2  Sens i t iv i ty  to  C o n t r a s t .

More recen t  a t tem pts  to re la te  spat ia l  and  sp ec t ra l  p ro p e r t i e s  

have  examined th e  cell 's  s en s i t iv i ty  to s t imulus  c o n t r a s t .  Kaplan and  

Shapley (1984; 1986) have  been able to  monitor t h e  r e sponses  of 

macaque ganglion cells by  reco rd ing  from t h e  LGN. The  macaque 

LGN consis ts  of severa l  layers  in which ganglion cell axons  a p p e a r  to
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projec t  to  t h e  d i f f e r e n t  layers  based  on t h e i r  spec t ra l  coding.  

Spec tra l ly  opp o n en t  ganglion cells p ro jec t  to t h e  pa rvocel lu lar  layers  

of t h e  LGN (P -c e l l s ) ,  while spec t ra l ly  nonopponent  ganglion cells 

pro jec t  to t h e  magnocellu lar layers  (M-cells) .  T hey  also d iscovered  

t h a t  M-cells ( spec t ra l ly  nonoppponen t )  were  also v e r y  sens i t ive  to 

st imulus  c o n t r a s t .  On t h e  o t h e r  hand ,  P-cells  ( sp ec t ra l ly  opponent)  

were  re la tive ly  in sens i t ive  to g ra t i n g  c o n t r a s t .  Using th e  a p p ro p r ia te  

qu a n t i t a t iv e  m easures  to  de te rm ine  t h e  spatial  summation p ro p e r t i e s  of 

t h e s e  cel ls ,  it was fo und  t h a t  a l though th e  majority of cells were  

X-l ike ,  both P- and  M-cells could be Y-like.  This  s u g g e s t s  t h a t  th e  

l inear ity  of spat ia l  summation is in d e p en d e n t  of w h e th e r  t h e  cell is 

spec t ra l ly  o pponen t  o r  nonopponen t .

1 -6 .3  Spatial  C o n t r a s t  Sens i t iv i ty  F u n c t io n s .

As d i s cu s sed  in Section 1 .5 ,  t h e  S-CSF of a gangl ion cell is a 

func t ion  of its r e cep t iv e  field components  and t h e i r  in te rac t ions .  

T h u s ,  any  d i f fe rences  in recep t ive  fields across  cells should be 

re f lec ted  in d i f f e rences  in t h e  S -CSFs .  Goldfish gangl ion cells p r o ­

v ide  an in te re s t in g  vehic le  to  t e s t  t h e  d i f fe rence  of Gauss ians  model 

s ince  t h e y  p rov ide  d i f fe ren ces  ac ross  cell c lasses  in both t h e  spatial  

and spec t ra l  domains.

Ganglion Cell Color Mechanisms. Many goldfish ganglion cells 

a r e  doub le -o p p o n en t .  Each of t h e s e  cells possesses  a c e n t e r  and an 

a n tagon is t ic  s u r r o u n d  region as  well as spec t ra l  opponency  within 

each mechanism. In p r im ates ,  doub le -o p p o n en t  recep t ive  fields a re  

found  only  in t h e  co r tex  (Hubei and  Wiesel, 1968; Thore l l ,  De Valois
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and  A lb rech t ,  1984). An example of t h e  recep t ive  field map of a t y p ­

ical goldfish d o u b le -o p p o n e n t  cell is shown in F igure  3a.  T h e  le t te rs  

r e f e r  to t h e  maximally effec t ive  waveleng ths  and  th e  s igns  assoc iated 

with t h e  le t t e r s  r e f e r  to an exc i t a to ry  ( + ) o r  inh ib i to ry  ( - )  re sponse .  

T h e  two inne r  c irc les  c o r r e sp o n d  to t h e  c e n t e r  component while th e  

l a rge ,  o u t e r  c irc le  r e p r e s e n t s  t h e  s u r r o u n d  component.  Note t h a t  

any  st imulus  in t h e  c e n t e r  will p ro d u c e  an oppos i te  r e sp o n se  if th e  

same st imulus  is p r e s e n t e d  in t h e  s u r r o u n d  - -  t h e  cell is spatial ly  

o p p o n e n t .  T he  actual r e sp o n se  sign within each component dep en d s  

on th e  wavelength  of t h e  s t imulus .  For example,  a long-wavelength  

st imulus in t h e  c e n t e r  will p ro d u ce  a r e sp o n se  of exci ta t ion ,  while a 

middle-wavelength  s t imulus  in t h e  c e n t e r  will, p ro d u c e  an inhib i tory  

re sp o n se ;  j u s t  t h e  oppos i te  is t r u e  fo r  t h e  s u r r o u n d  re sp o n se s .  This  

cell is sp ec t ra l ly  o p p o n e n t .  A no th e r  common a r ra n g e m e n t  of d oub le ­

o p p o n e n t  cells is t h e  same conf igura t ion  b u t  with all t h e  re sp o n se  

s igns  r e v e r s e d  ( - R +G in t h e  c e n t e r  and  + R-G in t h e  s u r r o u n d ) .

T h e  smaller por t ion  of th e  cell 's  c e n t e r  cons is t s  of an exc i t a to ry  

Red-  and  an inh ib i to ry  G reen-com ponen t .  T h e  inh ib i to ry  component  

e x te n d s  beyond  t h e  smal ler exc i t a to ry  component  and  forms t h e  o u te r  

r ing  of t h e  c e n t e r .  T h e  smaller portion of t h e  c e n t e r  is always th e  

Red-component;  t h e  G reen-com ponen t  c e n t e r  is always s l igh t ly  l a rg e r  

th a n  t h e  Red-component ,  r e g a rd le s s  of th e  r e s p o n se  s ign .  Mapping 

th e  recep t ive  field c e n t e r  with small, monochromatic spo ts  of l ight  

shows t h a t  t h e  a v e r a g e  size of t h e  Red-component is rough ly  1 mm in 

d iameter  (Macy and E a s te r ,  1981).  Daw (1967a, 1968) found  s lightly  

l a rg e r  d iameters  fo r  t h e  Red-component (Mean: 1.35 mm) and a
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Figure  3

Spatial organ iza t ion  of commonly found  goldfish 
ganglion cel ls .  T h e  le t te r s  r e f e r  to t h e  maxi­
mally e f fec t ive  waveleng th  and  t h e  s igns  assoc i­
a ted  with t h e  l e t t e r s  r e f e r  to  e i t h e r  an exc i t a ­
to r y  ( +) o r  inh ib i to ry  ( - )  r e sp o n se .  In ( a ) ,  a 
d o u b le -o p p o n e n t  recep t ive  field is shown.  The  
two inner  c irc les  d isp lay  t h e  c e n t e r  component 
while t h e  l a rge  o u t e r  c irc le  r e p r e s e n t s  t h e  s u r ­
round  mechanism. This  cell is doub le -o p p o n en t  
in t h a t  it is both  spatia lly  o p p o n e n t  ( the  
r e sp o n se  s ig n s  of t h e  c e n t e r  a re  oppos i te  to th e  
r e sp o n se  s igns  of t h e  s u r r o u n d )  as well as 
spec t ra l ly  opp o n en t  within a g iven mechanism. 
For example,  within t h e  c e n t e r  mechanism, th e  
cell r e sp o n d s  to long-wave leng th  l ight with 
exci ta tion and  middle-wavelength  l ight with 
inhibi t ion.  In ( b ) ,  a spec t ra l ly  nonopponent  
recep t ive  field a r ra n g e m e n t  is shown. This  cell 
t y p e  is not spec t ra l ly  opp o n en t  s ince  t h e r e  is 
no ch an g e  in r e sp o n se  sign as a func t ion  of 
w ave leng th .  However,  th i s  cell is spatial ly  
o pp o n en t  in t h a t  it po s se s se s  a c e n t e r  and  an 
an tagon is t ic  s u r r o u n d .  For both  cell t y p e s ,  
cells with t h e  oppos i te  re sponses  a r e  also com­
monly found  ( e . g . ,  a -R c e n te r  and  +R s u r ­
round)  . T h e  recep t ive  field components '  diame­
t e r s  a re  d raw n  to scale - -  va lues  were  obta ined  
from Daw (1967a; 1968).
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Green-com ponent  a v e r a g e  diameter of 1.60 mm. It is not c lear  why 

Daw's values  a re  l a r g e r  than  th o se  in o th e r  r e p o r t s ;  however ,  it is 

likely to be  due  to t h e  fac t  t h a t  l a rg e r  f ish were  used  in his work.  

Although th e  fish size in his original  work was not r e p o r t e d ,  s u b s e q ­

uen t  work  (Daw and Beauchamp,  1972) r e p o r te d  fish sizes of 6 to 10 

inches ,  which is somewhat la rge .  This  could accoun t  fo r  t h e  d i f f e r ­

ences  since  recep t ive  field size,  measured  in millimeters on th e  re t ina ,  

inc reases  with fish length  (Macy and Eas te r ,  1981). However,  t h e  

im por tan t  a sp ec t  of t h e  above work is t h a t  th e  Red-component is 

always s l igh tly  smaller th a n  th e  Green-com ponen t  in t h e  c e n t e r  mecha­

nism.

Raynauld  (1975) has  p roposed  th a t  t h e  recep t ive  field o rg a n iz a ­

tion of t h e s e  cells is a d i r e c t  consequence  of t h e  n eu ro n s  from which 

each mechanism receives  its in p u t s .  F igure  4a shows t h e  recep t ive  

field of a b ipola r cell with a c e n t e r  and  s u r r o u n d  a r r a n g e m e n t .  This  

b ipolar  cell has a Red-ON c e n te r  with an an tagon is t ic  G reen-OFF s u r ­

ro u n d .  Since t h e  ganglion cell c e n t e r  receives  its in p u t  d i rec t ly  from 

bipolar  cells ,  F igure  4b shows th e  re su l t  of combining t h e  inpu ts  of a 

num ber  of b ipola r cells of t h e  same ty p e .  T h u s ,  t h e  Red-component 

of t h e  ganglion cell c e n t e r  is comprised of t h e  sum of t h e  b ipola r cell 

c e n t e r s ;  t h e  o u t e r  G reen-com ponen t  of t h e  ganglion cell c e n t e r  is 

comprised  from t h e  sum of t h e  bipolar cell s u r r o u n d s .  This  schematic 

is f u r t h e r  s u p p o r t e d  by  t h e  fac t  t h a t  t h e  majority of t h e  b ipolar cells 

s tu d ied  p o s se s sed  a Red-component  dominated c e n te r  account ing  fo r  

t h e  f ind ing  t h a t  t h e  smallest  component  in ganglion cells c en te r s  a re  

dominated by  t h e  Red-component.



7 3

Figure  4

Hypothetical  model of t h e  neura l  inpu ts  to a 
doub le -o p p o n en t  goldfi sh  ganglion cell c e n te r  
mechanism. T h e  le t te r s  r e f e r  to t h e  maximally 
effect ive waveleng th  and  t h e  s igns  associa ted  
with t h e  l e t t e r s  r e f e r  to  e i t h e r  an exc i ta to ry  
( + ) o r  inh ib i to ry  ( - )  r e sp o n se .  In ( a ) ,  th e  
components  of a +R c e n t e r  and  -G s u r r o u n d  
b ipola r cell a re  shown.  In ( b ) ,  t h e  r e s u l t  of a 
number  of t h e s e  b ipo lar  cells co n v e rg in g  to 
form th e  in p u t  of a ganglion cell is shown. 
Only o n e - q u a r t e r  of t h e  b ipo lar  cells n eces sa ry  
to form t h e  e n t i r e  ganglion cell is p r e s e n te d  for  
c la r i ty .  With t h e  e n t i r e  complement of bipolar 
cell in p u t s ,  t h e  ganglion cell re cep t ive  field 
c e n t e r  would be  c i r c u la r  as  in F igure  3a .  This  
f ig u r e  is red raw n  and  modified from Raynauld  
(1975).
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a )  B i p o l a r  c e l l
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b )  G a n g l i o n  c e l l
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The  ganglion cell s u r r o u n d  p robab ly  receives  its inpu t  from 

amacrine cells.  This  is s u p p o r t e d  by  th e  fac t  t h e  amacrine  cells a re  

most re spons ive  to la rge  fie lds  and  insens i t ive  to  small stimuli . This 

would explain why th e  la rge  s u r r o u n d  component was l i terally u n d e ­

tec ted  in ear ly  work us ing  small spo ts  of l ight (Wagner ,  e t  a l . ,  1960) 

and  uncovered  when la rge  annuli  were  p r e s e n te d  (Daw, 1967a, 1968). 

The  recep t ive  field s u r r o u n d  may be as la rge  as 6 mm in d iameter 

(Daw, 1967a; 1968).

A no the r  common goldfi sh  ganglion cell t y p e  p o s se s se s  a spatially 

o p ponen t ,  b u t  spec t ra l ly  nonopponen t  recep t ive  field (see  F igure  3 b ) .  

In th is  cell t y p e ,  t h e  r e sp o n se  to  a st imulus  p r e s e n t e d  to  th e  c e n t e r  

is oppos i te  to t h e  r e sp o n se  to th e  same stimulus  p r e s e n t e d  in t h e  s u r ­

round .  However,  unl ike t h e  d o u b le -o p p o n e n t  cells ,  t h e  re sponse  

within t h e  c e n t e r  o r  s u r r o u n d  does not d ep en d  on t h e  st imulus w ave­

leng th .  Although t h e s e  cells a re  o v e r t ly  sp ec t ra l ly  nonopponen t ,  it 

does not  necessa r i ly  imply t h a t  t h e s e  cells p o sse ss  only  one cone

inpu t .  It is possib le  t h a t  t h e  c e n t e r  may po s se s s  a rela tively  weak

Green-com ponent  in which t h e  Red-component domina tes ,  o r  t h a t  th e  

inpu ts  of two cone t y p e s  a r e  combined in such  a way t h a t  th e y

behave  as one cone ty p e  (Sirovich and  Abramov, 1977).

Spectra l  Response  C l a s s . A cell 's  sp ec t ra l  r e s p o n se  class  may 

also inf luence its S-CSF. In goldf ish ,  t h e  size of t h e  recep t ive  field 

c e n t e r ’s Red-component v a r ie s  as a func t ion  of s p ec t ra l  c lass ;  t h e  

a v e r ag e  value of t h e  r ecep t iv e  field c e n t e r  is rough ly  1 mm in diame­

t e r ,  b u t  when s e g r e g a te d  by  spec tra l  c lass ,  Red-ON c e n t e r  cells a re  

smaller in size than  Red-OFF c e n te r  cells (Macy and Eas te r ,  1981;
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S che l la r t  and Spekre i j se ,  1976). T h e  recep t ive  field c e n te r s  of 

ON/OFF cells may be smaller than  th o se  of both Red-ON and Red-OFF 

c e n t e r  cells (Macy and E a s te r ,  1981). T h e se  f ind ings  were  d e t e r ­

mined by  mapping th e  d iameter  of t h e  c e n t e r  a rea  with small, mono­

chromatic  spo ts  of l igh t .  Since t h e  Red-component of t h e  c e n te r  

mechanism is t h e  smallest  s u b a r ea  of t h e  recep t ive  field,  th e  r e s p o n ­

ses  of th i s  component should  de te rm ine  sens i t iv i ty  a t  t h e  h ighe r  s p a ­

tial f r eq u e n c ie s .  Any d i f fe ren ces  in size across  spec t ra l  class should 

also be found  a t  th e  h ig h e r  spat ia l  f r eq u e n c ie s  of t h e  S-CSFs .

This  d i f fe rence  in c e n t e r  d iameter  across  spec t ra l  class is found 

in both spec t ra l ly  o p p o n e n t  and  nonopponen t  cells ,  and  co r re sp o n d  

with d i f fe rences  in t h e  s izes  of ganglion cell bodies;  Red-ON c e n te r  

cells have  smaller cell bodies  th a n  Red-OFF cells .  T h e r e  is no ev i ­

dence  indica ting t h a t  t h e  G reen-com ponen t  c e n t e r  va r ies  with spec t ra l  

cell t y p e .

\.1_  T h e  S t u d y .

The  goal of th is  p ro jec t  is to  examine and  re la te  t h e  spatial  and 

spec t ra l  p ro p e r t i e s  of ganglion cells .  T h e  goldfish is t h e  ideal c and i ­

d a te  fo r  th is  ty p e  of inves t iga t ion ;  s ince  it is commonly used  as a 

model of v e r t e b r a t e  color v is ion ,  many of its spec t ra l  c h a rac te r i s t i c s  

have  a l ready  been examined.  Also,  because  of its ro b u s tn e s s  and 

s tab i l i ty  as a retinal  p r e p a r a t io n ,  each cell u n d e r  invest igation  can be 

ex h au s t iv e ly  and  r igorous ly  t e s t e d .  This  is of p a r t i c u la r  importance 

f o r  examining t h e  spat ia l  p ro p e r t i e s  of t h e s e  cells s ince  a t h o ro u g h ,  

q u a n t i t a t iv e  a ssessm en t  r e q u i r e s  a g r e a t  deal of time. In th is  s ec ­
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t ion ,  t h e  var ious  h y p o th e se s  to  be t e s t e d  will be d i s cu s sed .

1 - 7 . T_ Goldfish Spatial P r o c e s s in g .

Although th e  goldfi sh  is often used  as a model fo r  color vision,  

t h e  spatial  p ro p e r t i e s  of its re tina  have  been somewhat ignored .  In 

sp i te  of th e  r igo rous ,  q u a n t i t a t iv e  ana lyses  pe r form ed  on cat  ganglion 

cells ,  t h e r e  have  been v e r y  few a t tem pts  to  e s tab l ish  th is  t y p e  of 

invest igation  with goldfi sh  gangl ion cells .  The  few a t tempts  t h a t  have 

been made have  yie lded completely d i s p a r a t e  f in d in g s .  For example,  

some re p o r t s  claim t h a t  all go ldfi sh  ganglion cells a re  l inear,  o th e r s  

r e p o r t  t h a t  t h e  majority a r e  nonl inear .  T h e  d i f fe rences  a re  most 

likely d u e  to t h e  t y p e  of stimuli and th e  definit ion of l inear ity  used .  

One a sp e c t  of th is  work is to  "b r in g  t h e  goldfish  up to  da te"  r e g a r d ­

ing its spat ia l  p r o c e s s in g .  Th is  will be  accomplished by 

qu an t i t a t iv e ly  a s se s s in g  th e  spatial  p ro p e r t i e s  of goldfish ganglion 

cells us ing  t h e  same c r i t e r ia  and  t e ch n iq u es  as used  in t h e  ca t  and 

monkey r e s e a rc h .  For example,  l inear ity  will be  de te rm ined  by p r e ­

sen t in g  c o n t r a s t - r e v e r s a l  g r a t i n g s  to t h e  re tina  and  determin ing  

w h e th e r  a spatial  null pos it ion can be found .  The  c r i te r ia  ( the  ex i s ­

t e n ce  of a null poin t  is one)  fo r  X-l ike cells in t h e  goldfish re tina  will 

be  th e  same c r i te r ia  u sed  in de termin ing  X-cel ls  in t h e  ca t  re t ina .  

Only th r o u g h  th is  kind of a sse ssm en t  can t h e  spat ia l  p rocess ing  of 

goldfish ganglion cells be  unequivocally  re la ted  to  t h e  ca t  re t ina 's  

spatial  p ro c e ss in g .

A no the r  a sp ec t  of t h e  goldfi sh  gangl ion cell 's  spatial  p rocess ing  

is its spatial  f i l te r ing  c h a r a c t e r i s t i c s .  Th is  will be de termined  by



7 8

d er iv ing  S-CSFs fo r  each cell. Since th e  recep t ive  field p rope r t i e s  of 

goldfish ganglion cells a r e  similar to ca t  ganglion cell recep t ive  fie lds ,  

t h e s e  func t ions  should  be  similar to t h e  S-CSFs of t h e  ca t  and  o th e r  

spec ies .  It will also be of in t e r e s t  to compare t h e  goldfish ganglion 

cell S-CSFs to th e  psychophys ica l  S-CSF of t h e  goldfish (Northmore  

and  Dvorak ,  1979). T h e  goldfish psychophys ica l  S-CSF,  a l though 

sh i f ted  to lower spatial  f r e q u e n c ie s ,  is similar in shape  to  t h e  S-CSFs  

of o th e r  spec ies .  By ob ta in ing  th e  S-CSFs of t h e  ganglion cells,  

t h e i r  spatial  resolution can be compared to t h e  resolution of t h e  en t i re  

animal 's  visual system.

1 -7 .2  T es t in g  th e  Difference  of Gauss ians  Model.

Because  it is possib le  to maintain s tab le  isolation of goldfish g a n ­

glion cells ,  it is feasib le  to examine t h e  re sponses  of t h e  same cell to 

a num ber  of d i f f e r e n t  stimuli .  Th is  will p ro v id e  a more complete p ic ­

t u r e  of t h e  spatial  c h a r a c te r i s t i c s  of t h e se  cells.  For example,  it is 

of in t e r e s t  to  examine t h e  spatio-tempora l in te rac t ions  of a cell, not 

only to  confirm th e  similari t ies of t h e  goldfish cells to o th e r  spec ies ,  

b u t  as a t e s t  fo r  t h e  d i f f e r en ce  of Gauss ians  model. Since t h e  c e n te r  

and  s u r r o u n d  a r ra n g e m e n t  of goldfish ganglion cells is similar to 

o t h e r  spec ies ,  th e y  should  also possess  th e  same spatio-tempora l 

in te rac t ions .  For example,  if t h e  S-CSFs of spatia lly  o pponen t  go ld ­

fish cells lose t h e i r  low f r e q u e n c y  a t tenua t ion  a t  high temporal f r e ­

q u en c ie s ,  then  it would s u g g e s t  t h a t  t h e  goldfish is similar to  o th e r  

species  and  still an a d eq u a te  model of a v e r t e b r a t e  visual system. 

However,  if t h e r e  a r e  no d i f fe rences  in t h e  S-CSFs  across  temporal
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f r e q u e n c y ,  then  one can conclude  th a t  not only is th e  goldfish 

inapp rop r ia te  as a model, b u t  also,  t h a t  spatial  opponency  is not s u f ­

fic ient  to account  fo r  t h e  spatio-tempora l in te rac t ions .

A nother  t e s t  of t h e  d i f fe rence  of Gauss ians  model would be to 

d e r iv e  S-CSFs for  t h e  c e n t e r  and  s u r r o u n d  alone and  compare th e se  

func t ions  to t h e  S-CSF of t h e  e n t i r e  recep t ive  field of t h e  same cell. 

This  has not been done success fu l ly  in t h e  p a s t  because  it r eq u i re s  a 

long isolation time to p r e s e n t  t h e  a p p ro p r ia t e  stimuli and  also, it is 

dif ficult  to isolate t h e  c e n t e r  and  s u r r o u n d  s ince  t h e i r  sens i t iv i ty  

profi les  over lap .  However,  maintaining isolation is no problem fo r  t h e  

goldfish p re p a ra t io n ,  and  th e  re sponses  of one mechanism can be  min­

imized by  r e s t r i c t in g  t h e  st imulus g ra t in g  to  a spo t  o r  annu lus  while 

maintaining t h e  r e s t  of t h e  field a t  t h e  same mean luminance.

Extending  th e  spat io- tempora l  domain to  its limit, it is of i n te r e s t  

to examine t h e  temporal p ro p e r t i e s  of t h e  cell with a st imulus of zero 

spatial  f r e q u e n c y .  This  is noth ing  more than  a uniform field which 

modulates a round  a mean luminance as a sinusoidal func t ion  of time. 

Each temporal f r e q u e n c y  can be  p r e s e n te d  at  severa l  c o n t r a s t s ,  and  

t h e  sens i t iv i ty  of t h e  cell ,  a t  each temporal f r e q u e n c y  can be  d e r iv ed  

by  finding  th e  c o n t r a s t  n e ce s sa ry  to p roduce  a c r i te r ion  re sponse .  

Only one s tu d y  has examined th e  temporal p ro p e r t i e s  of t h e  goldfish 

ganglion cells.  Sche l la r t  and  Spekre i jse  (1972) found two c lasses  of 

cells with d i f fe ren t  Temporal C o n t r a s t  Sens i t iv i ty  Functions  (T - C S F s ) .  

T h e s e  cells were  d e s ig n a te d  as " spon taneous"  o r  "si lent"  based  on 

th e i r  spon taneous  ra tes  o r  lack th e reo f .  However,  Sche l la r t  and  

Spekre i jse  made no mention of th e  X/Y dichotomy and th e  d e g re e  o r
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d i f fe rences  of l inear ity  of t h e s e  cell t y p e s  were  not de termined .

Orien ta tion  and d i rec t ion  se lec t iv i ty  will also be  examined in th is  

p ro jec t .  Although t h e r e  is ev idence  to s u g g e s t  t h a t  goldfish ganglion 

cells should  be orien ta t ion  t u n e d ,  t h e  d i r e c t  ev idence  is somewhat 

mixed. What is n e c e s sa ry  is to examine or ien ta tion  and  direct ion 

se lec t iv i ty  us ing an app roach  similar to Levick and  Thibos (1982) and  

o th e r s  fo r  th e  ca t  r e t ina .  If orien ta t ion  tu n in g  in th e  goldfish re tina  

is a func t ion  of st imulus  spat ia l  f r e q u e n c y ,  then  it is possib le  t h a t  

t h e  stimuli used  in p a s t  work  on t h e  goldfish ( spo ts  and  b a r s  of 

l ight)  a r e  in ap p ro p r ia te  stimuli.  Evidence ex is t s  to  s u g g e s t  t h a t  th e  

goldfish ganglion cell r e c ep t iv e  field conta ins  i r r e g u la r  s u b a r e a s ;  th is  

can only be  adequa te ly  t e s t e d  with stimuli of high spatial  f r eq u e n c ie s .

The  most in te re s t in g  ques t ion  re g a rd in g  or ien ta tion  and  direc tion 

se lec t iv i ty  conce rns  t h e  p ro p e r t i e s  of W-like cells.  Although th e se  

cells a re  t h e  b e s t  can d id a te s  fo r  th i s  t y p e  of tu n in g ,  t h e y  have  not 

been a s s e s s e d  in th e  p a s t .  T h e  reason fo r  th is  s ca rc i ty  of W-like 

cells in genera l  is t h a t  t h e y  a r e  v e r y  dif f icu l t  to isolate and  maintain 

in t h e  c a t  re tina  and  opt ic  n e rv e .  This  should  not be  a problem in 

th e  goldfish  p re p a ra t io n ;  if W-like cells ex i s t  in th e  goldfish re t ina ,  it 

will be  of g r e a t  importance to  inves t iga te  all of t h e i r  spatial  p r o p e r ­

t i es  and  re la te  them to  t h e  o t h e r  spatial  c lasses .

2 . 7 . 3  Spatial  and  Spec tra l  P r o p e r t i e s .

Once th e  spatial  p r o p e r t i e s  of goldfi sh  gangl ion cells have  been 

e s tab l i sh ed ,  t h e  nex t  s t e p  is to examine t h e  spatial  p ro p e r t i e s  across  

t h e  va r ious  spec t ra l  p r o p e r t i e s .  Each cell will be class ified by  its
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spatial  p ro p e r t i e s  ( l inea r i ty  of spatial  summation, S-CSFs ,  and 

re sp o n se  to c o n t r a s t )  as  well as by its spec t ra l  p ro p e r t i e s  (spect ra l  

class and  spec t ra l  o p p o n e n c y /n o n o p p o n e n c y ) . To examine th e  re la ­

t ionsh ips  across  t h e  v a r ious  ca tego r ie s ,  a la rge  d a tab a se  will be 

es tab l i shed .  T he  in te rac t ions  between spatial  summation class and th e  

spec t ra l  p ro p e r t i e s  will be  examined to de te rm ine  if l inear i ty  of spatial  

summation d e p en d s  on t h e  cell 's  sp ec t ra l  c h a r a c t e r i s t i c s .

Cells will also be class if ied  by  t h e i r  s e n s i t iv i ty  to  c o n t r a s t .  It 

is likely t h a t  th is  c lass ificat ion is d e p e n d e n t  upon w h e th e r  th e  cell is 

spec t ra l ly  oppo n en t  o r  nonopponen t  (as is t h e  case  f o r  t h e  macaque) ,  

however,  it will also be in t e r e s t in g  to examine t h e  re la tionship  

between s en s i t iv i ty  to c o n t r a s t  and  spec t ra l  c lass .  T h e r e  is ev idence  

in ca t  ganglion cells t h a t  ON- and  O F F -c e n te r  cells d i f f e r  in t h e i r  

modulation s e n s i t iv i ty ,  (Cle land and  E nro th -C u g e l l ,  1966).

It will be  in t e re s t in g  to  compare t h e  S-CSFs  a c ro ss  spec t ra l  class 

(Red-ON, Red-OFF a n d  ON/OFF) ,  spec t ra l  op p o n en cy  (spec t ra l ly  

opp o n en t  and nonopponen t )  as well as t h e  S-CSFs  of spec t ra l  class by  

spec t ra l  opponency .  C er ta in ly  t h e r e  should  be d i f fe rences  across  

spec t ra l  class  (Red-ON cells should  have  b e t t e r  spat ia l  resolution than  

Red-OFF cel l s ) .  The  more in t r igu ing  manipulation is to  compare th e  

S-CSFs of t h e  d o u b le -o p p o n e n t  cells ( sp ec t r a l ly  opponen t )  and th e  

nonopponent  cells .  Since t h e  ear ly  work  involved mapping th e se  

recep t ive  field components  s ep a ra te ly  (by  u s ing  monochromatic st im­

u li ) ,  t h e r e  is no ev idence  examining t h e  overall  c h a rac te r i s t i c s  of 

t h e s e  cells to  a s t imulus  with only luminance va r ia t ions  ( e . g . ,  white 

l igh t ) .  T he  c e n t e r  mechanism alone of t h e s e  d o u b le -o p p o n en t  cells
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conta ins  an an tag o n i s t i c  re la tionship  between a small field and a 

s l ightly  l a rg e r  one .  Th is  must cer ta in ly  a f fec t  t h e  spatial  resolution 

and  th e  S-CSFs  of t h e se  cells.
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[2]

METHODS

2 .2  Subjec t  and H u sb a n d ry  P r o c e d u r e s .

Sub jec ts  were  common goldfish ( C aras s iu s  a u r a t u s ) measur ing  

10-15 cm (from tip of nose to base  of tai l)  in l eng th .  As with many 

f i sh ,  t h e  photopigments  in goldfi sh  can change  back  and  fo r th  

between rhodops ins  and  p o r p h y r o p s i n s ,  t h e r e b y  chang ing  t h e  cone 

s p e c t r a  (B r id g e s ,  1972). Also,  t e m p e ra t u re  chan g es  can a l te r  th e  

overall  visual sens i t iv i ty  of t h e  fish (H e s te r ,  1968) as well as a l te r ing  

t h e  s en s i t iv i ty  of t h e  individual  cone ty p e s  (T h o rp e ,  1971). T h e r e ­

fo re ,  g r e a t  c a re  was taken  to  p ro d u c e  a s tab le  env i ronm ent .  The  

goldfish were  acqu i red  from a local p e t  s to re  and were  s to re d  in a 75 

gallon whi te  po lye thy lene  t a n k  capable  of hous ing  up to  15 fish of 

th i s  size.  T h e  t a n k  conta ined  v a r ious  p las t ic  p lan ts  and  a s s o r t e d  col­

o red  p a raphe rna l ia  to p ro v id e  a d eq u a te  visual st imulation to  t h e  f ish .  

T h e  t a n k  was well f i l te red  and  a e r a te d .  The  w a te r  used in t h e  t a n k  

was t a p  w a te r  which was ae ra te d  in a f i l te red  25 gallon s to ra g e  t a n k  

fo r  a t  leas t  48 hours  p r io r  to  e n te r in g  t h e  fish  t a n k .  Aquarium sal t  

was ad d ed  to t h e  w a ter  w h e n ev e r  s to ra g e  w a te r  was placed into t h e  

fish t a n k  (1 teaspoon p e r  5 ga l lons ) .  Every  two to t h r e e  weeks ,  f i f ­
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teen  p e rc e n t  of t h e  f ish  t a n k  w a te r  was ch an g ed  to  aid in th e  

f i l te r ing  p ro cess .

The  fish t a n k  w a te r  t e m p e ra tu re  ranged  from 21-26 d e g re es  Cel­

s iu s .  Any extreme t e m p e r a t u r e ' c h a n g e s  were  compensated  fo r  by  

in t roducing  ice cubes  o r  warm w ater  g rad u a l ly  to  maintain a comforta ­

ble and  safe  w a ter  t e m p e r a t u r e .  T he  condition of t h e  t a n k  was c a r e ­

fully monitored to e n s u r e  an optimum environment  fo r  t h e  f i sh .  For 

example,  w a te r  h a r d n e s s  ( C a C 0 3 levels)  ranged  from less than  50 

ppm to 100 ppm and t h e  pH of t h e  w a te r  r a n g e d  from 6 .6  to  6 .9 .  

Any fluc tuation was c o r r e c t ed  by  s t a n d a r d  fish  c a r e  p ro c e d u re s .

When fish  were  ob ta in ed ,  t h e y  were  carefu l ly  acclimated to th e  

t a n k  w a te r  by g rad u a l ly  in t roducing  small amounts  of t a n k  w a te r  to 

t h e i r  con ta iner .  This  was done  to avoid any  dramat ic  c h an g es  in t h e  

f i sh ' s  env ironment  (especia lly  w a ter  t e m p e ra tu re )  which can place a 

s e v e re  s t ra in  on th e  f i sh .  This  p rocess  took a n y w h ere  from one to 

fo u r  ho u rs .  When new fish  e n te r ed  th e  t a n k  a dose  of achromycin 

(Leder le  Labora to r ies)  was placed into t h e  t a n k  (250 mg p e r  5 g a l ­

lons) as a sa fe ty  m easure .  About t h r e e  days  a f t e r  t h e  in t roduct ion  

of t h e  antib iotic  into t h e  t a n k ,  t h i r t y  p e r c e n t  of t h e  w a te r  was 

chan g ed .  At th is  t ime, t h e  r eg u la r  feed ing  p rocess  began .  T he  fish 

were  fed once a day  as much food (Wardley's  Shrimp Pellets)  as th e y  

could consume in ab o u t  ten  minutes .  Any remaining food was 

removed from t h e  t a n k .

The  t a n k  was i l luminated by  a s ingle  f lu o r e sc en t  bu lb  ( G .E . ;  14 

W cool white) su sp e n d e d  above th e  w a ter ;  it p ro d u c e d  an i lluminance 

of about  130 lux a t  t h e  w a te r  su r face .  The  l ight was a t tached  to  a
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t imer p roduc ing  a 12 h o u r  d a y / n i g h t  cycle.

2 .2  A p p a r a t u s .

2 . 2 . \  Isolation C h a m b e r .

Physiological r e c o rd in g s  were  made from excised ,  isolated re t inae  

as d e sc r ib e d  in Section 2 .3 .  T he  re tina  was mainta ined in a gas 

env ironm ent  and was not immersed in l iquid .  The  re tina  was placed 

in a b r a s s  chamber  with dimensions  of 4 . 6  x 4 .6  x 1.2 cm. T he  b o t ­

tom of th is  chamber  cons i s ted  of a g lass  p la te  on which t h e  re tina  

r e s t e d ,  re cep to r  s ide  u p .  T h e  l ight st imulation of t h e  optical  system 

came from u n d e rn e a th  t h e  g lass  pla te  which c o r re sp o n d s  to  t h e  d i r e c ­

t ion t h e  l ight must t r a v e l  th r o u g h  th e  eye  to reach th e  recep to r s  in 

t h e  in tac t  eye .  T h e r e  w ere  two d u c t  sys tems  in t h e  b r a s s  chamber .  

Water,  mainta ined a t  a c o n s ta n t  t e m p e ra tu re  (Brinkman In s t ru m en ts ;  

Lauda K2/R Coole r) ,  was c i rcu la ted  th r o u g h  one of t h e  d u c t s ,  

t h e r e b y  keeping t h e  ch am b er ' s  a i r  space  and  th e  re tina  a t  a f ixed 

t e m p e ra tu re .  Retinal t e m p e r a t u r e  was maintained a t  18 d e g re e s  Cel­

sius  t h r o u g h o u t  th e  ex p e r im en t s .

T h e  u p p e r  d u c t  sys tem allowed a s tead y  flow across  t h e  re tina  of 

100% moist oxygen from a compressed  gas  t a n k .  The  oxygen  was 

moistened by  pa ss ing  it t h r o u g h  a con ta ine r  of dis t i l led w a te r .  A f te r  

leaving th e  w a ter  cham ber ,  t h e  gas  was cooled to t h e  t e m p e ra t u re  of 

t h e  record ing  chamber  and  th e n  s e n t  th r o u g h  a vial of s p u n  g lass  to 

remove any  s u sp e n d e d  w a te r  d ro p le t s .  T h e  oxygen  flowed into th e  

chamber  a t  a ra te  of 75 ml/min.  Pure  oxygen  was used  in th is  p r e p ­
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ara tion s ince  any  carbon  dioxide in t h e  gas  can g r e a t ly  reduce  th e  

s en s i t iv i ty  and  th e  spon taneous  ra te  of ganglion cells (Abramov and 

Levine,  1972; Mackintosh ,  et  a l . ,  1987).

The  top of th e  chamber  cons is ted  of two microscope sl ides s e p a ­

ra ted  by a d is tance  of ab o u t  9 mm. This  gap  allowed th e  microelec­

t r o d e  to be lowered into t h e  re tina  and  also allowed any  gas  o r  g a s e ­

ous waste  p ro d u c t s  from th e  re t ina  to e scape .  T h e  e n t i r e  isolation 

cham ber  was located in a l i g h t - t ig h t  Faraday  cage m easur ing  62 x 33 

x 36 cm. To p r e v e n t  t h e  F araday  cage  from collecting waste  gases  

and  stale a i r ,  a small vacuum and a i r  pump c i rcu la ted  th e  a ir  in t h e  

cage .  With th is  p re p a ra t io n ,  a re t ina  could be mainta ined fo r  up to 

six h o u rs .

2 . 2 . 2  Electrical R ec o rd in g .

T he  ex t race l lu la r  r e c o rd in g s  from single  gangl ion cells were  made 

with g la s s - in su la te d  p la tinum-ir id ium microe lec t rodes .  T h e  e lec t rodes  

were  made us ing th e  method of Wolbarsht and  Wagner (1963) and  

S nodder ly  (1969) with t h e  excep t ion  t h a t  t h e  g lass  was not t r e a t e d  

with hexamethyld is i lazane ,  a s u b s t a n c e  used  to r e n d e r  t h e  glass  

hyd rophob ic .  To e n s u r e  t h a t  t h e  t ip  of t h e  e lec t rode  was f r ee  of t h e  

g la s s -co a t in g ,  it was p la ted  with platinum black. Th is  p ro c e d u re  

p ro d u ced  e lec t rodes  with a t ip  d iameter  of less than  1 ym. Electrodes 

could be  reu sed  fo r  long pe r iods  of time if gen t ly  s p r a y e d  a t  t h e  end  

of each record ing  session with dis t i l led w a te r  and  occasionally 

rep la ted  with platinum b lack ing .

The  e lec t rode  was lowered into t h e  re t ina  by  a micromanipulator
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(de s igned  and  buil t  by t h e  Rockefeller  U n ivers i ty  In s t rum en t  Shop) .  

T h e  in d i f fe ren t  e lec t rode  cons is ted  of a 10 mm b a re  pla tinum-irid ium 

wire  which was placed on t h e  edge  of th e  re t ina .  Ganglion cell 

r e sp o n ses  were  amplified by  a small, low-noise,  b a t t e r y  powered, 

capac i t ive ly -coup led ,  p re -am pl i f i e r  with a f ie ld -e f fec t  t r a n s i s t o r  inpu t  

(d e s ig n ed  by  M. Rosse t to  of t h e  Rockefeller  Un ivers i ty  Electronics

Shop) .  The  p re -am pl i f i e r  was also enclosed in th e  Faraday  cage

which sh ie lded th e  p re -am pl i f i e r  from any  electrical  noise.  The  sig- 

nals from th e  p re -am pl i f i e r  were  amplified again and  th e n  p a ssed  into 

an ad jus tab le  b a n d p as s  f i l te r  (K rohn-H i te ,  Model 3103) to p rov ide  

addi t ional f i l te r ing  of t h e  s igna l .  Th is  signal was th e n  s en t  to  a level 

d e te c to r  (des igned  by  M. Rossetto) which p rov ided  an o u tp u t  pulse  

when t h e  in p u t  signal exceeded  an ad jus tab le  t h r e s h o ld .  Both t h e  

th r e s h o ld  level and  th e  amplified signal were  d isp layed  on a dual-beam 

oscil loscope s c r ee n .  S igna ls  from th e  level d e te c to r  were  s en t  to an 

audio s p e a k e r ,  a s e t  of c o u n te r s  and  to t h e  digital  I /O panel of a 

com pute r  (DEC; PDP 8 /E )  which s to red  th e  data  as well as st imulus 

information on magnet ic  t a p e  a f t e r  each st imulus pe r iod .  Each s t imu­

lus pe r iod ,  w h e th e r  t h e  r e sp o n se s  were  to  spec t ra l  o r  spatial  stimuli,  

was s to red  as a s t r i n g  of e v e n t - i n t e r e v e n t  in te rva l s .  Each e v e n t  (a 

neura l  impluse - -  "sp ike"  o r  some stimulus  p a ram e te r  such as a

s h u t t e r  open ing)  was r e p r e s e n t e d  by  a num ber  followed by  t h e  num­

b e r  of in te rna l  clock t icks  of t h e  com pute r  t h a t  e lapsed  p r io r  to t h e  

n e x t  e v e n t ;  th i s  clock coun ted  a t  a ra te  of 10 ki lohertz  so t h a t  th e  

prec is ion available to  collect  t h e  even ts  (0.1 msec) was more than  

suf f ic ien t .



8 8

A b a n k  of digital  t imers  (de s igned  by  L. E isenberg  of t h e  

Rockefelle r  U n ivers i ty  Electronics  Shop) controlled  t h e  o n se t  and  off ­

s e t  of t h e  "gate"  d u r i n g  which da ta  were  collected and  stimuli were  

p r e s e n t e d ,  t h e  acquis it ion of da ta  by  t h e  com pute r ,  and  a ser ies  of 

b u z z e r s  which p rov ided  a u d i to ry  information to t h e  e x p e r im en te r  s ig ­

nall ing th e  o n se t  and  of f se t  of t h e  s t imulus .  For t h e  spec t ra l  stimuli, 

t imers  controlled  t h e  s h u t t e r s  of t h e  main optical sys tem ;  fo r  spatial 

st imuli ,  t h e s e  t imers  controlled  t h e  o nse t  and offse t  of t h e  V2-R2 Vis ­

ual Stimulator  ( see  below).

2 . 2 . 3  Optical  S y s te m .

T h e  optical system cons is ted  of fo u r  in d e p en d e n t  beams joined by 

mixing cubes  and  p ro jec ted  to  t h e  u n d e r s id e  of t h e  re t ina .  T h r e e  of 

t h e  beams were  used  to  p r e s e n t  spec t ra l  stimuli to  t h e  re t ina .  T hese  

beams were  optically  identical  and  allowed for  control  of sh ap e ,  pos i­

t ion ,  w ave leng th ,  quan ta l  f lux  and  t iming of t h e  s t imulus .  Each 

beam, had as its l ight so u rce ,  a t u n g s t e n  fi lament q u a r tz -h a lo g en  

lamp (Sylvania  Electric P ro d u c t s ;  50 W, 60 V /T 3  1 /2 - inch  p re focused  

b a s e ) .  The  fi lament of t h e  bulb  was imaged on t h e  e n t r a n c e  slit  of a 

g r a t i n g  monochromator ( J a r r e l l - A s h ;  o n e - q u a r t e r  mete r  E b e r t - t y p e ) ;  

t h e  ha l f -pow er  bandw id th  of t h e  monochromator  was e ig h t  nanometers .

Upon leaving th e  ex i t  sl i t of th e  monochromator,  p a r t  of th e  

l ight was dev ia ted  by  a microscope cover  slip into a feedback  sys tem 

which controlled  t h e  in tens i ty  level of t h e  bulb  via a photocell monitor 

( U . D . T . ;  P in -10) ,  with a func t ion  g e n e r a to r  l inked to th e  monochro­

m ator ' s  waveleng th  d r iv e  (Perk in-Elm er ;  V e rn i s t a t  Function G en era ­
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t o r ,  Model DC250 and in te rpo la t ing  poten t iometer ,  Model 2X5). This 

feedback  loop e n s u r e d  t h a t  t h e  same quan ta l  f lux was de l ivered  a t  

each wavelength  to th e  r e t ina ,  and t h a t  t h e  ra te  did  not change  with 

t h e  life of t h e  lamp. T h e se  w a v e le n g th -d e p e n d e n t  s e t t in g s  on each 

beam's function g e n e r a to r  were  made with r e fe ren ce  to  a ca l ib ra ted  

photocell placed in t h e  record ing  chamber  a t  t h e  plane  of t h e  re tina ;  

th i s  e n s u r e d  t h a t  any w ave leng th -se lec t ive  d i f fe rences  among th e  

beams were  compensated fo r .  (The  photocell  was a t tached  to a 

rad iomete r  ( U . D . T . ;  Photom eter /Radiometer ,  Model 111 A) and  had 

been spec t ra l ly  ca l ib ra ted  by  th e  m a n u f a c tu r e r . )  For de tails  of th is  

fe edback  system see Rosen, Levine,  Rossetto  and  Abramov (1970). 

From th e  photocell monitor ing assembly ,  l ight p a s se d  th r o u g h  an 

assembly  which allowed t h e  in t roduct ion  of sp ec t ra l  "blocking fi l te rs"  

when needed .  T hese  were  used  to e n s u r e  p u r i t y  of t h e  monochroma­

t ic  l ight a t  waveleng ths  less than  480 nm (Melles Grio t;  03 SWP 013) 

and  for. w ave leng ths  g r e a t e r  than  630 nm (Kodak,  Wratten 29).

From th e  blocking f i l t e r s ,  l ight p a ssed  th r o u g h  a n o th e r  lens

which focused  th e  image on an e lec tromagnetic  vane  s h u t t e r  with a

r ise  and  fall time of less than  1 msec (Har tl ine  and  McDonald,  1947).

T h e  l ight then  passed  th r o u g h  two wheels con ta in ing  Inconel neutra l

d e n s i t y  f i l te r s  (Boxton Beel I n c . ) .  T h e se  neu t ra l  d e n s i ty  f i l te rs

allowed th e  exp e r im en te r  to control  t h e  in te n s i ty  of t h e  l ight by

ro ta t ing  t h e  wheels to t h e  a p p ro p r i a t e  con f igu ra t ion .  T h e r e  were  24

possible  log a t tenua t ions  rang ing  from 0 .2  to 4 .8  in 0 .2  log uni t

s t e p s .  The  maximum log quanta l  f lux (d e s ig n a ted  as 0 .0 )  c o r r e -
1 2  2

sponded  to 2 .75 x 10 qu an ta /cm  / s e c .  T h e  wavelength  se t t ing  of
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each monochromator and  th e  pos it ions  of f i l te r  wheels in each beam 

were  e lectronica lly  coded and s en t  to t h e  com pute r  fo r  s to rag e  with 

t h e  cell 's  r e sp o n ses .

High c o n t r a s t  p h o tog raph ic  t r a n s p a r e n c i e s  were  used  as field 

s tops .  T h ese  field s tops  p roduced  a s t imulus  to t h e  c e n t e r  of th e  

cell 's  recep t ive  field (0 .63 mm d iameter  spo t  of l igh t)  and  an annulus  

to st imula te  th e  s u r r o u n d  port ion of t h e  recep t ive  field (o u te r  and 

inne r  d iameters  of 6.31 mm and 1.95 mm, re sp e c t iv e ly ) .  T h e se  values  

were  suf f ic ien t  to s t imulate  e i th e r  t h e  c e n t e r  o r  s u r r o u n d  mechanism 

while minimizing t h e  influence  of t h e  o th e r  mechanism (Daw, 1968). 

The  t h r e e  beams were  joined by  mixing cubes  and  th e n  p a ssed  to  th e  

final project ion lens.  T h e  optical system had a reduc t ion  fac to r  of 

0.1 on t h e  re tinal  su r f a c e .  The  mixing cubes  also p ro v id ed  an o b s e r ­

vation beam in which t h e  e x p e r im en te r  could check  t h a t  t h e  a p p r o p r i ­

a te  st imulus was p r e s e n t e d .

The  fo u r th  beam was used  to  p ro d u c e  th e  a p p r o p r i a t e  spat ia l  and 

temporal stimuli . This  beam consis ted  of a high resolution oscil lo­

scope (CRT) (T ek t ro n ix ;  Model 606, P31 p h o sp h o r )  which d isp layed  

th e  o u t p u t  of an e lec t ronic  visual s t imula to r  (d e s ig n ed  by  N. Milkman 

and D. Kocsis of t h e  Rockefeller  U n ive rs i ty  Electronics  Shop, Model 

V2-R2) .  (See Milkman, Shapley  and  Schick ,  1978, fo r  more d e ta i l s . )  

This  microcomputer was de s ig n ed  to  p ro d u c e  s inusoidal g r a t i n g s  whose 

spatial  f r e q u e n c y  (cy/mm on th e  r e t i n a ) ,  o r ie n ta t io n ,  c o n t r a s t  and 

temporal f r e q u e n c y  were  independen t ly  va r iab le .  T h e r e f o r e ,  d i f f e r en t  

spatial  f r eq u en c ies  could be se t  a t  a c o n s ta n t  temporal r a te ;  t h a t  is, 

t h e  num ber  of cycles t h a t  c ro s sed  a poin t  in space  remained th e  same
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r e g a rd le s s  of t h e  spat ia l  f r e q u e n c y .  The  visual s t imula tor was also 

capable  of p roduc ing  g r a t i n g s  whose c o n t r a s t  is r e v e r s e d  as a s in u ­

soidal function of time ( i . e . ,  c o n t r a s t - r e v e r s a l  s t im u lus ) .  The  spatial 

position (phase )  of th i s  g r a t i n g  could also be  manipula ted.

Each p a t t e r n  was modulated a round  some mean luminance to main­

tain a c o n s ta n t  adap ta t ion  s ta t e .  The  c o n t r a s t  of th e  st imulus was 

defined a s :  Maximum luminance - Minimum luminance /  Maximum lumi­

nance  + Minimum luminance.  The  CRT's  in tens i ty  was se t  a t  a p r e ­

de te rm ined  value  and t h e  Z-axis  was then  controlled  e n t i re ly  by  th e  

st imulus  g e n e r a to r .  Since t h e  CRT's  Z -v o l t a g e / l i g h t  in tens i ty  f u n c ­

tion was not l inear ,  a l inear iz ing c i rcu i t  was ad d ed  to c o r r e c t  th is  

d is to r t ion  (H ar r i s  and  Abramov, 1983). With th is  c i rcu i t ,  c o n t ra s t s  

up to 95% were  poss ib le  with no more than  5% harmonic d is to r t ion .  

T h e  CRT was placed into a holder  u n d e r n e a th  t h e  F araday  cage; by  

re flec ting th e  CRT's  image off a m i r ro r ,  t h e  image e n te r e d  t h e  beam 

sp l i t t e r  of t h e  main optical system and was p ro jec ted  to  t h e  plane  of 

t h e  re t ina .  Since t h e  opt ics  reduced  th e  image 0 .1 ,  t h e  e n t i r e  image 

of t h e  CRT face  on t h e  re tina  was 10.5 x 8 .5  mm. However,  to 

p ro d u c e  a symmetrical  and  uniform s timulus ,  t h e  image was r e s t r i c t ed  

to  a 7 .5  mm diameter  c irc le  by  placing an o paque  c u t - o u t  on th e  

CRT's  face.

T he  overall  mean luminance was v a r ied  by  placing neu t ra l  d e n ­

s i ty  f i l te r s  on t h e  face  of t h e  CRT. The  s t imulus g e n e r a t o r  was also 

capable  of r e s t r i c t in g  t h e  st imulus p a t t e rn  to  a cen t ra l  a rea  o r  to its 

s u r r o u n d  while t h e  remaining portion of t h e  d isp lay  was maintained at  

t h e  same mean level. T h e  size of t h e  s t imulus p a t t e rn  could be
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ad ju s ted  by  th e  e x p e r im en te r .  The  labora to ry  computer  p rov ided  th e  

in s t ruc t ions  to  t h e  visual s t imula tor ' s  m ic roprocessor .  T he  e x p e r i ­

m en te r  could control  t h e  in s t ruc t ions  d i rec t ly  o r  allow a ser ies  of p r e ­

de termined  in s t ru c t io n s  to be  g e n e r a t e d  by  th e  computer .  A s c h e ­

matic of t h e  e n t i r e  sys tem is shown in F igure  5.

2 .3  P r o c e d u r e s .

2.3.1^ Isolation and  S u r g e r y  P r o c e d u r e s .

About two to  fo u r  ho u rs  p r io r  to  s u r g e r y ,  a f ish  was placed in a 

10 gallon l i g h t - t ig h t  d a r k  adap ta t ion  t a n k .  This  d a r k  adapta tion  p e r ­

mitted t h e  pigment epithel ium to  r e t r a c t  from th e  cones ,  allowing an 

eas ie r  separa t ion  of t h e  re t ina  from th e  pigment epithelium with mini­

mum damage to  t h e  cones  (AM, 1975).

Following d a r k  a d ap ta t io n ,  t h e  fish was removed from th e  t a n k  

and  sacri f iced by  decap i ta t ion .  The  eye  was enuclea ted  by  f i r s t  mak­

ing a small c u t  on t h e  dorsa l  pole of t h e  ocu lar  o rb i t .  This  allowed 

t h e  e x p e r im en te r  to reach beh ind  t h e  eyeball  with a pa i r  of ir idectomy 

sc i s so rs  and  c u t  t h e  op t ic  n e rv e .  Following th i s ,  t h e  ocu lar  muscles 

were  s ev e re d  and  t h e  eye  th e n  s l ipped  ou t  of t h e  socke t .

Once e nuc lea ted ,  t h e  f r o n t  half of t h e  eye  (conta in ing  th e  cornea  

and  lens) was removed expos ing  th e  re tina  which re s ted  in t h e  back 

half of t h e  e y ec u p .  In o r d e r  to  remove t h e  re t in a ,  a pa i r  of i r id ec ­

tomy sc is so rs  was used  to  "peel" t h e  re tina from t h e  back  of eye  and  

finally to c u t  t h e  optic  n e rv e  which caused  t h e  re t ina  to fall ou t  of



F i g u r e  5

Schematic of reco rd ing  and  optical s e t - u p .  
Solid, d a r k  lines r e f e r  to electr ical  connections  
within th e  sys tem;  do t ted  lines r e p r e s e n t  th e  
l ight pa thway  to t h e  re t ina .  Only one beam of 
t h e  t h r e e  sp ec t ra l  beams is shown.
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t h e  eyecup .  T h e  re tina  was p laced ,  r e c ep to r  s ide  up ,  on a micro­

scope  sl ide and th e n  tak en  to t h e  isolation cham ber  where  it was 

placed gen t ly  on t h e  g lass  p la te  a t  t h e  bottom of t h e  record ing  cham­

b e r .  T h e  time taken  to  complete t h e  s u r g e r y  and place t h e  re tina  ' 

into the  cham ber  r anged  from two to five  minutes .

During s u r g e r y ,  t h e  only illumination on t h e  re t ina  was from a 

small, t u n g s t e n  l ight (G .E .  6S6; 6 W/ 120 V) a t t a ch e d  to t h e  h e a d ­

band  of t h e  s u r g e o n .  This  illumination g re a t ly  reduced  th e  s e n s i t iv ­

ity of t h e  ro d s ,  which do not r e c o v e r ,  leaving exclus ive ly  cone 

d r iven  r e sp o n se s  a t  t h e  gangl ion cells (Mackin tosh,  1981; S h e fn e r  and

Levine,  1979). From a d i s tan ce  of 15 cm t h e  l ight p ro d u ced  an i r r a -
2

diance of abou t  60 yW/cm on t h e  re t ina .  Finally,  s ince  t h e  su rgeon  

worked so close to t h e  r e t in a ,  a s k i n - d i v e r ' s  snorke l  and nose  p lugs  

were  worn to eliminate expos ing  t h e  re t ina  to  any  ca rbon  dioxide con ­

tamination from his b re a th  (see  Abramov and  Levine,  1972).

While in t h e  isolation cham ber ,  t h e  re tina  was occasionally 

exposed  (one to  two seconds  in d u ra t io n )  to  l ight from a small pen-  

l ight.  Th is  was n e c e s sa ry  when th e  e x p e r im en te r  was v isual ly  c h e c k ­

ing th e  location of t h e  e lec t rode  on t h e  re t ina .  Again ,  allowing a

d is tance  of 15 cm, t h e  i r rad ia t ion  of th i s  l igh t  s o u rce  on t h e  re tina
2

was about  15 yW/cm .

Once t h e  re tina  was placed in t h e  isolation chamber  it was 

allowed to  stab i l ize  to t h e  env i ronm ent  be fo re  reco rd ing  s t a r t e d .  

During th i s  time, t h e  e x p e r im en te r  c leaned t h e  s u r g e r y  tools ,  meas­

u red  th e  fish  leng th  and  measured  t h e  d iameter  of t h e  lens;  any com­

ments r e g a rd in g  t h e  s u r g e r y ,  r e t ina ,  e tc .  w ere  reco rd ed .
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A microelectrode  was then  in se r ted  into t h e  micromanipulator  and 

lowered to  t h e  s u r f a c e  of t h e  r e t ina .  T h e  p re -am pl i f i e r  was t u r n e d  

on and an inspection beam (a 520 nm spo t  of l igh t,  0.63 mm in diame­

t e r ,  a t  0 .0  log un i t  in ten s i ty  from one beam o f  th e  optical system)

was p r e s e n te d  b r ie f ly  to  t h e  re tina  in o r d e r  to de termine  w here  on

t h e  re tina th e  e lec t rode  was lowered. (D ur ing  t h e  s e t - u p  p ro c e ­

d u r e s ,  t h e  e lec t rodes  w ere  a ligned to  t h e  middle of t h e  c e n t e r  spo t  to 

e n s u r e  t h a t  when a cell was iso la ted,  t h e  e lec t rode  was close to the  

cell body and t h e  c e n t e r  of th e  recep t ive  field (Brown and Wiesel, 

1959)).  Once it was e s tab l i shed  t h a t  th is  a rea  of t h e  re tina  was s a t ­

is fac to ry ,  t h e  inspection beam was closed ( th e  d u ra t ion  of inspection 

was no more than  one s ec o n d ) ,  and  th e  e lec t rode  was lowered th r o u g h  

th e  re tina  to t h e  ganglion cell layer .  If t h e r e  was no obvious ac tiv ity  

in a p a r t i c u la r  a r e a ,  t h e  e lec t rode  was ra ised  and  th e  e n t i r e  isolation 

chamber  was sh i f ted  la te ral ly  so t h a t  t h e  e lec t rode  could be  lowered 

into a n o th e r  area  of t h e  re t ina .  Th is  was con t inued  until  a ganglion

cell was isolated ( i . e . ,  when th e  ampli tude  of one  gangl ion cell 's

re sp o n se  was suff ic ien t ly  la rge  to be  d i s t in c t  from th e  noise and  from 

th e  ac t iv i ty  of o t h e r  c e l l s ) .  Since ganglion cells a re  t h e  only retinal 

cells t h a t  r e spond  with t r u e  action po ten t ia ls ,  t h e r e  was v e r y  little 

chance  t h a t  t h e  isolated r e sp o n se  was from any  o th e r  retinal  neuron .

Once a cell was isola ted ,  genera l  information such  as th e  s p o n ta ­

neous ra te ,  ampli tude  of t h e  s ignal ,  e tc .  was reco rd ed  by  th e  e x p e r i ­

menter .  Occasional ly ,  a cell would have  to  be  re - iso la ted  due  to the  

se t t l ing  of t h e  re t ina .  At th i s  poin t ,  t h e  e lec t rode  was lowered or  

ra ised  s l ightly  to ach ieve  t h e  l a rg e s t  signal ampli tude  possib le .  To
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e n s u r e  t h a t  t h e  same cell was re - i so la ted ,  severa l  stimuli were  

repea ted  and  t h e  r e sp o n ses  were  compared to th e  r e sponses  p r io r  to 

re -i sola tion.  Also, a dev ice  which lateral ly moved th e  e lec t rode  was 

employed when th e  isolation was no longer  suff ic ien t .  T h e se  lateral  

movements were  minimal (no more than  0.1 mm on t h e  re t ina )  to 

e n s u r e  t h a t  t h e  e lec t rode  was still a l igned with th e  c e n t e r  spo t .  

When th e  cell was success fu l ly  isolated,  t h e  computer  run - t im e  p r o ­

gram was in it iated  and  t h e  da ta  collection b egan .

T h e re  were  two phases  of data  collection.  One cons is ted  of th e  

p re sen ta t io n  of th e  spec t ra l  stimuli (via t h e  main optical sy s tem ) ;  t h e  

second p h ase  was t h e  p re sen ta t io n  of t h e  spatial  stimuli (via t h e  

V2-R2 stimulus  g e n e r a t o r ) .  It should  be  emphas ized  t h a t  th e  follow­

ing p ro c e d u re s  r e p r e s e n t  t h e  ideal protocol.  Since t h e  life of an iso­

lated ganglion cell can v a r y ,  it was n e ce s sa ry  to dev ia te  from th e se  

p ro c e d u re s  to obtain  as much useful information abou t  t h e  cell as p o s ­

sible.

2 . 3 . 2  Spectra l  St imuli .

T he  basic  s t r a t e g y  of t h e  p re sen ta t ion  of t h e  spec t ra l  stimuli was 

to p r e s e n t  d i f f e r en t  w ave leng ths  of l ight a t  var ious  in tens it ie s  to t h e  

c e n t e r ,  t h e  s u r r o u n d ,  and  to  t h e  en t i r e  recep t ive  fie ld .  From th is  

information,  spec t ra l  sens i t iv i t i es  could be d e r iv ed  and  t h e  cone  con ­

t r i b u t io n s  to  t h e  ganglion cell could be de te rm ined .  Each st imulus  

p re sen ta t ion  consis ted  of a f ive  second g a te  which had a one -second  

p re - s t im u lu s ,  a one -seco n d  stimulus  and  a th r e e - s e c o n d  s timulus-off  

pe r iod .  T h e  p re - s t im u lu s  component was used  to  measure  t h e  s p o n ta ­
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neous ra te  of th e  ganglion cell. The  st imulus on component,  of 

c o u r s e ,  r e p re s e n te d  t h e  "on" re sp o n se  of t h e  cell and  t h e  f i r s t  

second of t h e  pos t  st imulus component r e p re s e n te d  th e  "off" re sp o n se  

of t h e  cell.

Ganglion cell r e sp o n ses  fo r  each g a te ,  along with coded st imulus  

information were  recorded  by  th e  computer  fo r  la te r  ana lys is .  The  

com pute r  also p roduced  a pe r i -s t im ulus - t im e  his togram (PSTH) on a 

s to ra g e  oscil loscope and a br ie f  p r in to u t  of t h e  cell’s re sp o n se  to g ive  

t h e  expe r im en te r  some feedback  r e g a rd in g  t h e  cell 's  ac t iv i ty .  The  

in te r - t r i a l  in te rval was 25 seconds ,  which allowed th e  e x p e r im en te r  to 

s e t  up fo r  t h e  nex t  s t imulus ,  as well as allowing th e  cell 's  re sp o n se  

to r e tu r n  to its spon taneous  ra te .

Once a cell was iso la ted,  stimuli of 700, 510 and  450 nm (all 

monochromatic stimuli were  eq ua ted  fo r  equal quan ta l  con ten t )  were  

p r e s e n t e d  to t h e  c e n t e r  and  s u r r o u n d  por t ions  of t h e  cell 's  recep t ive  

fie ld .  T h e s e  were  p r e s e n te d  at  severa l  in tens i t ies  cover ing  th e  ran g e  

from th re s h o ld  to sa tu ra t ion  in five approximate ly  equal logarithmic 

s t e p s .  T h e s e  t h r e e  w aveleng ths  r e p r e s e n te d  iso -absorp t ion  poin ts  

along t h e  spec t ra l  s ens i t iv i ty  of t h e  L-cones (Haros i ,  1976). T h e r e ­

fo r e ,  if only L-cones were  p r e s e n t ,  t h e n  th e  re sp o n ses  a t  t h e s e  t h r e e  

w ave leng ths  would be  identical .  This  allowed t h e  e x p e r im en te r  to 

qu ick ly  identi fy  t h e  spec t ra l  ch a rac te r i s t i c s  of t h e  cell.

Following th is  p r o c e d u re ,  a s t a n d a r d  w a v e le n g th - in t e n s i ty  ser ies  

was pe r fo rm ed .  This  cons is ted  of up to  12 d i f f e r e n t  w aveleng ths  c o r ­

r e spond ing  to crit ical  po in ts  along th e  spec t ra l  sens i t iv i t ies  of th e  

cone t y p e s .  Each wavelength  was p r e s e n te d  a t  t h r e e  in tens i t ie s .
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This  was done fo r  t h e  c e n t e r ,  th e  s u r r o u n d ,  and th e  en t i r e  recep t ive  

f i e ld .

2 .3 .3  Spatial S timul i .

Following th e  completion of th e  spec t ra l  st imuli,  t h e  CRT display

was tu r n e d  on and  a few minutes  were  allowed fo r  t h e  re tina  to adap t

to th e  illumination p rov ided  by  th e  CRT. T he  retina! illumination of
2

t h e  CRT disp lay  was 0 .2  Im/m . At th i s  poin t ,  t h e  computer  r u n ­

time program  to control  t h e  V2-R2 st imulus  g e n e r a t o r  was ini t ia ted.  

T h e  re sp o n se  of t h e  cell to each st imulus  and  st imulus  information 

were  r eco rded  by  t h e  com pute r  fo r  la te r  ana lys is .

The  usual p ro c e d u r e  was to p r e s e n t  f i r s t  a se r ies  of d r i f t in g  

g r a t i n g s  a t  d i f f e r en t  spat ia l  f r eq u en c ie s  a t  a modera te  c o n t r a s t .  This 

p rov ided  information r e g a rd in g  th e  S-CSF of th e  cell , which aided in 

choosing  an a p p ro p r i a t e  spatial  f r e q u e n c y  to t e s t  fo r  l inear ity  ( i . e . ,  a 

spatial  f r e q u e n c y  which lies be tween t h e  peak  sen s i t iv i ty  and  the  

h i g h - f r e q u e n c y  c u t -o f f  of t h e  cell 's  S - C S F ) ;  it also indica ted  how 

re spons ive  t h e  cell was to c o n t r a s t  so t h a t  an a p p r o p r i a t e  ran g e  of 

c o n t r a s t s  could be chosen .  Following t h e s e  st imuli,  a c o n t r a s t -  

reve rsa l  se r ies  was in it ia ted to  t e s t  t h e  cell 's  l inear i ty  of spatial  sum­

mation. To p rov ide  an es timate  of t h e  cell 's  spon taneous  ra te  as well 

its va r iab i l i ty ,  a c o n t r a s t - r e v e r s a l  g r a t i n g  of zero  c o n t r a s t  was p r e ­

s en ted  with phase  marks  at  a specified temporal r a te  fo r  f ive  seconds .  

A f te r  th i s  "dummy" st imulus was p r e s e n t e d ,  t h e  com pute r  perform ed 

an on- l ine  Four ie r  decomposit ion of th e  a v e r a g e d  re sp o n se ,  and  th e  

f i r s t  and second harmonics were  d i sp lay ed .  If t h e  amplitude  of th e
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components  was re la t ive ly  h igh , indicating th a t  th e  cell 's re sponse  

had la rge  va r iab i l i ty ,  th e n  th e  st imulus  g a te  length  was inc reased ,  

t h e r e b y  increas ing  th e  number  of st imulus cycles  o v e r  which th e  

re sp o n se  was a v e r a g e d ,  and t h e  zero c o n t r a s t  st imulus was repea ted .  

When th e  a p p ro p r ia t e  g a te  dura t ion  was e s tab l i sh ed ,  c o n t r a s t - r e v e r s a l  

g r a t i n g s  a t  a p a r t i c u l a r  c o n t r a s t ,  spatial  f r e q u e n c y  and  temporal f r e ­

q u e n c y ,  de termined  by  t h e  ex p e r im en te r ,  were  p r e s e n te d  a t  var ious  

posit ions o r  spatial  p h ase s  of t h e  cell 's  recep t ive  field to es tab li sh  

w h e th e r  o r  not t h e  cell possessed  a null poin t;  t h a t  is, a posit ion at  

which th e  cell r e sp o n d ed  as if t h e r e  was no modulated s t imulus .

Since t h e r e  was no d i re c t  way of f inding  th e  midpoint of th e  

cell 's  recep t ive  fie ld ,  an i te ra t ive  p ro c e ss ,  controlled  by  th e  e x p e r i ­

m en te r ,  was used  to  p inpo in t  th e  location of t h e  null posit ion,  if one 

ex i s t ed .  This  was accomplished by  tak ing  a d v an ta g e  of t h e  f ac t  t h a t  

t h e  fundamenta l  component 's  amplitude and phase  sh i f t  a r e  d e p e n d e n t  

on th e  spat ia l  posit ion of t h e  c o n t r a s t - r e v e r s a l  g r a t i n g .  T h e  ampli­

t u d e  of th e  fundamenta l  component is a sinusoidal func t ion  of spatial 

p h a se  and  t h e  p h a se  s h i f t  of t h e  fundamenta l  component on one  s ide  

of th e  midposit ion of t h e  recep t ive  field is 180 d e g r e e s  o u t  of phase  

with pos it ions  on t h e  o t h e r  s ide.  T h e re fo re ,  by  p re s e n t in g  severa l  

stimuli a t  d i f f e r en t  spat ia l  phases  and  compar ing t h e i r  fundamenta l  

re s p o n se s ,  t h e  midpoint  of t h e  recep t ive  field can be de te rm ined  qu i te  

eas ily .  For example,  if two g r a t i n g s ;  90 d e g re e s  a p a r t  in spatial 

p h ase  (0 and  90 d e g r e e s ,  fo r  example),  have  fundamenta l  components  

which a r e  180 d e g re e s  o u t  of phase  to  one a n o th e r ,  then  th e  midpoint 

of th e  recep t ive  field m us t  fall between t h e s e  two posit ions .  If th e
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phases  a re  equal,  then  th e  stimuli a re  on th e  same side  of the  

midpoint which must  lie between spatial  phases  of 90 and 180 d e g re e s .  

From th is  information t h e  expe r im en te r  could choose t h e  ap p ro p r ia t e  

spatial  posit ion to  l o c a t e ' t h e  midpoint of t h e  recep t ive  field.  Within

five or  six stimuli t h e  e x p e r im en te r  could be reasonab ly  cer ta in  of the

cell 's  classification in te rm s  of its spatial  summation and  could then  

proceed  with o th e r  stimuli.

To de termine  th e  S-CSF of th e  cell, s inusoidal g r a t i n g s ,  of d i f ­

f e r e n t  spatial  f r eq u e n c i e s ,  were  d r i f t ed  ac ross  t h e  recep t ive  field of 

t h e  cell a t  a c o n s ta n t  temporal r a te  (cycles p e r  second across  th e  

f ie ld ) .  Each spatial  f r e q u e n c y  was p r e s e n te d  a t  severa l  c o n t r a s t s .  

T he  T -CSF was de termined  by  p re s e n t in g  a uniform p a t t e rn  ("b lank  

fie ld") whose  in tens i ty  va r ied  sinuso idally  in t ime. T he  st imulus

dura t ion  was va r ied  to maintain th e  same num ber  of st imulus  p r e s e n ­

ta t ions  across  temporal f r eq u e n c ie s .  For example,  to p roduce  30

p re sen ta t io n s  of a 1 Hz stimulus req u i re s  30 seconds ,  however ,  a 2 

Hz st imulus needs  only 15 seconds  fo r  30 p r e s e n ta t io n s .  T h e se  s t im­

uli were  also p r e s e n te d  a t  var ious  c o n t r a s t s .

If time pe rm i t ted ,  t h e  va r ious  pa ram ete rs  of t h e  d i f f e r en t  spatial  

stimuli were  v a r ied .  For example,  c o n t r a s t - r e v e r s a l  g r a t i n g s  were  

p r e s e n te d  a t  d i f f e r en t  temporal and spat ia l  f r equenc ie s  to  dete rmine  

t h e i r  inf luence on t h e  spatial  summation p ro p e r t i e s  of t h e  cell. D r i f t ­

ing g ra t in g s  were  p r e s e n te d  a t  d i f f e r en t  d r i f t  ra tes  to examine th e  

a ffec t  of st imulus  d r i f t  r a te  on t h e  cell 's  S-CSF.  Also, d r i f t in g  g r a t ­

ings were  re s t r i c t e d  to t h e  c e n t e r  o r  s u r r o u n d  por t ions  of t h e  r e c e p ­

t iv e  field to  examine th e  con t r ibu t ions  of each mechanism while mini­
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mizing th e  inpu t  of t h e  o t h e r  component.  To determine  if th e  

recep t ive  field was c i r cu la r  and  symmetrical ,  d r i f t in g  g ra t i n g s  were 

p r e s e n te d  a t  d i f f e r en t  o r ien ta t ions  a t  45 d e g re e  s tep s  from 0 to  135 

d e g re e s .  For each o r ien ta t ion ,  t h e  g ra t i n g  was d r i f t ed  in each of th e  

two possible  d i rec t ions .  Stimuli fo r  de te rm in ing  th e  T-CSF were  also 

r e s t r i c t e d  to t h e  c e n t e r  o r  s u r r o u n d  components  of t h e  recep t ive  

f i e ld .

Af te r  obta in ing  all t h e  n e ce s sa ry  spatial  information,  o r  if th e  

cell 's  isolation was lost,  t h e  CRT was t u r n e d  off and  a n o th e r  cell was 

isola ted.  To e n s u r e  t h a t  t h e r e  were  minimal e f fec ts  of adapta t ion  of

t h e  new cell d u e  to  t h e  CRT, approximate ly  ten  to  fi f teen minutes

were  allowed to  pass  be fo re  t h e  new cell 's  spec t ra l  p ro p e r t i e s  were

examined.  For some cel ls ,  t h e  spec t ra l  p ro p e r t i e s  were  de termined

a f t e r  t h e  spatial  stimuli were  p r e s e n t e d  a n d ,  as in t h e  p rev ious  case ,  

t h e  CRT was t u r n e d  off fo r  ten  to  fi f teen minutes  p r io r  to  examina­

tion .
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[3]

RESULTS

3.1^ Spec tra l  Classification of C e l l s .

3 .1 ^ 1  Spec tra l  C la s s .

Each cell was c lass ified into one of t h r e e  sp ec t ra l  c lasses  based  

on its L-cone in p u t  to t h e  c e n t e r  of t h e  recep t ive  fie ld .  This  was 

de te rm ined  by  p r e s e n t in g  a 700 nm stimulus  to  t h e  c e n t e r  a t  severa l  

in tens i t ie s  ran g in g  from n e a r - th r e s h o l d  to s u p r a t h r e s h o l d  in tens i t ies .  

Since only t h e  L-cones  a r e  sens i t ive  to th is  w a v e le n g th ,  th is  c lass if i­

cation scheme unequivocally  de te rm ines  t h e  r e s p o n se  d r iv e n  b y  a s in ­

gle  r e c ep to r  t y p e .  L-cone in p u t  was used  to c lass i fy  cells s ince  it is 

e a sy  to isolate (b y  us ing  n e a r - i n f r a r e d  stimuli) and  b ecause  all go ld ­

fish gangl ion cells po s se s s  L-cone inpu t .  T h e  p r e s e n c e  o r  absence  of 

M- and S-cone  co n t r ib u t io n s  was used  with t h e  L-cone inpu t  to  c las ­

si fy  t h e  cell as sp ec t ra l ly  opp o n en t  o r  nonopponen t  (see  Section 

3 . 1 . 2 ) .  A cell was c lass if ied  as an L - / + c e n t e r  cell if its re sponse  to 

t h i s  st imulus  was ON-inhibit ion and OFF-excita tion  ( - / +) .  Cells were  

also class ified as L - / + if only a part ia l  r e sp o n se  was found ( i . e . ,  

OFF-excita tion  only ,  ( / +) o r  ON-inhibit ion only ( - /  ) ) .  Cells with a
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part ia l  r e sp o n se  e i th e r  had a low spon taneous  r a te  (and  th u s  no o b v i ­

ous  inhibit ion) o r  d i f f e r e n t  t h re s h o ld s  fo r  t h e  "on" and  "off" r e s p o n ­

ses .  T hese  cells were  also examined a t  s u p r a th r e s h o ld  in tens it ie s  to 

de termine  if th e  r e sp o n se  became ON-exci ta tion and  OFF-excita tion 

( +/ +) .  If t h e r e  was a d i s c r e p a n c y  be tween n e a r - th re sh o l d  and 

s u p r a th r e s h o ld  r e s p o n se s ,  t h e  cells were  always class ified by  th e i r  

s u p r a th r e s h o ld  re s p o n se s .  The  second cell t y p e  was simply th e  

r e v e r s e  of th e  p rev ious  c a teg o ry :  L+/ -  c e n t e r  cell. T h e se  two cell

c lasses  r e f e r  to Red-ON and Red-OFF c e n t e r  cells d e sc r ib e d  in p a s t  

l i t e r a tu re .  T h e  t h i r d  t y p e  of cell had an L-cone inpu t  t h a t  

r e sponded  with both ON-excita tion and  OFF-excita tion  (L+/ + c e n t e r ) ,  

co r re sp o n d in g  to H ar t l ine ’s (1938) c a teg o ry  of ON/OFF cells .  Since ,  

in some c ase s ,  only one port ion of th e  L+/ + c e n te r  cell 's  re sp o n se  was 

a p p a r e n t  a t  t h r e s h o ld ,  t h e s e  cells could be misclassified as one of t h e  

p rev ious  ca tegor ies  un less  examined at  s u p r a th r e s h o ld  in tens i t ies  (see  

Mackintosh,  1981; Mackintosh,  e t  a l . ,  1987).

3 .2 - 2  Spec tra l  O p p o n e n c y .

Each cell was also c lassi fied as e i t h e r  sp ec t ra l ly  opp o n en t  o r  

nonopponen t .  A sp ec t ra l ly  opp o n en t  cell r e sp o n d ed  with ON- 

excitation a t  some w ave leng ths  and  ON-inhibi t ion a t  o th e r s  (or  OFF- 

inhibition a t  cer ta in  w ave leng ths  and  OFF-excita tion a t  o t h e r s ) .  This  

ch an g e  in re sp o n se  t y p e  ( s ign )  across  w ave leng ths  was due  to  more 

than  one cone t y p e  c o n t r ib u t in g  to t h e  r e sp o n se  ( fo r  example L+/ -  

and  M - /+) .  A cell was c lassi fied as spec t ra l ly  nonopponen t  if t h e r e  

was no ch an g e  in t h e  t y p e  of re sp o n se  across  t h e  spec t rum .  How­
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e v e r ,  th is  does not imply t h a t  a sp ec t ra l ly  nonopponent  cell had only 

one  cone t y p e ,  b u t  t h a t  t h e  ne t  r e su l t  of t h e  combined inpu ts  p r o ­

duced  th e  same re sp o n se  t y p e  ac ross  w ave leng ths .  It should be 

noted t h a t  t h e s e  two sp ec t ra l  class ificat ions  (L-cone  c e n te r  re sponse  

and w h e th e r  t h e  cell is spec t ra l ly  o p p o n e n t  o r  nonopponent)  a re  inde­

p e n d e n t  c lassi ficat ions  (Mackintosh,  e t  a l . ,  1987); t h a t  is, L+/ - ,  

L - / +, and  L+/ + c e n te r  cells can be e i th e r  spec t ra l ly  o pponen t  o r  

nonopponent .  Spectra l  opponency  was de termined  s ep a ra te ly  fo r  t h e  

c e n t e r ,  s u r r o u n d ,  and full f ield of t h e  recep t ive  field.

3 .2  Spatial  Summation.

3 . 2 . 2  Cr i te r ia  fo r  C lass i f ica t ion . .

Spatial summation was t e s t e d  by  p re s e n t in g  a c o n t r a s t - r e v e r s a l  

g r a t i n g  a t  d i f f e r en t  spat ia l  p h ase s  ac ross  t h e  recep t ive  field of t h e  

ganglion cell. The  g r a t i n g ' s  c o n t r a s t  was r e v e r s e d  accord ing  to a 

specified sinusoidal temporal func t ion .  T he  temporal  func t ion  was 

d ivided into d i s c re te  time bins  and  t h e  cel l’s r e sp o n ses  to each r e v e r ­

sal cycle  were  super imposed  to p ro v id e  t h e  a v e r ag e  num ber  of spikes  

p e r  time bin .  T hese  va lues  were  c o n v e r ted  into sp ike  ra tes  and a 

d i s c r e te  Four ier  t r a n s fo rm  (Cooley and  T u k e y ,  1965) p rov ided  th e  

power sp ec t ru m  of t h e  f i r s t  t e n  harmonics .

To be class ified  as  a l inear o r  X-l ike  cell , f o u r  c r i te r ia  had to 

be  met. F i r s t ,  t h e r e  m us t  have  been a spat ia l  posit ion a t  which th e r e  

was no re sp o n se  to t h e  c o n t r a s t - r e v e r s a l  g ra t i n g  ( i . e . ,  a null po in t ) .
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Second,  when th e  g r a t i n g  was posit ioned away from th e  null point ,  

t h e  re sponse  was modula ted a t  t h e  same f r e q u e n c y  (f)  as t h e  

c o n t r a s t - r e v e r s a l  ( i . e . ,  e x ce p t  fo r  high c o n t r a s t s ,  most of th e  power 

in th e  re sp o n se  was a t  f ) .  T h i r d ,  t h e  power a t  f was a sinusoidal 

function of spatial  p h a se .  F ou r th ,  t h e  power a t  f inc reased  l inearly 

with g ra t in g  c o n t r a s t ,  at  least  up to some sa tu ra t ion  poin t.  Cells 

with a low spon taneous  ra te  p r e s e n te d  a special  problem s ince  t h e i r  

re sp o n se  to t h e  st imulus  fell to zero  and  th u s  d i s to r t e d  t h e  re sponse  

waveform. This  p ro d u c e d  a r e sp o n se  p a t t e r n  resembl ing  a half -wave  

rect if ied re sponse .  A Four ie r  decomposition of a ha l f -wave  rectif ied 

re sp o n se  will p ro d u c e  su b s tan t ia l  power a t  t h e  second harmonic and 

o th e r  even  harmonics.  To minimize t h i s ,  c o n t r a s t - r e v e r s a l  g r a t in g s  

were  p re s e n te d  a t  severa l  c o n t r a s t s  in an a t tem p t  to  find  a c o n t r a s t  

t h a t  did not cause  t h e  r e sp o n se  to  d ro p  to  zero .  However,  it was 

not always possib le  to  f ind  such  a c o n t r a s t  especially  with cells t h a t  

d isp layed  no spon taneous  ra te .

T h e se  c r i te r ia  fo r  l inea r i ty  had to be  sa t i s f ied  a t  h igh ,  b u t  not 

necessa r i ly  a t  low, spat ia l  f r e q u e n c ie s .  At low spat ia l  f r eq u e n c ie s ,  

t h e  re sponses  of t h e  small, non l inear  s u b u n i t s  found  in Y-cells  a re  

overshadow ed  by  th e  co n t r ib u t io n s  of t h e  l a r g e r  c e n t e r  and  s u r r o u n d  

components  and  could g ive  t h e  impression t h a t  t h e  cell is l inear 

(Hochstein  and Shap ley ,  1976a). To be s u r e  t h a t  t h e  nonlinear  s u b u ­

ni ts  were  co n t r ib u t in g  to  t h e  r e sp o n se ,  a modera te ly  high spatial  f r e ­

q u en cy  was used .  T h i s  was de te rm ined  by  choosing a spatial  f r e ­

q uency  which was located between th e  peak  sen s i t iv i ty  and  th e  high 

f r e q u e n c y  cu t -o f f  of t h e  S-CSF.
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A cell was class ified as Y-like if it r e sponded  at  double  th e  

st imulus  f r e q u e n c y  a t  all spatial  phases  and  did not possess  a null 

poin t .  This  c r i t e r io n ,  too,  had to be met a t  high spatial f r eq u en c ie s .  

Cells t h a t  w ere  n e i th e r  X- nor  Y-like  were  class ified as W-like. 

T h e se  cells re sp o n d ed  as X-like  when th e  st imulus  g ra t in g  was placed 

away from t h e  midpoint of t h e  recep t ive  field and  responded  a t  double  

t h e  modulation f r e q u e n c y  as t h e  g ra t in g  app roached  th e  midposition 

("null  po in t" )  of t h e  recep t ive  field.  T hese  cells possessed  no t r u e  

null point  r e g a rd le s s  of t h e  spatial  f r e q u e n c y  of th e  st imulus.

It should  be mentioned t h a t  t h e  c r i te r ia  d e sc r ib ed  above  a re  th e  

same rigorous  c r i t e r ia  f o r  c lass ify ing  X- and Y-cells  in t h e  ca t  (Hoch­

stein and Shap ley ,  1976a).  The  only dis t inc tion  between X-cells  in 

t h e  ca t  re tina  and X-l ike  cells in th is  s t u d y  is in t h e  species  in which 

th e y  a re  found .  However,  fo r  historical  reasons ,  th e  te rm s  "X-,  Y- ,  

and  W-cells" a re  r e s e r v e d  only fo r  ca t  n eu rons  meeting t h e  above c r i ­

te r ia  .

3 . 2 . 2  X-l ike C el ls .

T w e n ty - se v en  (21%) of a total of 126 gangl ion cells success fu l ly  

isolated were  class ified as  X-like  cells .  F igure  6 i l lus t ra tes  t h e  p r e s ­

ence  of a null po in t  and  t h e  d ep en d en ce  of t h e  r e sp o n se  on spatial  

p h ase  fo r  one of t h e s e  cells.  T he  c o n t r a s t - r e v e r s a l  cycle  was a t  4 

Hz, t h e  spatial  f r e q u e n c y  of th e  g ra t i n g  was 1.52 cy/mm, and th e  

c o n t r a s t  was 6 p e r c e n t .  T he  absc issa  r e p r e s e n t s  one reversa l  cycle  

of t h e  st imulus g r a t i n g  (250 msec).  T h e  s t imulus  cycle  was d ivided 

into 30 d i s c r e te  t ime b ins  (8 .3  msec each) and th e  re sp o n se  reflects



F i g u r e  6

A veraged  X-l ike  cell re sponses  to  a c o n t r a s t -  
r eve rsa l  g r a t i n g  a t  va r ious  spatial  posi t ions  on 
th e  recep t ive  field .  T h e  st imulus cons is ted  of a 
c o n t r a s t - r e v e r s a l  g r a t i n g  with a spat ia l  f r e ­
q u e n cy  of 1.52 cy /mm, a t  6% c o n t r a s t ,  and  
modulated a t  a r a te  of 4 Hz. T h e  va lue  above 
each f ig u r e  re fe r s  to t h e  position of t h e  g r a t ­
ing ,  in d e g r e e s ,  on t h e  recep t ive  field of t h e  
cell; zero  d e g r e e s  is t h e  midposit ion o r  "null 
point"  of t h e  X-l ike  cell . T h e  bottom i l lu s t r a ­
t ions  show one complete c o n t r a s t - r e v e r s a l  cycle  
of t h e  s t imulus .
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t h e  a v e r ag e  re sp o n se  ra te  p e r  time bin.  F igure  6a shows the  

av e rag e d  re sp o n se  of t h e  cell to  t h e  c o n t r a s t - r e v e r s a l  g ra t in g  pos i ­

t ioned a t  th e  midpoint of th e  cell 's  recep t ive  field.  At th is  posi t ion,  

t h e r e  was no r e sp o n se  to  th e  g r a t i n g .  As th e  g ra t i n g  was posit ioned 

away from th is  null po in t ,  t h e  cell re sp o n d ed  to t h e  s t imulus .  In 

F igure  6c,  th e  g ra t in g  was posit ioned 30 d e g re e s  away from th e  null 

po in t ;  t h e r e  was c learly  a re sp o n se  to t h e  st imulus and  th e  re sponse  

was modulated at  t h e  same temporal f r e q u e n c y  as t h e  st imulus '  cycle-  

rfeversal. When t h e  g r a t i n g  was posit ioned f u r t h e r  away from t h e  null 

po in t  (F ig u re s  6e, g)  t h e  r e sp o n se  still modulated a t  t h e  same tempo­

ral f r e q u e n c y  b u t  t h e  re sp o n se  amplitude was g r e a t e r .  When th e  

g r a t i n g  was posit ioned on th e  oppos i te  s ide  of t h e  null point  (F igures  

6b,  d ,  f ) ,  t h e  r e sp o n se  ampli tude,  again ,  d ep en d e d  on th e  spatial 

p h ase  of th e  g r a t i n g ;  t h e  f a r t h e r  away t h e  g ra t i n g  was posit ioned 

from th e  null po in t ,  t h e  l a rg e r  t h e  r e sp o n se  ampli tude.  However,  th e  

modulation re sponses  on one s ide  of th e  null point  were  180 d e g re es  

ou t  of p h a se  with t h e  re sp o n se s  on th e  o t h e r  side  of th e  null.

F igure  7 shows t h e  re la tive  r e sp o n se  amplitudes  of t h e  f u n d a ­

mental an d  second harmonic components  as a func t ion  of spat ia l  phase  

in t h e  same cell. T h e  ampl itude of t h e  fundamenta l  component was a 

s inusoidal function of t h e  spatial  p h ase  of th e  st imulus  g ra t in g .  

Since t h e  re sponses  on e i t h e r  s ide of t h e  null point  were  180 deg rees  

ou t  of p h a se ,  one s ide  was a rb i t r a r i l y  d e s ig n a te d  as a posit ive  

re sp o n se  and  t h e  o th e r  s ide  as a nega t ive  re sp o n se .  T he  c u r v e  r e p ­

re sen ts  t h e  b e s t  f i t  s inuso id ;  th is  was done by  de te rm in ing  t h e  exac t  

location of the  null poin t  by  in terpolation of t h e  da ta  points  and  plac-
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Figure  7

Relative r e sp o n se  amplitudes of t h e  f i r s t  two 
Four ier  components  of an X-l ike cell 's  r e sponse s  
to a c o n t r a s t - r e v e r s a l  g r a t in g  as a function of 
spatial  p h a se  of t h e  s t imulus .  Stimulus pa ram e­
t e r s  a re  t h e  same as in F igure  6. Closed c i r ­
cles r e f e r  to  t h e  ampl itude  of t h e  fundamenta l  
component of t h e  r e sponse ;  a s t e r i s k s  r e p r e s e n t  
t h e  ampli tude  of t h e  second harmonic component 
of t h e  r e sp o n se .  The  c u r v e  is t h e  b e s t - f i t  
s inusoid  to  t h e  d a ta .
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ing th e  sinuso id  va lue  of zero a t  t h a t  posit ion .  T h e  second harmonic 

component was v e r y  low re g a rd le s s  of t h e  spat ia l  p h ase  of t h e  g r a t ­

ing.  Also,  t h e r e  was no p hase  sh i f t  in t h e  second harmonic compo­

nen t  as a function of spatial  phase .

The  p re sen c e  of a null point  was t e s t e d  a t  d i f f e r en t  spatial  f r e ­

quenc ies ,  temporal f r eq u en c ie s  and  c o n t r a s t s ;  t h e s e  pa ram ete rs  did 

not affect  t h e  ex is tence  of a null point  in X-l ike  cells.  The  only 

excep t ions  were  a t  v e r y  high c o n t r a s t s  w h e re  t h e  cell’s re sponse  

app roached  s a tu r a t i o n .  T he  ratio of th e  second harmonic and  th e  

fundamental  components  (2 f / f )  was a good ind ica to r  of th e  dominant 

components  in t h e  r e sp o n se  (Hochstein  and  Shap ley ,  1976a). This  

ratio was always less than  one fo r  X-l ike  cells ind ica ting t h a t  t h e  

re sponse  was dominated by  th e  fundamenta l  component .

3 . 2 . 3  Y-like  C e l l s .

F i f ty - th r ee  (42%) of 126 gangl ion cells su ccess fu l ly  isolated were  

class ified as Y-like  cells.  F igures  8 and  9 show a typica l  Y-like cell 's

re sponse  to a c o n t r a s t - r e v e r s a l  g ra t in g  a t  two d i f f e r e n t  spatial  f r e ­

quenc ies .  T h e  g r a t i n g s  were  p r e s e n te d  a t  25% c o n t r a s t  with a r e v e r ­

sal ra te  of 4 Hz. At high spatial  f r eq u e n c ie s  ( e . g . ,  3 .05  cy/mm), 

th e  cell re sp o n d ed  a t  twice t h e  st imulus  f r e q u e n c y  a t  all spatial  

phases  (F ig u re s  8a,  c,  e;  9 b ) .  However,  a t  low spat ia l  f r equenc ies  

( e . g . ,  0 .38  cy/mm) a null point  could be found  (F ig u re  8 d ) .  This  

cell had no spon taneous  ra te  so t h e r e  were  no sp ikes  recorded  at  t h e  

low spatial  f r e q u e n c y  null point .

Figure  9 shows t h e  re la tive re sp o n se  ampli tudes  of th e  f u n d a -
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Averaged  Y-like  cell r e sponse s  to  c o n t r a s t -  
reversa l  g r a t i n g s  a t  va r ious  spat ia l  pos it ions  on 
th e  recep t ive  field a t  two d i f f e r en t  spatial  f r e ­
quencies .  For both spatial  f r e q u e n c ie s ,  th e  
c o n t r a s t - r e v e r s a l  ra te  was 4 Hz a t  25% c o n t r a s t .  
The  values  above each f ig u r e  r e fe r s  to  th e  
position of t h e  g r a t i n g ,  in d e g r e e s ,  on th e  
recep t ive  fie ld ;  zero  d e g re e s  r e p r e s e n t s  t h e  
b e s t  est imate  of t h e  midposit ion of t h e  recep t ive  
field.  T h e  two spatial  f r eq u en c ie s  w ere  3 .05  
cy/mm (a,  c ,  and e) and  0 .38  cy/mm (b ,  d ,  
and f ) .  T h e  bottom il lu s t ra t ions  show one com­
plete  c o n t r a s t - r e v e r s a l  cycle  of t h e  s t imulus .
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Figure  9

Relative  r e sp o n se  ampli tudes  of a Y-like  cell to 
a c o n t r a s t - r e v e r s a l  g ra t i n g  as a func t ion  of 
spatial  p h a se  a t  two d i f f e r en t  spat ia l  f r e q u e n ­
c ies .  Stimulus pa ram ete rs  were  t h e  same as in 
F igure  8. The  two spatial  f r eq u e n c ie s  were  
0 .38  cy /mm (a) and  3 .05  cy/mm ( b ) .  Closed 
c irc les  r e f e r  to  t h e  amplitude  of t h e  fundamenta l  
component ;  a s t e r i s k s  r e p r e s e n t  t h e  ampl itude of 
th e  second harmonic component.  Only t h e  f u n ­
damental  component is shown a t  t h e  lower s p a ­
tial f r e q u e n c y ;  see  t e x t  fo r  de ta i ls .  T h e  c u r v e  
is t h e  b e s t - f i t  sinuso id  to  t h e  da ta .
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mental and  second harmonic components of t h e  same cell as a function 

of spatial  p hase  a t  a high spatial  f r e q u e n c y  (F igu re  9 b ) ,  and  th e  

fundamenta l  amplitude as a function of spatial  p hase  a t  a low spatial  

f r e q u e n c y  (F igure '  9a ) .  Posit ive re sp o n se s  were  again a r b i t r a r i l y  

ass igned  to one s ide  of t h e  null position and  negat ive  r e sponses  to 

t h e  o th e r  s ide.  T he  c u r v e  r e p r e s e n t s  t h e  b e s t  f i t  sinuso id  d e t e r ­

mined by  th e  method d esc r ib e d  in Section 3 . 2 . 2 .  At high spatial  f r e ­

quencies  (F igu re  9 b ) ,  t h e  second harmonic component dominated th e  

re sponse .  Note t h a t  t h e  second harmonic re sp o n se  ampl itude did  not 

depend  on t h e  spatial  phase  of t h e  s t imulus .  T h e r e  was also no 

p h ase  sh i f t  in t h e  second harmonic component with spatial  phase ;  

hence  all re sponses  were  a rb i t r a r i l y  d e s ig n a te d  as pos it ive .  T h e  f u n ­

damental  component,  a t  high spatial  f r eq u e n c ie s  was v e r y  weak, how­

e v e r ,  it was still a s inusoidal func t ion  of spatial  phase .

At low spat ia l  f r eq u en c ie s  (F igu re  9a ) ,  Y-like cells behaved  like 

X-l ike cells.  T he  fundamenta l  component dominated th e  re sp o n se ,  t h e  

cell possessed  a null po in t ,  and th e  fundamenta l  component amplitude  

was a sinusoidal func t ion  of spatial  p h ase .  T h e  second harmonic com­

ponen t  was not shown in th is  f ig u r e  because  its re sponses  were  some­

what  d i s to r ted  due  to t h e  f ac t  t h a t  th is  cell had no spon taneous  ra te  

( see  Section 3 . 2 . 1 ) .

The  2 f / f  rat io v a r ied  as a func t ion  of t h e  spatial  f r e q u e n c y  of 

t h e  g ra t i n g  in Y-like cells .  At low spat ia l  f r e q u e n c ie s ,  t h e  ratio was 

less than  one ,  however ,  as spatial  f r e q u e n c y  inc reased ,  so did t h e  

2 f / f  rat io.  At high spat ia l  f r eq u e n c ie s ,  th i s  ratio typica lly  reached 

values  of two to  t h r e e  o r  even h ig h e r .  C lear ly ,  t h e  mechanisms
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respons ib le  fo r  t h e  nonlineari t ies  found  in t h e s e  Y-like  cells were  

r e sp o n s iv e  only at  high spatial  f r eq u e n c ie s .  T h e s e  f ind ings  were  

ro b u s t  across  d i f f e r en t  temporal f r eq u e n c ie s  and  c o n t r a s t s ,  including 

low c o n t r a s t s .

3 . 2 . 4  W-like C e l l s .

For ty -s ix  (37%) ou t  of 126 cells were  c lass if ied  as W-like cells.  

F igure  10 i l lus t ra tes  a W-like cell 's  r e sp o n se  to  a c o n t r a s t - r e v e r s a l  

g r a t i n g  of 1.52 cy/mm. T he  s t imulus was p r e s e n t e d  a t  6% c o n t r a s t ,  

with a reversa l  ra te  of 4 Hz. T h e  re sp o n se  of W-like cells to a 

c o n t r a s t - r e v e r s a l  g r a t i n g  conta ined both fundamenta l  and  second h a r ­

monic components.  At spat ia l  phases  well away from t h e  null posit ion 

t h e  fundamenta l  component  dominated (F ig u re s  10a, c ) . However,  as 

t h e  spat ia l  p h ase  of t h e  g ra t in g  app ro ach ed  a po in t  midway between 

th o s e  ex t rem es ,  a doubl ing  of t h e  r e sp o n se  o c c u r r e d ,  ind ica ting domi­

nation b y  th e  second harmonic  component (F ig u re  10b) .  This  was 

du e  to t h e  fac t  t h a t  t h e  fundamenta l  component was a func t ion  of s p a ­

tial p hase  and t h e  second harmonic was not.  F igu re  10d shows t h a t  

t h e  fundamenta l  component  was,  aga in ,  a sinuso idal func t ion  of spatial  

p h ase ;  it also shows a re la tive ly  s t ro n g  second  harmonic  component,  

compared to X-l ike cells ,  ac ross  all spatial  p h a se s .  Once again ,  pos i ­

t iv e  and negative  re sponse s  were  a r b i t r a r i l y  a s s ig n e d  and  th e  c u r v e  

r e p r e s e n t s  t h e  b e s t  f i t  s inusoid .  T h e  2 f / f  ra t io  of W-like cells,  

unlike  X- and Y-like cells ,  va r ied  as a func t ion  of spat ia l  p h ase .  For 

example,  a t  pos it ions  away from t h e  null ,  t h e  ra tio  was less th a n  one,  

indica ting t h a t  t h e  fundamenta l  component  dominated; a t  posi t ions
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Figure  10

Averaged  W-like cell r e sp o n ses  to  a c o n t r a s t -  
r eve rsa l  g r a t i n g  at  va r ious  spat ia l  posi t ions  on 
th e  re c ep t iv e  fie ld .  T h e  st imulus cons i s ted  of a 
c o n t r a s t - r e v e r s a l  g r a t i n g  of 1.52 cy/mm, a t  6% 
c o n t r a s t ,  and  modula ted a t  a r a te  of 4 Hz. The  
values  above  each f ig u r e  (a ,  b ,  and  c) r e f e r  to 
t h e  posit ion of t h e  g r a t i n g ,  in d e g r e e s ,  on th e  
recep t ive  fie ld ;  zero  d e g r e e s  r e p r e s e n t s  th e  
b e s t  es timate  of t h e  midposit ion of t h e  recep t ive  
field.  The  bottom i l lus tra tion shows one  com­
plete  c o n t r a s t - r e v e r s a l  cycle  of t h e  s t imulus .  
In ( d ) ,  t h e  re la tive  r e sp o n se  ampli tudes  of t h e  
Four ier  components  of a W-like cell to a 
c o n t r a s t - r e v e r s a l  g r a t i n g  as  a func t ion  of s p a ­
tial p h a se  a r e  shown. Stimulus p a ra m e te r s  were  
th e  same as  in ( a ) ,  ( b ) ,  and  ( c ) .  Closed c i r ­
cles r e f e r  to  t h e  ampli tude  of t h e  fundamenta l  
component;  a s t e r i s k s  r e p r e s e n t  t h e  ampli tude  of 
t h e  second harmonic component .  T h e  c u r v e  is 
th e  b e s t - f i t  sinuso id  to t h e  da ta .
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closer  to t h e  null posit ion ,  t h e  ratio became l a rg e r  than  one ,  

s u g g e s t in g  t h a t  t h e  second harmonic component was la rg e r .  This 

becomes a p p a r e n t  when comparing t h e  g r a p h s  in F igure  10; away from 

th e  null (F igu re s  10a, c ) ,  t h e  r e sponses  a p p e a r  X-l ike ,  b u t  c loser to 

t h e  null ,  t h e  re sponse s  mimic Y-l ike  cells (F ig u re  10b).  However,  

t h e  va lue  of t h e  2 f / f  ra t io  was n e v e r  as high as in Y-like  cells.  The  

genera l  re sp o n se  c h a r ac te r i s t i c s  of most W-like cells were  independen t  

of spat ia l  f r e q u e n c y ,  temporal f r e q u e n c y  and c o n t r a s t .  T h a t  is, 

w h a tev e r  mechanism is re spons ib le  fo r  t h e  non l inear  re sp o n se  was not 

t h e  same as Y-like cells ,  s ince  Y-like cells b eh av ed  l inearly  a t  low 

spatial  f r eq u en c ie s  and  W-like cells did not.

3 .3  Spatial and  Temporal C o n t r a s t  Sens i t iv i ty  F u n c t io n s .

To d e r iv e  S -C S F s ,  s inusoidal g r a t i n g s  were  d r i f t e d  across  t h e  

recep t ive  field of a ganglion cell a t  a c o n s ta n t  temporal  f r e q u e n c y .  

T h e  d r i f t  ra te  p rov ided  t h e  temporal modulation of t h e  r e sponses .  

For t h e  majority of t h e  cells isolated,  a d r i f t  r a te  of 4 Hz was used to 

d e r iv e  t h e  S-CSF. With r a r e  ex cep t ions ,  cells were  qu i te  re spons ive  

to  th is  temporal r a te .  It was im por tan t to  use  t h e  same d r i f t  ra te  fo r  

all t h e  cel ls ,  since a v e r a g e  S-CSFs were  calcula ted  (see  Section 3 . 5 ) .  

When poss ib le ,  d i f f e r e n t  d r i f t  ra tes  were  also p r e s e n te d  to a cell to 

examine t h e  role of spat io- tempora l  in te rac t ions  on th e  shape  of th e  

S-CSF.  T h e  sens i t iv i ty  a t  each spat ia l  f r e q u e n c y  was de r ived  by  

in te rpola tion on t h e  r e sp o n se  v s .  c o n t r a s t  c u r v e s  to  find  th e  c o n t r a s t  

fo r  a c o n s ta n t  r e sp o n se  amplitude.  Th is  method of d e r iv ing  s e n s i t iv ­

ity was also used  to  d e r iv e  t h e  T-CSF.
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3 . 3 . 1  X-like  C el ls .

Since X-like  cells a r e  l inear,  th e  re sp o n se  measure  was th e  

ampli tude of t h e  fundamenta l  component .  F igure  11 shows a typical  

S-CSF from an X-like  cell. The  st imulus g ra t in g  was d r i f t ed  a t  a 

r a te  of 4 Hz. T he  s h ap e  of t h e  S-CSF was similar to those  obta ined 

in o th e r  spec ies ;  t h e r e  was t h e  s h a r p  high f r e q u e n c y  d ro p  as well as 

t h e  low f r eq u e n c y  a t tenua t ion  believed to be d u e  to lateral  inhibit ion 

within t h e  recep t ive  field of t h e  cell (Ratl iff ,  1965).

To f u r t h e r  i l lu s t ra te  th e  l ineari ty  of an X-l ike cell 's  re sponse ,  

t h e  fundamenta l  component of t h e  r e sp o n se  v s .  c o n t r a s t  fo r  t h e  same 

cell in F igure  11 is p r e s e n te d  in Figure  12 at  severa l  spatial  f r e q u e n ­

cies.  The  values  a t  zero  c o n t r a s t  r e p r e s e n t  t h e  fundamenta l  compo­

nen t  amplitude to a "dummy" s timulus;  t h a t  is , a st imulus  with no 

modulation a round  mean luminance.  This was a measure  of t h e  cell 's 

spon taneous  ra te .

The  S-CSFs ob ta ined  from th e  s ingle  n eu rons  a re  quali ta t ive ly  

similar to  t h e  psychophys ica l  S-CSF of t h e  goldfi sh  (Northmore  and 

Dvorak,  19 7 9 ) . '  The  peak  of t h e  psychophys ica l  S-CSF is a t  about  

0 .3  c y / d e g  and  th e  acu i ty  limit, o r  high f r e q u e n c y  cu t -o f f ,  is 

between 1 and  2 c y / d e g .  To compare t h e  n eu ro n ' s  S-CSF to t h e  p s y ­

chophysical  func t ion ,  cycles  p e r  millimeter on t h e  re tina  were  con­

v e r t e d  to cycles p e r  d e g r e e ,  us ing  measurements  obta ined  from th e  

schematic eye  of t h e  goldfi sh  (Charman and T u c k e r ,  1973). T h e  

a p p ro p r i a t e  convers ion  va lue  is abou t  19 deg/mm (see  A pp en d ix ) .  

Extrapola t ing  from th e  cell 's  S-CSF,  t h e  acu i ty  limit is between 12 

and  20 cy/mm. This  c o n v e r t s  to be tween 0 .6  and  1 .0  c y / d e g  which
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Figure  11

S-CSF of an X-l ike cell. T h e  r e sp o n se  measure  
was th e  ampli tude  of t h e  fundamenta l  compo­
nen t .  The  st imulus cons is ted  of a 4 Hz d r i f t in g  
g r a t i n g .  S ens i t iv i ty  was ob ta ined  by  in te rpo la ­
tion on t h e  r e sp o n se  v s .  c o n t r a s t  c u r v e s  to 
find  th e  c o n t r a s t  n e c e s s a r y  fo r  a c o n s ta n t  
re sp o n se  ampli tude.
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Figure  12

Response  v s .  c o n t r a s t  c u rv e s  of an X-like  cell 
a t  severa l  spatial  f r eq u e n c ie s .  T h e  re sponse  
m easure  was t h e  amplitude of t h e  fundamenta l  
component .  T h e  st imulus  cons is ted  of a 4 Hz 
d r i f t in g  g r a t i n g .  The  value above each f ig u re  
re fe r s  to t h e  spat ia l  f r e q u e n c y  of t h e  st imulus 
g r a t i n g .  T h e  d o t ted  line in each f i g u r e  r e p r e ­
s en ts  t h e  ampli tude  of t h e  fundamenta l  compo­
n e n t  when a g ra t i n g  of zero  c o n t r a s t  was p r e ­
s e n te d ;  t h u s ,  it is a m easu re  of t h e  
spon taneous  ra te  of t h e  cell.
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is close to t h e  behavioral  limit. However,  t h e  peak  of th e  cell 's 

S-CSF is a t  abou t  0 .8  cy/mm which c o n v e r t s  to 0 .04  c y / d e g ,  well 

below t h e  behavioral  peak .

Since X-like  cells a re  l inear up  to  modera te  c o n t r a s t s ,  t h e i r  

re sponses  can be used  d i rec t ly  as measures  of sens i t iv i ty  - -  it is not 

n e ce s sa ry  to  in te rpola te  on r e sp o n se  v s .  c o n t r a s t  c u rv e s  func t ions .  

F igure  13 shows th e  S-CSFs  of severa l  X-like  cells obta ined  a t  a d r i f t  

r a te  of 4 Hz. T he  c o n t r a s t s  fo r  each cell a re  indica ted  in t h e  f ig u re .  

To be s t r i c t ly  c o r re c t ,  s ince  t h e s e  func t ions  were  d e r ived  d i rec t ly  

from th e  re sponse  m easure  (in th is  case ,  t h e  fundamenta l  ampl i tude) ,  

t h e  o rd in a te  was de s ig n a ted  as log re la tive  ' r e sp o n s e '  r a t h e r  than  

' s e n s i t iv i ty ' .  T h e se  cells were  all similar in t h e  high f r e q u e n c y  p o r ­

tion of t h e  S-CSF; however ,  two of t h e  cells (F igu re s  13b, d)  did not 

ap p e a r  to  possess  any  low f r e q u e n c y  a t tenua t ion  as in t h e  o th e r  cells.  

It is worth  noting t h a t  t h e s e  two cells did not possess  a s u r r o u n d  

mechanism; t h a t  is ,  t h e y  were  spat ia lly  nonopponen t .  This  s u p p o r t s  

th e  notion t h a t  t h e  low f r e q u e n c y  a t tenua t ion  found  in n eu rons  is a 

r e s u l t  of an an tagonis t ic  in te ract ion  be tween t h e  c e n t e r  and  s u r r o u n d  

por t ions  of t h e  recep t ive  field (E nro th -C uge l l  and  Robson, 1984).

To t e s t  th is  h y p o th e s i s ,  S-CSFs  w ere  ob ta ined  sep a ra te ly  from 

th e  c e n t e r  and s u r r o u n d  mechanisms and  from t h e  e n t i r e  recep t ive  

field by  re s t r i c t in g  t h e  d r i f t in g  g ra t i n g  to  one port ion of t h e  r e c e p ­

t ive  field while mainta ining t h e  same mean luminance across  th e  

remaining portion  of t h e  fie ld .  It should  be ment ioned t h a t  r e s t r i c t ­

ing th e  st imulus p a t t e rn  to th e  middle portion  of t h e  recep t ive  field 

does not eliminate t h e  in fluence  of th e  s u r r o u n d  component s ince  t h e
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Figure  13

S-CSFs of severa l  X-l ike  cells .  T h e  re sp o n se  
m easure  f o r  each cell was t h e  ampli tude  of t h e  
fundamenta l  component.  In all c a se s ,  t h e  s t im­
ulus cons is ted  of a 4 Hz d r i f t in g  g r a t i n g .  The  
c o n t r a s t  a t  which each func t ion  was ob ta ined  is 
g iven a t  t h e  bottom of each f i g u r e .
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s u r r o u n d  ove r laps  with t h e  c e n t e r  in th e  middle port ion of th e  

recep t ive  fie ld .  The  in ten t ions  of th is  r e s t r i c t ed  p a t t e rn  were  to 

minimize t h e  influence of one component while examining th e  o th e r .  A 

similar a rg u m e n t  can be made fo r  r e s t r i c t in g  th e  p a t t e rn  to th e  o u te r ,  

s u r r o u n d  por t ion .  Typical  r e su l t s  a r e  shown in F igure  14. The  full 

field S-CSF was ob ta ined  by  p r e s e n t in g  th e  d r i f t in g  g ra t in g s  across  

t h e  e n t i r e  recep t ive  field (7 .5  mm c i rcu la r  a p e r t u r e ) .  T he  c e n te r  

mechanism's S-CSF for  th is  cell was de termined with t h e  d r i f t in g  

g ra t i n g  confined to  a 1 mm x 1 mm s q u a r e  c e n te re d  on t h e  recep t ive  

fie ld .  For t h e  s u r r o u n d  S -C S F ,  t h e  g ra t i n g s  were  re s t r i c t e d  to  th e  

s u r r o u n d in g  port ion of t h e  full a p e r t u r e  while t h e  1 mm x 1 mm c e n ­

t e r  s q u a r e  was held at mean luminance.  The  d r i f t  ra te  fo r  all S-CSFs 

was 4 Hz, and  th e  r e sp o n se  measure  was t h e  fundamenta l  amplitude.  

All s en s i t iv i ty  values  w e re  normalized with r e s p e c t  to  one  maximum 

va lue .  T h e r e f o r e ,  d isp lacement  of t h e  S-CSFs on t h e  o rd in a te  reflect  

d i f f e rences  in sen s i t iv i ty .  (F or  example,  th e  s u r r o u n d  mechanism is 

appoximately  1 log uni t  less sens i t ive  than  th e  c e n t e r  mechanism in 

F igure  14.)  As can be seen in Figure  14, t h e  c e n t e r ' s  s en s i t iv i ty  at  

high spatial  f r eq u en c ie s  closely matched th e  s ens i t iv i ty  of t h e  e n t i r e  

recep t ive  field s u g g e s t in g  t h a t  t h e  c e n t e r  mechanism alone was 

r e spons ib le  fo r  t h e  high f r e q u e n c y  portion of t h e  cell 's  overall  

S-CSF.  However,  t h e  s u r r o u n d  mechanism's sen s i t iv i ty  was much 

lower a t  t h e s e  f r e q u e n c ie s  and  p robab ly  c o n t r ib u te d  little to th e  

r e sp o n se  to  full f ield st imula tion.  This  would be  expec ted  from th e  

l a rg e r  a rea  of t h e  s u r r o u n d .  At low spatial  f r e q u e n c ie s ,  t h e  c e n t e r  

and  full field values  became d i s p a r a te  in t h a t  t h e  c e n t e r  was more
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Figure  14

S-CSFs  of an X-l ike  cell 's  recep t ive  field com­
p o n e n t s .  T h e  r e sp o n se  measure  in each case  
was t h e  ampli tude  of t h e  fundamenta l  compo­
n e n t .  T h e  st imulus cons is ted  of a 4 Hz d r i f t in g  
g r a t i n g .  S ens i t iv i ty  was ob ta ined  by  in te rpo la ­
tion on t h e  r e sp o n se  v s .  c o n t r a s t  c u r v e s  to 
find  t h e  c o n t r a s t  n e c e s sa ry  fo r  a c o n s ta n t  
r e sp o n se  ampli tude .  Each s en s i t iv i ty  va lue  was 
normalized with r e s p e c t  to one  maximum value.  
Closed circ les  r e p r e s e n t  t h e  r e sp o n se  of t h e  
e n t i r e  r ecep t iv e  field .  Open s t a r s  r e f e r  to  t h e  
r e sp o n se  to  a g ra t i n g  r e s t r i c t e d  to  a 1 mm by  1 
mm s q u a r e  c e n te re d  on t h e  recep t iv e  field;  
enclosed  s t a r s  r e p r e s e n t  t h e  r e sp o n se  of t h e  
cell to  a g r a t i n g  r e s t r i c t e d  to  t h e  s u r r o u n d i n g  
por tion  of t h e  full a p e r t u r e .  In all c a se s ,  t h e  
port ion of t h e  recep t ive  field not s t imulated by  
t h e  g r a t i n g  was maintained a t  mean luminance.
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Spatial Contrast Sensitivity 

X-like cell ( C 4 5 B )

Drifting grating, 4 Hz. Fundamental component 
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sens i t ive  than  th e  full f ield.  At low spatial  f r eq u e n c ie s ,  the

s u r r o u n d  co n t r ib u te s  to  t h e  r e sp o n se  to full field st imulation,  and

since ,  in most c a se s ,  t h e  c e n t e r  and  s u r r o u n d  mechanisms a re  a n t a ­

gonis tic ,  th e  r e su l t  is t h a t  t h e  c e n t e r  r e sp o n se  is "pulled down" by  

th e  an tagon is t ic  s u r r o u n d  when th e  e n t i r e  recep t ive  field is s t imu­

la ted.  This  was ce r ta in ly  t h e  case  fo r  t h e  cell in F igure  14 s ince  th e  

fundamenta l  components of t h e  c e n t e r  and  s u r r o u n d  mechanisms were  

180 d e g re es  ou t  of p h a se .  However,  as s u g g e s te d  by  th e  la rge  d i s ­

placement of t h e  s u r r o u n d ' s  S -CS F ,  t h e  spat ia l  opponency  of th is  cell 

was re la tively  weak, and  th e  in f luence  of t h e  s u r r o u n d  was minor 

compared to o th e r  cells.  In cells with s t r o n g  spatial  opponency ,  th e  

full field S-CSF had a more a p p a r e n t  low f r e q u e n c y  a t tenua t ion .

As d i scu ssed  ea r l i e r ,  t h e  S-CSF of a ganglion cell is not s e p a r a ­

ble from its T -CSF .  T h a t  is,  t h e  s h ap e  of t h e  S-CSF d e p en d s  on th e  

st imulus  g r a t i n g ’s d r i f t  r a t e .  To examine th is  phenomenon in goldfish 

ganglion cells ,  S-CSFs were  d e r iv e d  a t  d i f f e r e n t  d r i f t  r a t e s .  The  

re su l t s  a re  shown in F igu re  15. S -CSFs  w e re  ob ta ined  fo r  d r i f t  ra tes  

of 1, 4 and 8 Hz a t  13% c o n t r a s t  and  all va lues  were  normalized with 

r e sp ec t  to  one maximum va lue .  T h e  s h ap e  of t h e  S-CSF d e p en d ed  on 

th e  d r i f t  ra te ,  b u t  only a t  low spat ia l  f r e q u e n c ie s .  At high spatial 

f r eq u e n c ie s ,  t h e  t h r e e  func t ions  were  v e r y  similar;  t h e  c u r v e s  d e v i ­

a ted  only a t  t h e  lower f r e q u e n c ie s .  At t h e  lower d r i f t  r a te s  of 1 and

4 Hz, t h e r e  was s t ro n g  low f r e q u e n c y  a t te n u a t io n .  However,  a t  th e

h ig h e r  d r i f t  r a te  of 8 Hz, low f r e q u e n c y  a t tenua t ion  was less .  Since 

low f r eq u e n c y  a t tenua t ion  d i s a p p e a r s  a t  t h e  high d r i f t  ra te ,  it is p o s ­

sible t h a t  th e  s u r r o u n d  mechanism is e i t h e r  unable  to r e spond  to o r
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Figure  15

S-CSFs of an X-l ike  cell a t  d i f f e r e n t  st imulus 
d r i f t  r a t e s .  T h e  re s p o n se  measure  was th e  
ampl itude  of t h e  fundamenta l  component.  The  
stimuli cons is ted  of a d r i f t in g  g ra t i n g  a t  1 Hz 
(closed t r i a n g l e s ) ,  4 Hz (c losed h e x ag o n s ) ,  and  
8 Hz (open h e x a g o n s ) ,  a t  13% c o n t r a s t .  Each 
value  was normalized with r e s p e c t  to  one maxi­
mum value.
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follow th e se  f r eq u e n c ie s ,  o r  t h a t  t h e  c e n t e r  and  s u r r o u n d  components  

a re  no longer  an tagon is t ic  to one a n o th e r .  Although t h e r e  were  d i f ­

f e re n ce s  a t  low spatial  f r e q u e n c i e s ,  t h e  re la tive  sens i t iv i t ies  of the  

d i f f e r e n t  S-CSFs were  qu i te  similar.  This s u g g e s t s  t h a t  th i s  cell 

p ro b a b ly  had a b road  temporal t u n in g .

A typical  T -CSF  of an X-l ike cell is shown in F igure  16. The 

T -C S F  was ob ta ined  by  p r e s e n t in g  a uniform field which var ied  s in u ­

soidally in in tens i ty .  Th is  was p r e s e n te d  a t  d i f f e r en t  temporal f r e ­

quenc ie s  and  c o n t r a s t s ;  sen s i t iv i ty  was calculated by  in terpola tion on 

th e  ampli tude of t h e  fundamenta l  r e sp o n se  component v s .  c o n t r a s t  

c u r v e s ,  as d e sc r ib e d  ea r l i e r  fo r  S -CSFs .  At low temporal f r e q u e n ­

c ies ,  t h e  cell was re la tive ly  insens i t ive ;  however ,  at  f r equenc ies  

be tween 2 to  8 Hz th e  cell was qu i te  re spons ive  with a peak  s e n s i t iv ­

i ty a t  abou t  4 Hz.

To examine t h e  c e n t e r  and  s u r r o u n d  in te rac t ions  in more detai l ,  

T -C S F s  from th e  e n t i r e  f ield as well as from t h e  c e n t e r  and  s u r r o u n d  

s e p a ra te ly  were  o b ta ined .  F igure  17 shows th e  r e s u l t s .  The  

re s p o n se  measure  was t h e  ampli tude of t h e  fundamenta l  component  and 

t h e  s t imulus  cons is ted  of a uniform field which var ied  sinuso idally  in 

in ten s i ty  a t  25% c o n t r a s t .  All va lues  were  normalized with r e sp ec t  to 

one maximum value.  T h e  c e n t e r  T -CSF was de r ived  with t h e  st imulus 

r e s t r i c t e d  to  a 1 mm by  1 mm s q u a r e ;  fo r  t h e  s u r r o u n d  T -C S F ,  th e  

st imulus was re s t r i c t e d  to  t h e  s u r r o u n d in g  por tion of t h e  full field 

s t imulus  with a c e n t e r  s q u a r e  maintained a t  mean luminance.  T he  full 

field was a 7 .5  mm diameter  c i r c u la r  a p e r t u r e .  Severa l  poin ts  a re  

worth  mentioning r e g a rd in g  t h e  T -CS Fs  (F ig u re  17a).  At low tempo-
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Figure  16

T -C S F  of an X-l ike cell. T h e  r e sp o n se  measure  
was t h e  ampli tude  of t h e  fundamenta l  compo­
nen t .  T h e  stimuli cons is ted  of a uniform field 
which v a r ie d  s insoidally  in in te n s i ty .  S ens i t iv ­
i ty was ob ta ined  by  in te rpola tion on th e  
re sp o n se  v s .  c o n t r a s t  c u r v e s  to  find  t h e  con­
t r a s t  n e ce s sa ry  fo r  a c o n s t a n t  r e s p o n se  ampli­
t u d e .
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Temporal Contrast Sensitivity 

X-like Cell (C10C) Fundamenta l  Component N: 30
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Figure  17

(a) T -C S F s  of t h e  c e n t e r  (open s t a r s ) ,  s u r ­
round  (enclosed  s t a r s ) ,  and  full f ield (closed 
c i rc les )  of an X-l ike  cell. T he  r e sp o n se  meas­
u re  was t h e  ampl itude of t h e  fundamenta l  com­
p o n en t ;  t h e  st imulus cons is ted  of a uniform 
field which va r ied  s inuso idally  in in tens i ty .  
T he  c o n t r a s t  fo r  each st imulus was 25 p e rc e n t .  
All r e sp o n se  values  were  normalized with 
r e s p e c t  to  one  maximum va lue .  See t e x t  fo r  
de ta i l s ,  (b )  Fundamental  component p h a se  d i f ­
f e re n ce s  between c e n t e r  and  s u r r o u n d  compo­
n e n t s .
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ral f r eq u e n c ie s ,  t h e  c e n t e r  and  th e  full field values  a r e  similar while 

t h e  s u r r o u n d  values  a r e  much lower in sen s i t iv i ty ,  su g g es t in g  th a t  

t h e  c e n t e r  co n t r ib u te s  more to t h e  full field T -C S F .  Also, the  cen te r  

is re la tive ly  more sens i t ive  than  t h e  full field a t  low temporal f r e ­

q u e n c ie s ,  which s u g g e s t s  t h a t  t h e r e  must be antagonism between th e  

c e n t e r  and  s u r r o u n d  components .  However,  as temporal f r eq u e n cy  

in c re a se s ,  t h e  c e n t e r  and  full field values  become d i sp a r a te ;  at  th e  

same time, t h e  sen s i t iv i ty  of th e  s u r r o u n d  in c rease s ,  and  peaks a t  a 

h ig h e r  temporal f r e q u e n c y  th a n  th e  c e n t e r  component (8 Hz).  T h u s ,  

t h e  s u r r o u n d  is qu i te  sens i t ive  a t  high temporal f r e q u e n c ie s ,  and in 

f a c t ,  a p p e a r s  to be as  sens i t ive  as t h e  c e n t e r  por tion  a t  high f r e ­

qu en c ie s .  Also, a t  a temporal f r e q u e n c y  of 8 Hz, t h e  full field 

T -C S F  is more s en s i t iv e  t h a n  e i th e r  t h e  c e n t e r  of s u r r o u n d  alone 

s u g g e s t in g  not only t h a t  t h e r e  is no c e n t e r  and s u r r o u n d  antagonism, 

b u t  t h a t  t h e s e  components  must be  sy n e r g i s t i c .

This  can be exp la ined  by  compar ing th e  fundamenta l  component 

p h a se  d i f fe rences  of t h e  c e n t e r  and  s u r r o u n d  re sp o n se s  as in Figure  

17b. At low temporal f r e q u e n c ie s ,  t h e  ph ase s  of t h e  c e n t e r  and s u r ­

ro und  va lues  a re  abou t  180 d e g re e s  o u t - o f - p h a s e  - -  t h u s ,  a t  t h e se  

f r e q u e n c i e s ,  t h e  c e n t e r  and s u r r o u n d  a re  an tagon is t ic .  However,  as 

t h e  temporal f r e q u e n c y  of t h e  st imulus  in c rease s ,  t h e  phases  of the  

c e n t e r  and  s u r r o u n d  components  also ch an g e  b u t  a t  d i f f e r en t  ra te s .  

At 8 Hz t h e  phases  be tween th e  c e n t e r  and  s u r r o u n d  a re  similar and  

a r e  now, in -p h a se .  T h u s ,  a t  8 Hz, t h e  c e n t e r  and  s u r r o u n d  compo­

nen ts  a r e  actually  s y n e r g i s t i c  and  t h e i r  in te rac t ion  enhances  s en s i t iv ­

i ty.
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3 . 3 . 2  Y-like C el ls .

In g e n e ra l ,  Y-like cells were  much eas ie r  to isolate and record  

from th a n  X-l ike  cells.  Also, isolation te n d e d  to be b e t t e r  maintained 

o v e r  longer  per iods  of t ime. P e rh ap s ,  like in t h e  ca t  re tina  (Boycott  

and  Wassle, 1974), go ldfi sh  Y-like cells have  l a rg e r  cell bodies making 

them eas ie r  to isolate and  maintain.  Although t h e r e  has been no c o r ­

relation between spat ia l  summation p ro p e r t i e s  and  anatomy in th e  

goldfish re t ina ,  t h e r e  is ev idence  of a t  least  t h r e e  d i s t in c t  anatomical 

c lasses  of ganglion cells in t h e  goldfish re t ina  (Hitchcock  and  E as te r ,  

1984).

Since Y-like  cells ,  by  defin it ion ,  a r e  nonl inear ,  t h e  ampli tude of 

t h e  fundamenta l  component was not a p p r o p r i a t e  as a r e sp o n se  meas­

u re .  T h r e e  d i f f e r e n t  r e sp o n se  measures  were  used  fo r  Y-like cells.

T h e  fundamenta l  r e sp o n se  component was used  to  examine any  l inear

mechanisms of t h e  cell . This  also allowed a d i r e c t  comparison with

X-like  cells to examine w h e th e r  t h e  l inear components  of t h e  Y-like

cells were  similar to  th o s e  of X-l ike  cells .  Because  t h e r e  is a s t ro n g  

second harmonic component in Y-like cells when a c o n t r a s t - r e v e r s a l  

g r a t i n g  is p r e s e n t e d ,  t h e  ampli tude  of t h e  second harmonic  component 

was' also examined fo r  Y-like cells .  This  would p ro v id e  some informa­

tion conce rn ing  t h e  nonl inear i t ies  conta ined  in Y-l ike cells .  A th i r d

re sp o n se  m easure  was t h e  maximum re sp o n se  bin minus t h e  minimum 

re sp o n se  bin of t h e  s t imulus  cycle  (max-min) ,  o r  in o th e r s  w o rds ,  th e  

p e a k - to - p e a k  va lue  of t h e  av e rag e d  re sp o n se .  Th is  was used  as an 

overall  m easu re  of t h e  cell 's  r e sp o n se ,  including th e  re sponses  of th e

small non l inear  su b u n i t s  like th o se  found in Y-cells  of t h e  cat  re t ina .
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This  re sp o n se  m easure  was chosen o v e r  t h e  maximum re sp o n se  fo r  

severa l  reasons .  The  f i r s t  was t h a t  th e  maximum re sp o n se  by  i tself 

r e p r e s e n t s  only one  port ion of t h e  e n t i r e  a v e rag ed  re sp o n se .  T h e r e ­

fo re ,  th is  measure  would be v e r y  suscep t ib le  to random f luc tua t ions  

in t h e  r e sp o n se .  For example,  some cells had a f i r ing  p a t t e rn  in 

which th e  action potent ia ls  f i r ed  in g ro u p s  or  multiples .  This  " b u r s t -  

iness"  could have  a ffec ted  t h e  maximum re sp o n se  m easure .  While th e  

max-min r e sp o n se  is not much b e t t e r ,  it does r e p r e s e n t  two values  of 

t h e  av e rag e d  re sp o n se  cycle  ins tead  of j u s t  one.  A more im por tan t  

reason fo r  us ing  t h e  max-min re sp o n se  has to  do with t h e  var iab i l i ty  

of t h e  cell 's  spon taneous  ra te  o v e r  t ime. Since cells could be  isolated 

fo r  up  to six h o u r s ,  t h e  spon taneous  ra te  could f lu c tu a te  d u e  to  cell 

ad jus tments  an d ,  more im por tan t ly ,  fo r  changes  due  to d i f f e r en t  

adapta t ion  levels,  such  as chan g es  in mean luminance o r  chromatic  

adap ta t ion .  Any change  in t h e  spon taneous  ra te  would a f fec t  pr ima­

rily t h e  maximum re sp o n se ,  b u t  not t h e  max-min re sp o n se .  When 

cells were  re -examined with t h e  same stimuli hou rs  la te r ,  t h e r e  might  

be dramatic  d i f fe rences  in t h e  maximum re sp o n se  m easu re  b u t  not in 

t h e  max-min.

Finally,  s ince  Y-like  cells a r e  non l inear ,  all spatial  and  temporal 

CSFs were  d e r iv ed  by  in te rpola tion from th e  re sp o n se  vs .  c o n t r a s t  

c u r v e s .  No CSFs were  ob ta ined  d i rec t ly  from t h e  r e sp o n se  measures  

even when th e  r e sp o n se  was well within t h e  l inear r e sp o n se  range .

F igure  18 compares a Y-like  cell 's  S-CSF based  on th e  fu n d a m e n ­

tal component of t h e  r e sp o n se  and  t h e  max-min re sp o n se .  T h e  d r i f t  

r a te  of t h e  g ra t i n g  was 4 Hz. T h e  s en s i t iv i ty  values  of t h e  fu n d a -
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Figure  18

S-CSF of a Y-like  cell. The  r e sp o n se  measures  
were  t h e  ampli tude  of t h e  fundamenta l  compo­
nen t  (c losed c i rc les )  and  t h e  maximum re sp o n se  
minus t h e  minimum re sp o n se  (open c i rc le s ) .  
The  st imulus cons is ted  of a 4 Hz d r i f t in g  g r a t ­
ing.  S ens i t iv i ty  was ob ta ined  by  in terpola tion 
on t h e  r e sp o n se  v s .  c o n t r a s t  c u r v e s  to find  th e  
c o n t r a s t  n e c e s s a r y  fo r  a c o n s ta n t  re sp o n se  
amplitude.



Lo
g 

R
el

at
iv

e 
S

en
si

ti
vi

ty

1 4 6

Spatial Contrast Sensitivity

Y-like cell ( C 3 7 C )

Drifting gra t ing ,  4 Hz.

N: 76

- 0 . 4

- 0.8

- 1.2

Kay;

- 1 . 6
F u n d a m e n t a l  c o m p o n e n t

0—0 M ax -m in  r e s p o n s e

- 2 .0
0.19 0 .3 8 0 .7 6 1.52 3 .05 6 . 1 0 12.2

Spatial Frequency (cy/m m )



1 4 7

mental component and  t h e  max-min re sp o n se  were  similar a t  low to 

modera te  spatial  f r e q u e n c ie s ,  b u t  t h e  c u rv e s  became d i s p a r a te  a t  high 

spatial  f r eq u e n c i e s .  At high f r eq u e n c ie s ,  t h e  fundamenta l  component 

was rela tively  in sens i t ive  to g ra t i n g s  h ig h e r  than  3 .05  cy/mm, 

whereas  t h e  max-min r e sp o n se  was still s ens i t ive .  T h e  d i f fe rences ,  

no d o u b t ,  reflec t  t h e  p r e s e n c e  of t h e  small non l inear  su b u n i t s  similar 

to  those  found in ca t  Y-cel ls .  This  f ig u r e  also s u p p o r t s  th e  notion 

t h a t  th e  fundamenta l  component of Y-like cells re f lec ts  th e  same 

mechanisms as th o se  of X-l ike  cells ,  a t  leas t  a t  low to  modera te  spatial 

f r e q u e n c ie s ,  s ince  th e  func t ion  was similar to  t h e  S-CSF found in 

X-l ike  cells .  T h a t  is,  t h e  fundamenta l  component of both X- and 

Y-like  cells were  t h e  r e s u l t  of a simple in te ract ion  of t h e  re sponses  of 

t h e  c e n t e r  and s u r r o u n d  mechanisms of th e  recep t ive  field .
r

However,  unlike Y-cel ls  in t h e  ca t ,  t h e  non l inear  su b u n i t s  p r o ­

v ided  more than  j u s t  an e leva ted  d i s c h a rg e  to  th e  overal l  re sponse .  

T h e r e  a p p ea re d  to be a s l igh t  "doubling"  of r e sp o n se  when th e se  

su b u n i t s  were  ac t iva ted .  F igure  19 compares  t h e  S-CSFs  of th e  f u n ­

damental  and  second harmonic components  of a n o th e r  Y-l ike cell. The 

d r i f t  r a te  of t h e  st imulus was 4 Hz and  th e  two c u r v e s  were  normal­

ized with r e sp ec t  to  one  maximum va lue .  At t h e  lower spatial  f r e ­

qu en c ie s ,  a l though th e  re la tive  sens i t iv i t ies  d i f f e r ,  t h e  fundamental  

and  second harmonic  va lues  were  similiar in sh ap e .  T h is  was p r o b ­

ably  due  to t h e  f ac t  t h a t  t h e  second harmonic component was the  

r e su l t  of t h e  cell 's  r e sp o n se  being  d i s to r te d  by  t h e  o v e rd r iv in g  of th e  

r e sp o n se  to  zero .  However,  t h e  c u rv e s  become d i s p a r a te  a t  6.10 

cy/mm w here  t h e  second harmonic component c lear ly  dominated the



F i g u r e  1 9

S-CSFs of a Y-like  cell based  on t h e  f i r s t  two 
Four ie r  components .  T he  re sp o n se  measures  
were  t h e  ampli tude  of th e  fundamenta l  compo­
nen t  (c losed c irc les)  and t h e  ampli tude  of t h e  
second harmonic component ( a s t e r i s k s ) .  T h e  
st imulus cons is ted  of a 4 Hz d r i f t in g  g r a t i n g .  
Sens i t iv i ty  was ob ta ined  by  in te rpola tion on t h e  
re sp o n se  v s .  c o n t r a s t  c u rv e s  to f ind  t h e  co n ­
t r a s t  n e c e s sa ry  fo r  a c o n s ta n t  r e sp o n se  ampli­
t u d e .  Each sen s i t iv i ty  value  was normalized 
with r e s p e c t  to  one maximum value .
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re sponse .  This  inc rease  in s e n s i t iv i ty ,  a t  such a high spatial  

f r e q u e n c y ,  must be due  to t h e  small, nonlinear s u b u n i t s .

Most X- and  V-like S-CSFs  were  similar in s h ap e ;  t h e y  p o s s ­

e ssed  re la tively  b r o a d - b a n d  tu n in g  along th e  spat ia l  domain. How­

e v e r ,  t h e r e  were  Y-like  cells t h a t  d isp layed  much more narrowly  

tu n e d  func t ions .  F igure  20 shows one of t h e s e  Y-cel ls .  The  

re sp o n se  measure  was th e  fundamenta l  ampl itude  and  th e  d r i f t  ra te  

was 4 Hz. Th is  cell was insens i t ive  to v e r y  low spat ia l  f r eq u en c ie s  

and peaked a t  a spat ia l  f r e q u e n c y  abou t  t h r e e  oc taves  h ig h e r  than  

most cells.  Th is  na r row  tu n in g  was not t h e  r e s u l t  of a p a r t i c u l a r  

d r i f t  ra te  since  th is  cell was examined a t  severa l  d r i f t  ra tes  with no 

dramatic  change  in t h e  S-CSF.

To examine th e  in f luence  of t h e  c e n t e r  and  s u r r o u n d  mechanisms 

on t h e  overall  Y-like  cell S -CSF,  S-CSFs were  ob ta ined  us ing  d r i f t in g  

g r a t i n g s  r e s t r i c t e d  to t h e  c e n t e r  (1 mm x 1 mm s q u a r e ) ,  s u r r o u n d  

( a n n u la r  portion of t h e  e n t i r e  a p e r t u r e )  as well as t h e  full field (7 .5  

mm c i rcu la r  a p e r t u r e ) .  F igure  21 d isp lays  t h e  r e su l t s  from t h r e e  

Y-like cells.  The  r e sp o n se  measure  was t h e  fundamenta l  component ,  

t h e  d r i f t  ra te  was 4 Hz, and  t h e  mean luminance was t h e  same fo r  all 

mechanisms. All values  in F igures  21a and  21b w ere  normalized with 

r e sp ec t  to one maximum va lue .  In F igure  21c, t h e  c e n t e r  and  s u r ­

round  values  were  normalized with r e sp ec t  to  each o th e r ;  t h e  full 

field values  were  normalized s ep a ra te ly .  This  was done  because  th e  

c e n t e r  and  s u r r o u n d  da ta  were  collected n e a r  t h e  end  of t h e  r e c o r d ­

ing session approximate ly  t h r e e  ho u rs  a f t e r  t h e  full field data  were  

collected.  T h u s ,  t h e r e  was a s l igh t  d e c rea se  in abso lu te  s en s i t iv i ty
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Figure  20

S-CSF of a s h a r p l y - t u n e d  Y-like cell. The  
r e sp o n se  m easure  was t h e  amplitude of t h e  f u n ­
damental  component .  T h e  st imulus  cons is ted  of 
a 4 Hz d r i f t in g  g r a t i n g .  Sens i t iv i ty  was 
ob ta ined  b y  in terpola tion on th e  r e sp o n se  v s .  
c o n t r a s t  c u r v e s  to  find  t h e  c o n t r a s t  n e ce s sa ry  
fo r  a c o n s ta n t  r e sp o n se  amplitude.
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Figure  21

S-CSFs  of t h r e e  Y-l ike cells'  r ecep t ive  field 
components .  T h e  re sp o n se  m easure  was t h e  
ampli tude of t h e  fundamenta l  component.  T he  
s t imulus  cons is ted  of a 4 Hz d r i f t in g  g r a t i n g .  
Sens i t iv i ty  was ob ta ined  by  in terpola tion on t h e  
r e sp o n se  v s .  c o n t r a s t  c u r v e s  to  f ind t h e  con ­
t r a s t  n e c e s sa ry  fo r  a c o n s ta n t  re sp o n se  ampli­
t u d e .  Closed circ les  r e p r e s e n t  t h e  re sp o n se  of 
t h e  e n t i r e  recep t ive  fie ld .  Open s t a r s  r e p r e ­
s e n t  t h e  r e sp o n ses  to  a g ra t i n g  r e s t r i c t e d  to  a 
1 mm by  1 mm s q u a r e  c e n t e r e d  on th e  recep t ive  
fie ld;  enclosed s t a r s  r e f e r  to  r e sp o n ses  of t h e  
cell to  a g r a t i n g  r e s t r i c t e d  to t h e  s u r r o u n d in g  
port ion of t h e  full a p e r t u r e .  In all c a se s ,  t h e  
port ion of t h e  recep t ive  field not s t imulated by  
t h e  g r a t i n g  was mainta ined  a t  mean luminance.  
All s e n s i t iv i ty  values  in (a) and  (b )  were  n o r ­
malized with r e s p e c t  to  one maximum va lue ;  in 
( c ) ,  t h e  c e n t e r  and  s u r r o u n d  values  were  n o r ­
malized t o g e t h e r  b u t  t h e  full f ie ld  values  were  
normalized s ep a ra te ly  (see  t e x t  fo r  d e ta i l s ) .



Lo
g 

Re
la

tiv
e 

Se
ns

it
iv

it
y

S p a t i a l  C o n t r a s t  S e n s i t i v ity Y - l i k «  c«llt A m p l i t u d e  o f  F u n d a m e n t a l  C o m p o n e n t  Dr i f t i ng  g r a t i n g  4 H;

( a ) ( c )( b )

( C 4 3 B )( C 4 1 B ) ( C 3 4 C )

N:  4 0N 4 0 . N 6 0

- 0 . 8 -- 0.8 - 0 . 8 -

Key:

•  - 0  F u l l  f i e l d

 * ---------- *  C e n t e r

O -------O S u r r o u n d

1

3 . 0 5 0 . 1 9 0 . 7 6 3 . 0 50 . 7 60 . 1 9 0 . 1 912 .2 0 . 7 6 3 . 0 5 1 2 . 2

Spatial Frequency (cy/mm)



155

in t h e  la t t e r  fu n c t io n s .  As in X-like  cells ,  func t ions  of th e  c e n te r  

and  full field ag reed  a t  high spatial  f r e q u e n c ie s ,  indicating t h a t  t h e  

full field re sp o n se  a t  high spat ia l  f r eq u en c ie s  re su l ted  from th e  c e n t e r  

mechanism only ,  s ince  t h e  s u r r o u n d  func t ion  was insens i t ive  at  t h e se  

high f r eq u e n c i e s .  T h e  func t ions  of t h e  c e n t e r  and  s u r r o u n d  s timu­

lated alone had no low f r e q u e n c y  a t te n u a t io n ,  b u t  t h e  full field S-CSF 

did possess  a s l igh t  a t tenua t ion  at  t h e  lower f r eq u e n c ie s .  T he  low 

f r e q u e n c y  a t tenua t ion  was most a p p a r e n t  w here  t h e  s u r r o u n d  was 

most s ens i t ive .  In F igu res  21a and 21c,  t h e  c e n t e r  and s u r r o u n d  

fundamenta l  components  were  approximate ly  180 d e g r e e s  o u t - o f - p h a s e  

with one a n o th e r  a t  low spat ia l  f r eq u e n c ie s .  However,  in F igure  21b, 

t h e  p h ase  of t h e  fundamenta l  component  fo r  t h e  c e n t e r  and s u r r o u n d  

mechanisms were  not 180 d e g re e s  o u t - o f - p h a s e  b u t  approximate ly  135 

d e g r e e s  a t  t h e  lower spat ia l  f r eq u e n c ie s .  T h u s ,  t h e  two mechanisms 

a re  not completely an tagon is t ic  nor  s y n e r g i s t i c .  Th is  could explain 

why t h e r e  was little low spat ia l  f r e q u e n c y  a t tenua t ion  fo r  th e  full 

field function even th o u g h  t h e  c e n t e r  and  s u r r o u n d  were  equally s e n ­

s i t ive  a t  t h e s e  f r e q u e n c ie s .

Like X-like cells ,  t h e  s h ap e  of t h e  Y-like cell s ’ S-CSF depended  

on t h e  d r i f t  r a te  of t h e  s t imulus  g r a t i n g .  F igure  22 shows th e  S-CSF 

of a Y-like  cell a t  d i f f e r e n t  d r i f t  r a te s .  T h e  r e sp o n se  measure  fo r  

t h e s e  func t ions  was t h e  ampli tude of t h e  fundamenta l  component and  

all va lues  were  normalized with r e s p e c t  to  one maximum value.  T h e  

high f r e q u e n c y  por tion of t h e  S-CSF was re la t ive ly  unaffec ted  by  

changes  in t h e  s t im ulus ’ d r i f t  ra te .  It was only a t  low spatial  f r e ­

quenc ies  and high temporal f r eq u e n c ie s  (16 Hz) t h a t  t h e r e  was any
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Figure  22

S-CSFs  of a Y-like cell a t  d i f f e r en t  st imulus 
d r i f t  r a t e s .  T h e  r e sp o n se  m easure  was t h e  
ampl itude of t h e  fundamenta l  component .  The  
stimuli cons is ted  of a d r i f t in g  g r a t i n g  a t  1 Hz 
(c losed t r i a n g l e s ) ,  4 Hz (closed h e x ag o n s ) ,  and 
16 Hz (open h e x ag o n s ) .  S ens i t iv i ty  was 
ob ta ined  by  in terpola tion on t h e  re sp o n se  vs .  
c o n t r a s t  c u r v e s  to  find  t h e  c o n t r a s t  n eces sa ry  
fo r  a c o n s t a n t  re sp o n se  amplitude.  Each s e n s i ­
t iv i ty  va lue  was normalized with r e s p e c t  to  one 
maximum value.
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subs tan t ia l  change  in t h e  func t ion .  Inc reas ing  th e  st imulus d r i f t  ra te  

d ecreased  th e  d e g re e  of t h e  low f r e q u e n c y  a t tenua t ion  in t h e  S-CSF.

T-CSFs  were  also obta ined  from Y-like  cells.  All Y-like cells 

responded  to t h e  temporal stimuli with p u r e  s inusoidal modulation at  

t h e  st imulus f r e q u e n c y ;  t h a t  is,  t h e  r e sp o n se ' s  power was a t  th e  f u n ­

damental component.  A l though ,  a t  f i r s t ,  th is  may seem odd given 

t h a t  th e se  cells a re  usual ly  assoc ia ted  with a doubling  re sp o n se ,  it is 

not peculiar  when t h e  t y p e  of s t imulus  being  p r e s e n te d  is examined.  

With a c o n t r a s t - r e v e r s a l  g r a t i n g ,  it was found t h a t  Y-like  cells 

r e sponded  with a doubling  of t h e  s t imulus  modulation.  However,  th is  

doubling usual ly  o c c u r re d  a t  high spat ia l  f r e q u e n c i e s ;  a t  lower spatial  

f r eq u en c ie s ,  t h e  cell did  not r e spond  a t  double  t h e  st imulus f r e ­

q u e n cy ,  b u t  r e sponded  similarly to  a l inear ,  X-l ike  cell in t h a t  a null 

point  could be found and  th e  cell 's  r e sp o n se  modula ted a t  th e  same 

f r eq u e n c y  as t h e  st imulus cycle .  T ak ing  spat ia l  f r e q u e n c y  to  its low­

e s t  limit, a c o n t r a s t - r e v e r s a l  g r a t i n g  with zero  spatial  f r e q u e n c y  is 

noth ing  more than  a uniform field s inusoidally  modulated in time 

a round  a mean luminance.

All Y-like cells'  T -C S F s  were  b a n d - p a s s ;  however ,  some Y-like  

cells were much more s h a r p ly  t u n e d  in t h e  temporal domain than  o t h ­

e r s .  F igure  23 shows t h e  T -C S F s  of two Y-like  cells .  F igure  23a 

g ives  an example of a b road  b a n d - p a s s  cell while F igure  23b shows a 

narrowly  tu n e d  Y-like cell. T he  re s p o n se  m easure  in both cases  was 

t h e  amplitude of th e  fundamenta l  component .  T he  st imulus  in both 

cases  covered  th e  e n t i r e  recep t ive  field (7 .5  mm c i rcu la r  a p e r t u r e ) .

T-CSFs  of a Y-like  cell were  de te rm ined  fo r  t h e  c e n t e r ,  s u r -
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Figure  23

T-CSFs  of two Y-like  cells .  T h e  re sp o n se  
measure  was t h e  ampl itude of t h e  fundamenta l  
component.  T h e  s t imulus  was a uniform field 
which v a r ied  s inuso idally  in in ten s i ty .  S ens i ­
t iv i ty  was ob ta ined  by  in te rpola tion on th e  
re sp o n se  v s .  c o n t r a s t  c u rv e s  to  f ind  t h e  con ­
t r a s t  n e c e s sa ry  fo r  a c o n s ta n t  r e sp o n se  ampli­
t u d e .  This  f i g u r e  i l lu s t ra te s  t h e  two ty p e s  of 
T -CSFs  found  in Y-l ike  cells ,  a b road ly  tu n e d  
function (a) and  a v e r y  n a r ro w ly - tu n e d  
function ( b ) .



Lo
g 

R
el

at
iv

e 
S

en
si

ti
vi

ty

i

Tempora l  C o n t r a s t  Sens i t i v i ty

Y-like Cells A m p l i t u d e  o t  F u n d a m e n t a l  C o m p o n e n t  

N 3 0

( a )  (C41B)

- 0 . 4

- 0.8

- 1.2
0.2S O.S 2 . 01.0 4 . 0 8.0 16 .0 3 2 . 0

( b )  (C16A)- 0 . 4

- 0.8 -

- 2.0

0 . 2 5 0 . 5 1.0 16 . 02 .0 4 .0 8.0

Tempora l  F r e q u e n c y  (Hz) 160



161

round and full field components  to examine t h e i r  in te rac t ions  as a 

func t ion  of temporal  f r e q u e n c y .  F igure  24 shows t h e  r e s u l t s .  As in 

X-like  cells ,  t h e  c e n t e r  and  s u r r o u n d  components  a r e  an tagonis t ic  at  

low temporal f r e q u e n c ie s ;  t h a t  is,  full field va lues  a r e  less sens i t ive  

th a n  th e  c e n t e r  va lues  and  th e  c e n t e r  and  s u r r o u n d  phases  a re  

approximate ly  180 d e g re e s  a p a r t .  However,  at  high temporal f r e q u e n ­

cies ,  th e  c e n t e r  and  s u r r o u n d  components  a p p e a r  s y n e r g i s t i c ;  t h e  full 

field sen s i t iv i ty  va lues  a r e  h ig h e r  than  e i th e r  t h e  c e n t e r  and  s u r ­

round  va lues .  Also, t h e  p h a se s  of t h e  c e n t e r  and  s u r r o u n d  compo­

n en ts  coincide at  t h e  tempora l f r eq u en c ie s  in which t h e  full field s e n ­

s i t iv i ty  is enhanced  ( i . e . ,  16 and  32 Hz).

3 . 3 . 3  W-like C e l l s .

Unlike X- and  Y-like  cel ls ,  which a p p ea re d  to  be  similar in most 

r e s p ec t s  e x ce p t  fo r  t h e  p r e s e n c e  of t h e  non l inear  s u b u n i t s  in Y-like 

cells ,  W-like cells were  a c lass  a p a r t .  T h e r e  was so much var iab il i ty  

across  W-like cells t h a t  it is d i ff icul t  to make genera l  s ta tem en ts  abou t  

them.

For t h e  most p a r t ,  S -CSFs  could be  ob ta ined  from W-like cells.  

Many of them had fu n c t io n s  t h a t  were  similar to X-like  cells .  T h a t  

is,  t h e r e  were  no indications  t h a t  any  W-like cells po sse ssed  the  

small, non l inear  s u b u n i t s  found  in Y-like  cells .  T h e  nonlinear 

r e sp o n se s  of W-like cells m us t  be d u e  to some o t h e r  a spec ts  of t h e  

cell 's  mechanisms.  One common f ind ing  r e g a rd in g  th e  S-CSFs of 

W-like cells is t h a t  t h e y  all showed a h ig h - f r e q u e n c y  s en s i t iv i ty  simi­

lar to t h a t  in X-l ike  cells .  F igure  25 shows th e  S-CSF of a W-like
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Figure  24

(a) T -C S F s  of th e  c e n t e r ,  s u r r o u n d  and  full 
field of a Y-like  cell. T h e  re s p o n se  measure  
was t h e  ampli tude of t h e  fundamenta l  component 
and  t h e  st imulus cons is ted  of a uniform field 
which va r ied  sinuso idally  in in ten s i ty  a t  13% 
c o n t r a s t .  All values  w ere  normalized with 
r e s p e c t  to  one maximum va lue .  T h e  c e n t e r  
T -C SF  (open s t a r s )  was d e r iv e d  with t h e  s t imu­
lus r e s t r i c t e d  to a 1 mm by  1 mm s q u a r e ;  for  
t h e  s u r r o u n d  T -CS F  (enclosed  s t a r s ) ,  t h e  s t im­
ulus was r e s t r i c t e d  to  t h e  s u r r o u n d i n g  portion 
of t h e  full field st imulus with a c e n t e r  s q u a r e  
mainta ined a t  mean luminance.  Full f ield s t imu­
lation (c losed c irc les) was a 7 .5  mm diameter 
c i r c u la r  a p e r t u r e .  (b)  Fundamental  component 
p h a se  d i f f e rences  from t h e  re sp o n se s  of th e  
c e n t e r  and  s u r r o u n d  components .
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Figure  25

S-CSF of a W-like cell. T h e  re s p o n se  measure  
was t h e  maximum re sp o n se  minus t h e  minimum 
re sp o n se .  The st imulus cons is ted  of a 2 Hz 
d r i f t in g  g r a t i n g .  Sens i t iv i ty  was ob ta ined  by  
in te rpola tion on t h e  re sp o n se  v s .  c o n t r a s t  
c u rv e s  to  find th e  c o n t r a s t  n e c e s sa ry  fo r  a 
co n s ta n t  r e sp o n se  ampli tude .



Lo
g 

R
el

at
iv

e 
S

en
si

ti
vi

ty

W - l i k e  cell

M a x - m i n  r e s p o n s e
0

.4

0.8

(C2 2C)  N: 2 0

2 Hz drift ing grating

.2
0 . 7 60 . 3 8 1 .5 2 3 . 0 50 . 1 9

S p a t ia l  F re q u e n c y  ( c y /m m )



1 6 6

cell. The  re sp o n se  m easure  was max-min and  th e  d r i f t  ra te  was 2 

Hz. Sens i t iv i ty  was de te rm ined  b y  in terpola tion on th e  r e sp o n se  vs .  

c o n t r a s t  c u r v e s .  Note t h a t  t h e  high f r e q u e n c y  portion  of t h e  S-CSF 

had no indication of th e  nonlinear  s u b u n i t s  found  a t  high spatial  f r e ­

quencies  in Y-like cells .  If p r e s e n t ,  t h e s e  would ce r ta in ly  be  a p p a r ­

e n t  with th e  max-min r e sp o n se  m easure  (compare with t h e  Y-like  cell 

in F igure  18).

Some, b u t  not all, cells p o s se s sed  th e  low f r e q u e n c y  a t tenua t ion  

found  in cells with an an tagon is t ic  mechanism p r e s e n t  ( e . g . ,  t h e  cell 

in F igure  25).  The  sh ap e  of t h e  S-CSF fo r  cells with an an tagonis t ic  

mechanism, as with X- and  Y-like cells ,  depen d ed  on th e  d r i f t  r a te  of 

t h e  st imulus  g r a t i n g .  F igure  26 i l lu s t ra te s  t h e  d ep en d en ce  of t h e  

S-CSF on th e  st imulus '  d r i f t  r a te .  T h e  re sp o n se  measure  was t h e  

amplitude of t h e  fundamenta l  component and  all va lues  were  normalized 

with r e sp ec t  to one maximum va lue .  At high spat ia l  f r eq u e n c ie s ,  th e  

d r i f t  ra te  had little e f fec t  on th e  S-CS Fs ;  a t  low spat ia l  f r eq u e n c ie s ,  

however ,  t h e  S-CSF was influenced dramatical ly  in t h a t  t h e  slow d r i f t  

ra tes  p roduced  la rge  amounts  of low f r e q u e n c y  a t ten u a t io n .  By 8 Hz, 

t h e r e  was no low f r e q u e n c y  a t tenua t ion  a t  all. T h u s ,  t h e  mechanism 

re spons ib le  fo r  t h e  low f r e q u e n c y  a t tenua t ion  was e i th e r  in sens i t ive  to 

high temporal ra tes  o r  t h a t  t h e  r e sp o n se s  of t h e  mechanisms were  no 

longer  an tagonis t ic  a t  h igh tempora l r a te s  d u e  to  p h a se  s h i f t  changes  

across  temporal ra tes  ( see  Sect ions  3 . 3 . 2  and  3 . 2 . 3 ) .  F igure  27 

shows th e  S-CSF of a n o th e r  W-like cell a t  d i f f e r en t  d r i f t  r a te s  (F ig ­

u r e  27a);  t h e  T -CSF of th e  same cell is also shown in F igure  27b. 

The  re sp o n se  measure  in both CSFs was t h e  amplitude of t h e  fu n d a -
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S-CSFs of a W-like cell at  d i f f e r en t  d r i f t  r a t e s .  
The  re sp o n se  measure  was t h e  ampl itude  of th e  
fundamenta l  component.  T h e  stimuli consis ted  
of a d r i f t in g  g ra t i n g  of 2 Hz (closed t r i a n g l e s ) ,  
4 Hz (c losed h e x ag o n s ) ,  and  8 Hz (open h e x a ­
g o n s ) .  Sens i t iv i ty  was obta ined  by  in te rp o la ­
tion on t h e  re sp o n se  vs .  c o n t r a s t  c u r v e s  to 
f ind  t h e  c o n t r a s t  n e ce s sa ry  fo r  a c o n s ta n t  
re sp o n se  ampli tude .  Each s ens i t iv i ty  va lue  was 
normalized with r e sp ec t  to  one  maximum.
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S-CSFs (a) and  T -C S F  (b )  of a W-like cell. 
The  r e sp o n se  measure  fo r  all func t ions  was th e  
ampl itude  of t h e  fundamenta l  component.  The  
stimuli fo r  t h e  S-CSFs  cons is ted  of a d r i f t in g  
g ra t i n g  of 2 Hz (closed t r i a n g l e s ) ,  4 Hz (closed 
h e x a g o n s ) ,  and 8 Hz (open h e x ag o n s ) .  For t h e  
T -C S F ,  t h e  st imulus  was a uniform field which 
var ied  s inuso idally  in in tens i ty  (closed c i rc le s ) .  
Sens i t iv i ty  was ob ta ined  by  in terpola tion on th e  
re sp o n se  v s .  c o n t r a s t  c u r v e s  to f ind t h e  con­
t r a s t  n e c e s sa ry  fo r  a c o n s ta n t  r e sp o n se  ampli­
t u d e .  For t h e  S -C S F s ,  all sen s i t iv i ty  values  
were  normalized with r e s p e c t  to  one maximum 
value.
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mental component and  all values  in F igure  27a were  normalized with 

r e s p e c t  to one maximum va lue .  T h e  T -CSF of th is  cell was typical  of 

W-like cells .  Most W-like cells'  T -CSF were  s h a r p ly  t u n e d  to a small 

r a n g e  of temporal f r e q u e n c i e s .  F igure  28 shows a n o th e r  example of a 

T -C S F .  As with X- and  Y-like cells ,  most of t h e  cell 's  re sponse  to 

uniform sinusoidally  modula ted  g r a t i n g s  was found  in t h e  fundamental  

component.

3 .4  Orienta t ion  and  Direction S e le c t iv i ty .

Orienta tion and  d i rec t ion  selec tiv ity  were  examined by  d r i f t ing  

s inusoidal g r a t i n g s  in oppos i te  d i rec t ions  va r ied  in 45 d e g re e  s teps  

from 0 to 135 d e g r e e s .  Spatial  f r e q u e n c y ,  c o n t r a s t  and  d r i f t  r a te  of 

t h e  st imulus  were  also v a r i e d .

3.4.1^ X-l ike C el ls .

Since X-like cells a re  l inear ,  t h e  re sp o n se  m easure  used to 

examine or ien ta t ion  and d irec t ion  se lec tiv ity  was t h e  amplitude of t h e  

fundamenta l  component.  Four  of t h e  ten  X-like  cells t e s t e d  fo r  o r i e n ­

ta tion and  d irec tion  se lec t iv i ty  d isp layed  orien ta t ion  tu n in g .  Typical  

r e su l t s  from an X-l ike  cell a r e  shown in F igure  29. T h e  d r i f t  ra te  of 

t h e  g ra t i n g  was 4 Hz a t  40% c o n t r a s t .  T he  o rd in a te  is t h e  amplitude 

of t h e  fundamenta l  component of t h e  re sponse .  The  spon taneous  ra te  

of th i s  cell was zero .  As can be seen in th is  f i g u r e ,  t h e  d e g re e  of 

orien ta t ion  tu n in g  d e p en d e d  upon t h e  spatial  f r e q u e n c y  of t h e  s t imu­

lus g r a t i n g .  At low spatia l  f r eq u en c ie s  (F ig u re  29a) ,  t h e r e  was little 

o r  no orien ta t ion  t u n i n g ,  b u t  as t h e  spatial  f r e q u e n c y  of t h e  st imulus
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T-CSF  of a W-like cell. T h e  re sp o n se  measure  
was t h e  ampli tude  of t h e  fundamenta l  compo­
n en t .  The  st imulus  was a uniform field which 
v a r ied  s inuso idally  in in te n s i ty .  Sens i t iv i ty  was 
de te rm ined  by in terpola tion on th e  re sp o n se  vs .  
c o n t r a s t  c u r v e s  to f ind  t h e  c o n t r a s t  n e ce s sa ry  
fo r  a c o n s ta n t  r e sp o n se  ampli tude.
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Orienta tion tu n in g  of an X-like cell. The  
re sp o n se  m easure  was t h e  ampli tude of t h e  f u n ­
damental  component .  The  re sponses  of t h e  cell
to a 4 Hz d r i f t in g  g ra t i n g  a t  va r ious  o r i e n ta ­
t ions  and  a t  severa l  spatial  f r eq u en c ie s  (a ,  b ,
and  c ) ,  a r e  shown.  T he  st imulus  c o n t r a s t  in
each case  was 40 p e r c e n t .  T h e  spatial  f r e ­
q u en cy  of t h e  g ra t i n g  is g iven a t  t h e  bottom of 
each f ig u r e .  This  cell had no spon taneous  
ra te .  To examine direc tion se lec t iv i ty ,  each 
or ienta tion axis in each f ig u r e  (a ,  b ,  and  c) 
was redrawn such  t h a t  o r ien ta t ions  180 d e g re e s  
ou t  of p h a se  to  one a n o th e r  were  super im posed .  
Th ese  red raw n  f ig u r e s  a re  shown in ( d ) ,  ( e ) ,  
and  ( f ) .
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was inc reased ,  or ien ta tion  tu n in g  inc reased  (F igures  29b, c ) .

Since d r i f t in g  g r a t i n g s  of 0 and  180 d e g re e s  have  th e  same o r i ­

entat ion b u t  move in oppos i te  d irec tion  t h e  re sponses  of t h e se  two 

stimuli were  super imposed  on th e  orien ta t ion  axis to t e s t  fo r  direction 

se lec tiv ity .  This  was done fo r  all va lues  180 d e g re e s  out of phase .  

The  rep lo t ted  values  of t h e  da ta  in F igures  29a, b and  c a re  shown 

in Figures  29d, e and  f ,  r e spec t ive ly .  In Figures  29e, f ,  t h e  two 

c u rv e s  super im pose ,  indica ting no direc tion se lec t iv i ty .  T h a t  is,  th e  

cell re sponded  similarly to  g ra t i n g s  a t  t h e  same or ien ta tion  b u t  moving 

in opposite  d i rec t ions .  From Figures  29e,  f ,  t h e  cell was also o r i e n ­

tat ion se lec tive ,  s ince  t h e  func t ions  were  not s t r a i g h t  horizontal  lines. 

However,  t h e  re sponse s  in F igure  29d showed a s l igh t  di rec tion se lec ­

t iv i ty  a t  low spatial  f r eq u e n c ie s  s ince  t h e  r e sp o n ses  to g ra t i n g s  180

out  of p h ase  did not super im pose  on one a n o th e r .  Th is  was t h e  only

X-l ike  cell isolated t h a t  d isp layed  any  indication of d irec tion  se lec t iv ­

ity.

Figure  30 compares  t h e  spatial  resolution of t h e  cell in F igure  29 

fo r  g ra t in g s  a t  t h e  p r e f e r r e d  and  n o n - p r e f e r r e d  o r ien ta t ions .  As

ex p ec te d ,  a t  low spatial f r eq u e n c i e s ,  t h e  r e sp o n ses  were  similar, b u t

as spatial  f r e q u e n c y  in c reased ,  t h e  r e sp o n ses  of t h e  two or ien ta t ions  

d i f fe red .  T h e s e  f ind ings  s u g g e s t  t h a t  only t h e  mechanism responsib le  

fo r  th e  re sponses  a t  high spatial  f r eq u e n c ie s  ( i . e . ,  t h e  c e n te r )  was 

not c i rcu la r  s ince  th is  was w here  or ien ta t ion  d i f fe rences  o c c u r re d .

The  remaining six o u t  of ten  X-l ike cells d isp layed  little o r  no 

or ien ta tion  tu n in g  to a d r i f t in g  g r a t i n g .  F igure  31 shows one  such 

cell a t  severa l  spatial  f r eq u e n c ie s .  Once again th e  re sp o n se  measure
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Spatial  resolution of an X-l ike  cell a t  p r e f e r r e d  
and  n o n - p r e f e r r e d  o r ien ta t io n s .  T h e  re sp o n se  
m easu re  was t h e  ampli tude  of t h e  fundamenta l  
component .  T h e  stimuli cons i s ted  of a 4 Hz 
d r i f t in g  g r a t i n g  a t  40% c o n t r a s t  a t  t h e  p r e f e r r e d  
(c losed s q u a r e s )  and  th e  n o n - p r e f e r r e d  (open 
hexagons)  o r i e n ta t io n s .  T h e  sp o n tan eo u s  ra te  
of t h e  cell was zero .
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Orienta tion  tu n in g  of an X-l ike cell with a c i r ­
cu la r  recep t ive  field.  T h e  r e sp o n se  measure  
was t h e  ampli tude  of t h e  fundamenta l  compo­
n en t .  T h e  r e sp o n ses  of t h e  cell to  a 2 Hz 
d r i f t in g  g r a t i n g  a t  va r ious  o r ien ta t io n s ,  and  at  
severa l  spat ia l  f r eq u e n c ie s  (a ,  b ,  and  c ) ,  a re  
shown. T h e  c o n t r a s t  of each st imulus was 40 
p e r c e n t .  T h e  spat ia l  f r e q u e n c y  of t h e  g ra t in g  
is g iven a t  t h e  bottom of each f i g u r e .  The  
d o t ted  line in (a) r e p r e s e n t s  t h e  ampli tude  of 
t h e  fundamenta l  component to a s t imulus  of zero  
c o n t r a s t .
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was t h e  ampl itude of t h e  fundamenta l  component;  t h e  d r i f t  ra te  was 2 

Hz and th e  c o n t r a s t  was 40 p e r c e n t .  T h e  b roken  line r e p re s e n t s  the  

ampl itude of th e  fundamenta l  component when only  mean luminance was 

p r e s e n t  ( i . e . ,  spon taneous  r a t e ) .  As can be seen ,  t h e r e  was little 

d i f f e rence  in t h e  r e sp o n se  across  o r ien ta t ion ,  even  a t  high spatial  

f r eq u e n c i e s .  However,  a t  t h e  h ig h e s t  spatial  f r e q u e n c y  (1.52 

cy /m m ),  t h e r e  did a p p e a r  to be an i r r e g u la r i t y  in t h e  func t ion .  This 

may re f lec t  random var iab il i ty  in t h e  r e sp o n se ,  and  will be d i scussed  

below.

3 . 4 . 2  Y-l ike  C e l l s .

Since Y-like  cells a re  non l inea r ,  t h e  most reliable measure  of 

t h e i r  overal l  r e sp o n se  ( inc luding  t h e  non l inear  s u b u n i t s )  was max- 

min; t h e  fundamenta l  and  second harmonic components  of t h e  cell 's 

r e sp o n se  were  also calculated fo r  comparison. All b u t  one Y-like  cell 

d isp layed  orien ta t ion  tu n i n g .  However,  as in X-l ike cells ,  t h e  d e g re e  

of o r ien ta t ion  tu n in g  d e p en d ed  upon t h e  spat ia l  f r e q u e n c y  of th e  

s t imulus .  F igure  32 shows th e  orien ta t ion  tu n in g  of a Y-like cell and 

its d e p en d e n c e  on spat ia l  f r e q u e n c y .  T h e  r e sp o n se  measure  was th e  

max-min re sp o n se ,  t h e  d r i f t  r a te  of t h e  s t imulus was 4 Hz, and  th e  

c o n t r a s t  fo r  each st imulus  is shown within each f i g u r e .  T h e  max-min 

r e sp o n se  with no st imulus c o n t r a s t  is r e p r e s e n te d  by  th e  d a sh e d  line 

in F igu res  32d,  e .  T h u s ,  any  r e sp o n se  fall ing a ro u n d  th is  line could 

be a t t r i b u t e d  to noise in th e  f i r ing  p a t t e r n  of t h e  cell. As can be 

seen in th is  f i g u r e ,  a t  low spatial  f r e q u e n c ie s ,  t h e  orienta tion tu n in g  

was small (F ig u re  32a) ,  b u t  as th e  spatial  f r e q u e n c y  inc reased ,  so
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Orienta tion tu n in g  of a Y-like cell .  The 
re sp o n se  m easure  was t h e  maximum response  
minus t h e  minimum re sp o n se .  T h e  re sponses  of 
t h e  cell to  a 4 Hz d r i f t in g  g r a t i n g  a t  var ious  
o r ien ta t io n s ,  and a t  severa l  spatial  f r eq u en c ie s  
(a ,  b ,  c,  d ,  and  e ) ,  a r e  shown.  T h e  spatial  
f r e q u e n c y  and  c o n t r a s t  of t h e  g ra t in g  a re  given 
a t  th e  bottom of each f ig u r e .  T h e  d a sh e d  line 
r e p r e s e n t s  t h e  max-min r e sp o n se  to  a g r a t i n g  of 
zero  c o n t r a s t .
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did th e  amount of or ien ta t ion  tu n in g  (F igu res  32b, c ) . At even 

h ig h e r  spatial  f r eq u en c ies  (F igu re s  32d, e ) ,  severa l  p r e f e r r e d  o r i e n ­

ta t ions  were  seen ,  and  in some case s ,  t h e  o r ien ta tion  of maximal 

r e sp o n se  d i f fe red  from t h e  maximum a t  lower spatial  f r eq u e n c ie s .  For 

example,  a t  0.76 cy/mm (F igu re  3 2 b ) ,  t h e  p r e f e r r e d  or ien ta tion  was 

rough ly  180 d e g r e e s ,  while t h e  n o n - p r e f e r r e d  orien ta t ion  was at  90 

d e g r e e s .  T he  shape  of t h e  c u r v e  resembled a "w",  which is what 

would be  expec ted  if t h e  mechanism was elliptical and  t h e  maximum 

and minimum responses  were  o r thogona l .  T he  same holds t r u e  fo r  

1.52 cy/mm (F igu re  32c) .  However,  a t  3 .05  cy/mm and 6.10 cy/mm 

(F ig u re s  32d, e,  r e s p e c t iv e ly ) ,  t h e  p r e f e r r e d  orien ta t ion  was not at 

180 d e g re e s  b u t  a t  90 d e g r e e s ;  an or ien ta t ion  of 180 d e g re e s  a t  t h e se  

high spatial  f r eq u en c ie s  ac tua l ly  p ro d u ced  t h e  minimum re sp o n se .

A no the r  in te re s t in g  d is t inc tion  between th e  r e sp o n se s  a t  low and 

high spatial  f r eq u en c ie s  was t h e  sh ap e  of t h e  func t ion .  At low s p a ­

tial f r e q u e n c ie s ,  t h e  c u r v e  resembled a "w"; how ever ,  a t  t h e  h ig h e r  

f r eq u e n c ie s ,  t h e r e  were  ac tually  severa l  peaks  and  valleys  in th e  

func t ion .  Th is  ch an g e  in t h e  orien ta t ion  func t ion  a t  t h e  h ig h e r  s p a ­

tial f r eq u en c ies  was not due  th e  nonlinear  s u b u n i t s  found  in V-like 

cells because  th is  f ind ing  also o c c u r r e d  when t h e  r e sp o n se  measure  

was t h e  fundamenta l  component.  T h e r e  was also ev idence  fo r  th is  

unusual  or ienta tion tu n in g  in X-l ike  cells .  R e fe r r ing  back  to t h e  

X-l ike cell in F igure  31, t h e  a p p a r e n t ly  random var iab i l i ty  found in 

t h e  function in F igure  31c could be due  to  th e  same phenomenon. It 

is in te re s t ing  to note t h a t  a t  t h e  lower spatial  f r eq u e n c ie s  (F igu re  

31a) t h e  function is re la tive ly  f la t .  If random fluc tua t ion  p roduced
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t h e  d is to r t ion  in F igure  31c, th e n  it should  be e v id en t  in all th e  

f i g u r e s ,  which is not t h e  case .

F igure  33 shows a n o th e r  Y-like cell which ver if ie s  t h a t  o r i e n t a ­

tion tu n in g  changes  with spatial  f r e q u e n c y  and is maximal a t  in te rm e­

dia te  f r eq u e n c ie s .  The  re sp o n se  was max-min, t h e  d r i f t  r a te  was 4 

Hz, and  t h e  c o n t r a s t  of t h e  g r a t i n g s  was 25 p e r c e n t .  T he  sp o n ta n e ­

ous ra te  is indicated by  th e  d a sh ed  line.  At low spatial  f r eq u e n c ie s ,  

re sponses  a t  t h e  p r e f e r r e d  and  n o n - p r e f e r r e d  o r ien ta t ions  were  simi­

la r,  b u t  as spatial  f r e q u e n c y  inc reased ,  t h e  r e sponses  a t  t h e  two o r i ­

en ta t ions  became d i s p a r a t e .

Eight ou t  of f i f teen Y-like cells t e s t e d  d isp layed  direc tion  se lec ­

t i v i ty .  As with o r ien ta t ion  tu n i n g ,  d i rec t ion  se lec t iv i ty  d e p en d ed  on 

th e  spatial  f r e q u e n c y  of t h e  s t imulus .  However,  t h e  d e p en d e n c e  on 

spatial  f r e q u e n c y  fo r  d i rec t ion  se lec t iv i ty  was not t h e  same as fo r  o r i ­

enta t ion tu n in g .  For example ,  t h e  Y-l ike cell in F igu re  34 c learly  

showed a d irec tion  p re f e r e n c e  a t  low spat ia l  f r eq u e n c ie s  (F ig u re  34a) 

b u t  not a t  h ig h e r  spatial  f r eq u en c ie s  (F ig u re  34b) .  T h e  re sp o n se  

measure  was max-min, t h e  d r i f t  r a te  was 4 Hz and t h e  c o n t r a s t  was 

40 p e r c e n t .  T h e  spon taneous  ra te  is shown in F igure  34b by  th e  

da sh e d  line and  o r ien ta t ions  180 d e g re e s  from one a n o th e r  were  

super imposed  on t h e  a b sc i s sa .  Note t h a t  in th i s  cell t h e r e  was o r i e n ­

ta tion tu n in g  a t  both spat ia l  f r eq u en c ies  ( s ince  t h e  func t ions  were  not 

horizontal  s t r a i g h t  l ines) b u t  t h e r e  was no direc tion  se lec t iv i ty  a t  th e  

h ig h e r  spatial  f r e q u e n c y  ( i . e . ,  r e sp o n se s  to  stimuli 180 d e g re e s  a p a r t  

super imposed  on one a n o t h e r ) .  This  f ind ing  implies t h a t  or ienta tion 

and  direction se lec t iv i ty  a re  two d i s t in c t  phenomenon even th ough
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Figure  33

Spatial resolution of a Y-like  cell a t  t h e  p r e ­
f e r r e d  and  n o n - p r e f e r r e d  o r ien ta t ions .  The  
r e sp o n se  m easure  was t h e  maximum minus mini­
mum re sp o n se .  The  stimuli cons is ted  of a 4 Hz 
d r i f t in g  g ra t i n g  a t  25% c o n t r a s t  a t  t h e  p r e f e r r e d  
(closed s q u a r e s )  and  t h e  n o n - p r e f e r r e d  (open 
hexagons)  o r ien ta t io n s .  T h e  d a sh e d  line r e p r e ­
s en ts  t h e  max-min r e sp o n se  to a g r a t i n g  of zero  
c o n t r a s t .
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Figure  34

Orienta tion and  d irec tion  se lec t iv i ty  of a Y-like 
cell. T h e  r e sp o n se  m easure  was t h e  maximum 
minus minimum re sp o n se .  T h e  re sponses  of th e  
cell to a 4 Hz d r i f t in g  g r a t i n g  at  va r ious  o r i e n ­
t a t io n s ,  a t  two spat ia l  f r eq u e n c ie s  (a and  b ) ,  
a r e  shown. T h e  c o n t r a s t  of each g ra t in g  was 
40 p e r c e n t .  The  spat ia l  f r e q u e n c y  of t h e  g r a t ­
ing is g iven  a t  t h e  r ig h t  of each f ig u r e .  Ori ­
en ta t ion  va lues  180 d e g re e s  ou t  of p h ase  a re  
super im posed  on t h e  absc is sa .  T h e  d a sh e d  line 
r e p r e s e n t s  t h e  max-min r e sp o n se  to  a g ra t i n g  of 
zero  c o n t r a s t .  Note t h a t  a t  low spat ia l  f r e ­
quenc ies  (0 .38 cy/mm) th e  cell is both o r i e n ta ­
t ion and  d irec t ion  selec tive  ( a ) ,  b u t  a t  high 
spatial  f r eq u e n c ie s  (1 .52 cy/mm) t h e  cell is only 
orien ta t ion  tu n e d  ( b ) .
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t h e y  both depend  on t h e  spatial  f r e q u e n c y  of t h e  s t imulus .

To i l lu s t ra te  t h e  d is t inc t ion ,  F igure  35 d i sp lays  th e  ex is tence  of 

orien ta t ion  and  di rec tion se lec tiv ity  in a Y-like  cell fo r  both t h e  max- 

min re sponse  and  t h e  fundamenta l  component.  T h e  st imulus  was a 

d r i f t in g  g ra t in g  a t  4 Hz and  was p r e s e n te d  a t  va r ious  c o n t r a s t s .  T he  

re sponses  to a zero  c o n t r a s t  st imulus  fo r  t h e  max-min re sp o n se  (F ig ­

u re s  35c,  d) and  t h e  fundamenta l  component (F ig u re s  35f,  g ,  h) a r e  

shown by  dashed  l ines. Once again ,  g r a t i n g s  whose  o r ien ta t ions  were  

180 d e g re es  a p a r t  were  super imposed  on t h e  absc is sa  to examine 

d irec tion  se lec t iv i ty .  At low spatial  f r e q u e n c ie s  (F ig u re s  35a,  e ) ,  

t h e r e  was little o r ien ta t ion  tu n in g  b u t  a t  in te rm ed ia te  spat ia l  f r e q u e n ­

cies (F igu res  35b, f ) ,  both  o r ien ta tion  and  d i rec t ion  se lec t iv i ty

became a p p a r e n t .  At h ig h e r  spatial  f r eq u e n c i e s  (F igu re s  35c, g)  only  

o rien ta t ion  tu n in g  was seen ;  a t  t h e  h ig h e s t  spat ia l  f r eq u e n c ie s  (F ig ­

u re s  35d,  h) t h e r e  was no direc tion se lec t iv i ty  b u t  poss ib ly  t h e  

unusual  or ien ta tion  tu n in g  seen in o th e r  cells .  However,  t h e  r e s p o n ­

ses  were  too close to t h e  spon taneous  ra te  to  be s u r e .  Since t h e  

f ind ings  hold fo r  both t h e  max-min re sp o n se  and  th e  fundamenta l  

component ,  orien ta t ion  and  di rec tion se lec t iv i ty  were  p ro b ab ly  not d u e  

to  t h e  nonlinear s u b u n i t s  found in Y-like  cells'  r e cep t iv e  fie lds .

3 . 4 . 3  W-like C el ls .

Since W-like cells a r e  also nonl inear ,  t h e  max-min r e sp o n se  was 

used  to t e s t  fo r  o r ien ta t ion  and d irec tion  tu n i n g .  All W-like cells 

d isp layed  or ien ta tion  and  direc tion se lec t iv i ty ,  and both  were  d e p e n ­

d e n t  on th e  spatial  f r e q u e n c y  of t h e  g r a t i n g .  F igures  36 and  37
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Spatial f r e q u e n c y  d ep en d en ce  of orien ta t ion  and  
d irec tion  se lec tiv ity  of a Y-like cell. The  
re sp o n se  measures  a re  t h e  maximum minus mini­
mum re sp o n se  (a,  b ,  c,  and  d) and  th e  ampli­
t u d e  of t h e  fundamenta l  component (e ,  f ,  g ,  
and  h ) .  T h e  re sponses  of t h e  cell to  a 4 Hz 
d r i f t in g  g ra t in g  a t  var ious  o r ien ta t ions  a t  s e v ­
eral  spatial  f r equenc ies  a r e  shown. T h e  spatial 
f r e q u e n c y  and  c o n t r a s t  of t h e  g ra t i n g  a re  given 
a t  t h e  bottom of t h e  max-min r e sp o n se  f ig u r e s .  
T h e  a r rows  indicate  t h a t  t h e  pa i r  of f ig u re s  
r e p r e s e n t  d i f f e r en t  re sp o n se  m easures  to  th e  
same st imulus  ( e . g . ,  a and  e r e su l t  from th e  
same s t im u lus ) .  T h e  d a shed  lines r e p r e s e n t  t h e  
r e sp o n se  of t h e  cell to a g ra t i n g  of zero  con­
t r a s t .  Note t h a t  t h e  max-min r e sp o n se  is some­
what  h ig h e r  to a "dummy" st imulus than  th e  
fundamenta l  component  of t h e  re sp o n se ,  i l lus­
t r a t i n g  t h a t  t h e r e  is more noise o r  va r iab i l i ty  in 
t h e  max-min m easure .  Orienta tion  va lues  180 
d e g r e e s  ou t  of p hase  a re  super im posed  on th e  
a b sc i s sa .  Th is  f ig u r e  dem ons t ra te s  t h a t  o r i e n ­
ta tion and di rection  se lec t iv i ty  a r e  found  in 
both  t h e  max-min re sponse  and  th e  fundamenta l  
component.
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F igu re  36

Orienta tion  and  d i rec t ion  se lec t iv i ty  of a W-like 
cell .  T h e  re sp o n se  m easure  was t h e  maximum 
minus minimum re s p o n se .  T h e  re sp o n se s  of th e  
cell to a 2 Hz d r i f t i n g  g ra t i n g  a t  va r ious  o r i e n ­
t a t io n s ,  a t  seve ra l  spatial  f r eq u e n c ie s  (a,  b,  
and  c ) ,  a re  shown. T h e  c o n t r a s t  of each g r a t ­
ing was 25 p e r c e n t .  T h e  spat ia l  f r e q u e n c y  of 
t h e  g r a t i n g  is g iven  a t  t h e  bottom of each f ig ­
u re .  T h e  d a sh e d  line in (a) r e p r e s e n t s  th e  
max-min re s p o n se  to  a g r a t i n g  of zero  c o n t r a s t .  
Orien ta t ion  va lues  180 d e g r e e s  ou t  of p h ase  
were  super im posed  on t h e  absc is sa .
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Figure  37

Orien ta tion  and  d irec tion  se lec t iv i ty  of two 
W-like cells .  The  r e sp o n se  m easu re  was th e  
maximum minus minimum re sp o n se .  T h e  r e s p o n ­
ses  of two cells to a 4 Hz d r i f t in g  g ra t i n g  a t  
va r ious  o r ien ta t io n s ,  a t  severa l  spat ia l  f r e q u e n ­
cies ,  a r e  shown.  T h e  spat ia l  f r e q u e n c y  and 
c o n t r a s t  of each g ra t in g  a r e  g iven  a t  t h e  bottom 
of each f i g u r e .  Orienta tion va lues  180 d e g re e s  
ou t  of p h ase  were  super im posed  on th e  
a b sc i s sa .  The  max-min r e sp o n se  of t h e  f i r s t  
cell (a ,  b ,  and  c) to a g r a t i n g  of zero  c o n t r a s t  
is r e p r e s e n te d  by  th e  d a sh e d  line in ( c ) .  The  
re sp o n se  of t h e  second cell (d ,  e ,  and  f)  to a 
zero  c o n t r a s t  g r a t in g  was 15 s p ik e s / s e c .
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show typical  re sponses  of a W-like cell to d r i f t in g  g r a t i n g s  a t  

d i f f e r en t  o r ien ta t ions .  In both f ig u re s  (F igu re  37 shows two ce l l s ) ,  

max-min is t h e  r e sp o n se  measure  and  t h e  re sponse s  to g r a t i n g s  180 

d e g re es  a p a r t  a re  super im posed .  ' T h e  d r i f t  r a te  was 2 Hz fo r  Figure  

36, and  4 Hz fo r  F igure  37. The  c o n t r a s t s  a re  indicated in each f i g ­

u re  and  t h e  spon taneous  ra tes  a r e  r e p re s e n t e d  by  th e  d a sh e d  line o r  

indicated  in th e  f ig u r e .  Although W-like cells always d isp layed  o r i e n ­

ta tion tu n in g ,  t h e r e  was v e r y  little cons is tency  in t h e  magn i tude  of 

t h e  orien ta t ion  tu n in g  ac ross  spatial  f r eq u e n c ie s ;  t h e r e  was no r e g u ­

lar p a t t e r n  as seen in X- and Y-like  cells.  Direction se lec t iv i ty  in 

W-like cells also d isp layed  no co n s i s ten t  p a t t e rn  ac ross  spat ia l  f r e ­

q uenc ies .  However,  a spat ia l  f r e q u e n c y  could always be  fo und  w here  

t h e  cell was not d irec tion  se lec tive  and t h a t  usually  was a t  a high 

spatial  f r e q u e n c y .  For example,  in F igure  36a and  b ,  t h e r e  were  

both or ien ta t ion  and  d irec tion  tu n in g  b u t  in F igure  36c (a h ig h e r  s p a ­

tial f r e q u e n c y )  t h e r e  was only or ien ta tion  tu n in g .  Similar re su l t s  

o c c u r r e d  in F igure  37; a t  low spat ia l  f r eq u en c ies  t h e  cell had both 

t y p e s  of tu n in g  (F igu res  37a, d ,  e) b u t  a t  h ig h e r  spatial  f r e q u e n c ie s ,  

t h e r e  was only orien ta t ion  tu n in g  (F igu res  37b,  c ,  e ,  f ) .  Finally,  

t h e r e  was no indication t h a t  W-like cells possessed  any  of t h e  unusual  

t u n in g  a t  v e r y  high spatial  f r eq u e n c ie s  found in Y- and  poss ib ly  in 

X-like  cells .  Once aga in ,  th e  W-like cells'  c h a r a c te r i s t i c s  a p p e a r  to 

be  d i f f e r e n t  from X- and  Y-like cells .

3 .5  Spatial  and  Spectra l  P r o p e r t i e s .

To examine th e  re la t ionship  between spatial  and sp ec t ra l  p r o p e r ­
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t i e s ,  each ganglion cell was class ified along both spatial  and spec t ra l  

d imens ions .  Each cell was class ified as X - ,  Y- o r  W-like based  on its 

r e sp o n se  to  a c o n t r a s t - r e v e r s a l  g r a t i n g ;  cells were  also class ified  as 

spec t ra l ly  o p p o n e n t  o r  nonopponen t  as well as by  t h e  re sp o n se  of t h e  

L-cones to  c e n t e r  st imulation (L+/ - ,  L-/+ o r  L+/ + c e n te r  ce l l s ) .  All 

spec t ra l  c lass if icat ions  w ere  based  on r e sp o n ses  to monochromatic 

stimuli p r e s e n t e d  to  th e  c e n t e r  ( sp o t  of l ight)  and  to t h e  s u r r o u n d  

(annu lus  of l ight)  of t h e  cell 's  re cep t ive  field .  (See Section 3.1 fo r  

d e t a i l s .)

A total  of n ine ty  cells were  su ccess fu l ly  c lassi fied by  t h e i r  s p a ­

tial summation and  s p ec t ra l  p r o p e r t i e s .  To examine t h e  re la t ionsh ip  

between spat ia l  summation class  (X - ,  Y- ,  and  W-like) and spec t ra l  

c lass  (L+/ - ,  L - / +, and  L+/ + c e n te r )  a 3 by  3 c h i - s q u a r e  t e s t  of in d e ­

pen d en ce  was calcula ted  on th e  f r eq u e n c ie s  ac ross  t h e  va r ious  c a te g o ­

ries .  T ab le  1 shows t h e  f r eq u e n c ie s  and  p e rc en ta g e s  fo r  each c a t ­

e g o ry .  T h e  re s u l t s  indica te  t h a t  spat ia l  summation class  was
2

i n d e p en d e n t  of sp ec t ra l  class  (x (4) = 3 .92 ,  p > 0 .0 5 ) .  T h a t  is ,  a 

cell c lass ified as X-like  was j u s t  as likely to  be  an L+/ - ,  L - / +, o r  

L+/ + c e n t e r  cell ; t h e  same was t r u e  of Y- and  W-like cells.

A 3 by  2 c h i - s q u a r e  t e s t  f o r  independence  was per form ed  on t h e

f req u e n c ie s  of spat ia l  summation c lass  and  spec t ra l  o pponency .

Result s  revealed  t h a t  spat ia l  summation was in d e p en d e n t  of t h e  f ac t
2

t h a t  a cell was sp ec t ra l ly  opp o n en t  o r  nonopponen t  (x (2) = 0 .86 ,  p > 

0 .0 5 ) .  Tab le  2 p rov ides  t h e  f r eq u e n c i e s  and  p e rc e n ta g e s  ac ross  t h e  

ca tegor ie s .

In summary , t h e r e  does not a p p e a r  to be  any  re la t ionsh ip
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T ab le  1

Spatial  Summation Class  by  S pec t ra l  Class

Spec t ra l  Class

L+/ - L - /  + L V + Total

Spatial X-like 4(24%) 7(41%) 6(35%) 17(19%)

Summation V-l ike 9(23%) 17(44%) 13(33%) 39(43%)

Class W-like 14(41%) 13(38%) 7(21%) 34(38%)

Total 27(30%) 37(41%) 26(29%)
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T a b l e  2

Spatia l  Summation Class  by  S pec t ra l  O pponency

S pec t ra l  O pponency  

O p p o n e n t  Nonopponent  Total

Spatial X-l ike 6(35%) 11(65%) 17(19%)

Summation Y-l ike 11(28%) 28(72%) 39(43%)

Class W-like 13(38%) 21(62%) 34(38%)

Total 30(33%) 60(67%)
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between a cell 's  spatial  summation p ro p e r t i e s  and  its spectra l  

p r o p e r t i e s ;  X - ,  Y-,  and  W-like cells a re  equally  likely to be s p e c ­

t r a l ly  opp o n en t  o r  nonopponen t ,  and  L V - ,  L- /+ ,  o r  L+/ + c e n te r  cells.  

Although spatial  summation classification was in d ep en d en t  of t h e  cell 's 

spec t ra l  p ro p e r t i e s ,  o th e r  spatial  p r o p e r t i e s ,  such  as t h e  S-CSF and 

s ens i t iv i ty  to c o n t r a s t  ( c o n t r a s t  g a in ) ,  were  influenced  by  t h e  cel ls’ 

spec t ra l  p ro p e r t i e s .

3 . 5 . 1  S - C S F .

T he  S-CSFs  of all t h e  cells fo r  which th i s  information was avail ­

able  were  e n te r e d  into a da ta  matrix and  th e n  s o r te d  into t h e  a p p r o ­

p r ia te  ca tegor ies  and  a v e r a g e d .  All S-CSFs  w ere  normalized with 

r e s p e c t  to  t h e i r  own maximum sen s i t iv i ty  va lue .  Only S-CSFs  

ob ta ined  with d r i f t in g  g ra t i n g s  of 4 Hz were  used  to  eliminate any  

spat io- tempora l  in te rac t ions  (see  Section 3 . 3 ) .  For t h e  p u rp o s e  of 

comparabil i ty ,  t h e  r e sp o n se  measure  fo r  all S-CSFs was t h e  amplitude 

of th e  fundamenta l  component .  This  p rov ided  information reg a rd in g  

t h e  c e n t e r  and  s u r r o u n d  mechanisms on ly ,  which,  a t  least  fo r  X- and 

Y-like  cel ls ,  a r e  similar; nonlinear  s u b u n i t s  were  exc luded  from th e  

ana lys is .  T he  normalized S-CSFs from t h e  d i f f e r e n t  cells were  a v e r ­

ag ed ,  and  t h e  a v e r ag e  renormalized to g ive  t h e  mean func t ion  fo r  a 

p a r t i c u la r  class ification of cells.

A verage  S-CSFs fo r  X - ,  Y - ,  and  W-like cells a r e  shown in Fig­

u r e  38. All t h r e e  func t ions  a r e  typica l  in s h ap e  in t h a t  t h e y  a re  

most s ens i t ive  to  middle spat ia l  f r e q u e n c i e s ,  a t t e n u a te  sh a rp ly  at  

h ig h e r  spat ia l  f r eq u e n c ie s  and  g ra d u a l ly  d e c r e a se  in sens i t iv i ty  at
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Figure  38

A verage  S-CSFs  of X - ,  Y- ,  and W-like cells.  
The  r e sp o n se  m easure  was t h e  ampl itude of th e  
fundamenta l  component .  The  S-CSFs of X- 
(enc losed s t a r s ) ,  Y - ,  (open s t a r s ) ,  and  W-like 
( a s t e r i sk s )  cells were  de te rm ined  by  th e i r  
r e sponses  to  a 4 Hz d r i f t in g  g r a t i n g .  S ens i t iv ­
i ty fo r  all Y- and  W-like and  most X-like  cells 
were  ob ta ined  by  in te rpola tion on t h e  re sponse  
v s .  c o n t r a s t  c u rv e s  to  f ind  t h e  c o n t r a s t  n eces ­
s a r y  fo r  a c o n s ta n t  r e sp o n se  amplitude.  The 
sen s i t iv i ty  fo r  some X-l ike cells was calculated 
d i rec t ly  from t h e  re sp o n se  m easure .  Each 
a v e r a g e  S-CSF was renormalized sepa ra te ly .  
T h e  n um ber  of cells fo r  each spatial  summation 
class  is g iven  a t  t h e  bottom of t h e  f ig u re .  
E r r o r  b a r s  r e p r e s e n t  one s t a n d a r d  e r r o r  of th e  
mean.
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lower spatial  f r e q u e n c ie s .  It is c lear  from th e  f ig u r e  t h a t  X- and 

W-like cells a re  re la t ive ly  more sens i t ive  a t  h ighe r  spatial  f r equenc ies  

than  Y-like cells .  T he  h ig h - f r e q u e n c y  c u t -o f f ,  if one  were  to e x t r a ­

pola te ,  would be much lower fo r  Y-like cells than  fo r  X- and W-like 

cells .  Since t h e  high f r e q u e n c y  port ion is due  to t h e  smallest 

s u b a rea  in t h e  r ecep t iv e  field ( i . e . ,  t h e  "cen te r"  fo r  X- and Y-like 

cells) t h e se  f ind ings  s u g g e s t  t h a t  th e  Y-like cell 's  c e n t e r  area  is 

somewhat l a rg e r  than  t h e  c e n t e r  of X-like  cells.  W-like cells c learly  

have  a recep t ive  field s u b a r e a  similar in size to th e  X-l ike cell 's  c e n ­

t e r  a rea ;  however ,  when examined in o th e r  spec ies  (Gordon and 

Shapley ,  1978), W-like cells do not a p p e a r  to  posse ss  t h e  c lass ic  c e n ­

t e r  and  s u r r o u n d  a r r a n g e m e n t  as in X- and  Y-like cells.

Spectra l  C la s s . F igu re  39 compares th e  a v e r a g e  S-CSFs of 

X-l ike  L+/~ ,  L - / +, and  L+/ + c e n te r  cells.  Although t h e  L+/ -  and

L - / + c e n te r  cells'  S -CSFs  were  similar in sh ap e ,  t h e  L+/ -  c e n t e r  cells'  

S-CSF was sh i f ted  to  t h e  h ig h e r  spat ia l  f r e q u e n c ie s ,  both  in t h e i r  

peak  s ens i t iv i ty  and  t h e i r  s ens i t iv i ty  a t  h ig h e r  spat ia l  f r eq u e n c i e s .  

Both of t h e se  r e su l t s  s u p p o r t  t h e  notion t h a t  L+/ -  c e n t e r  cells have  a 

smaller recep t ive  field c e n t e r  than  th e  L- /  + c e n t e r  cells .  T he  L+/ + 

c e n te r  cells also have  b e t t e r  spatial  resolution than  L - / + and  p o ss i ­

b ly ,  L+/ -  c e n t e r  cells ,  a l though  it is not as obvious  a t  t h e  peak  s e n ­

s i t iv i ty .  T he  S-CSF of t h e  L+/ + c e n te r  cells also ap p ea re d  to be 

b ro a d e r  in its b a n d - p a s s  c h a r ac te r i s t i c s  th a n  both L+/ -  and  L - / + c e n ­

t e r  cells.

Similar,  and  more p ro n o u n ced ,  d i f fe rences  o c c u r re d  when th e  

Y-like L+/ - ,  L - /  + , and  L+/ + c e n te r  cells were  compared as shown in
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A verage  S-CSFs of X-l ike  cells by  spec tra l  
c lass .  The  re sp o n se  measure  was t h e  amplitude 
of t h e  fundamenta l  component .  The  av e rag e  
S-CSFs of L+/ -  (closed c i r c l e s ) ,  L - / + (open 
c i r c l e s ) ,  and  L+/ + (closed t r i a n g le s )  c e n t e r  
cells were  de te rm ined  by  t h e i r  re sp o n se s  to  a 4 
Hz d r i f t in g  g ra t i n g .  Sens i t iv i ty  was obta ined  
e i th e r  by  in te rpola tion on t h e  r e sp o n se  v s .  con­
t r a s t  c u r v e s  to f ind th e  c o n t r a s t  n e c e s sa ry  fo r  
a c o n s ta n t  re sp o n se  ampl itude o r  by  us ing  
re sp o n se  m easures  d i rec t ly .  Each av e rag e  
S-CSF was renormalized s e p a ra te ly .  T h e  num­
b e r  of cells fo r  each spec t ra l  class  is g iven  a t  
t h e  bottom of t h e  f i g u r e .  E r ro r  b a r s  r e p r e s e n t  
one s t a n d a r d  e r r o r  of t h e  mean.
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A verage  S-CSFs  of Y-like  cells by  spec t ra l  
c lass .  T he  re sp o n se  measure  was t h e  ampl itude  
of t h e  fundamenta l  component.  T h e  a v e r a g e  
S-CSFs of L+/ -  (closed c i rc le s ) ,  L - / + (open 
c i rc le s ) ,  and  L * / + (closed t r i an g le s )  c e n t e r  
cells were  de te rm ined  by  t h e i r  r e sp o n ses  to  a 4 
Hz d r i f t in g  g r a t i n g .  Sens i t iv i ty  was obta ined  
by  in terpola tion on t h e  r e sp o n se  v s .  c o n t r a s t  
c u rv e s  to f ind t h e  c o n t r a s t  n e ce s sa ry  f o r  a 
c o n s ta n t  r e sp o n se  amplitude.  Each a v e r a g e  
S-CSF was renormalized s ep a ra te ly .  T h e  num­
b e r  of cells fo r  each spec t ra l  class  is g iven  a t  
t h e  bottom of t h e  f ig u r e .  E r ro r  b a r s  r e p r e s e n t  
one s t a n d a r d  e r r o r  of t h e  mean.
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Figure  40. L+/ -  c e n t e r  ce l l s ’ high f r e q u e n c y  c u t -o f f  was much h ighe r

th a n  th a t  of L-/+ c e n t e r  cells .  However,  unlike t h e  X-l ike S-CSFs ,  

t h e  peak  sen s i t iv i ty  of Y-like  L+/ -  c e n t e r  cells'  S -CSF was a t  a lower 

spatial  f r e q u e n c y  than  t h e  L - / + c e n te r  cells'  peak  sen s i t iv i ty .  This  

could be d u e  to  t h e  f ac t  t h a t  t h e r e  was a small n um ber  of L+/ -  c e n t e r  

cells in t h e  a v e r a g e  S -CSFs .  Also,  t h e se  was much more var iab i l i ty  

in t h e  re sp o n se s  of Y-like  cells than  in X-l ike  cells.

In F igure  41,  t h e  a v e r ag e  S-CSF of W-like cells  fo r  each spec t ra l  

t y p e  is shown.  Unlike X- and  Y-like cells ,  t h e r e  was v i r tua l ly  no 

d i f fe rence  in t h e  S-CSFs  across  th e  spec t ra l  cell t y p e s .  T h e r e  was 

no d i f fe rence  in e i t h e r  t h e  peak  sens i t iv i ty  o r  t h e  re la t ive  s en s i t iv i ty  

a t  high spat ia l  f r eq u e n c ie s  between L+/ -  and  L - / + c e n t e r  cells .  T h e  

fac t  t h a t  t h e r e  were  no d i f fe rences  across  spec t ra l  cell t y p e s  fo r  

W-like cells while t h e r e  were  c lear  d i f f e rences  in t h e  S-CSFs of t h e  

spec t ra l  t y p e s  in X- and  Y-like cells s u p p o r t  t h e  f ac t  t h a t  W-like 

cells a r e  func t iona l ly  d i f f e r e n t  from X- and  Y-like  cells .

To p ro d u c e  a c l e a r e r  p i c tu re  of t h e  d i f fe ren ces  ac ross  spec t ra l  

cell t y p e s  (b y  inc reas ing  sample s ize ) ,  and  s ince  spat ia l  summation 

class  was in d e p e n d e n t  of spec t ra l  class  ( see  Section 3 . 5 ) ,  t h e  S-CSFs 

of t h e  X- and  Y-like  cells were  combined and  compared  across  s p e c ­

t ra l  c lass ;  W-like cells w ere  not inc luded in t h e  a v e r a g in g  s ince  th e y  

a re  c lear ly  func t iona l ly  d i f f e r en t  from X- and  Y-l ike cells along th is  

dimension. F igure  42 d i sp lays  th e  r e s u l t s .  L+/ -  and  L - / + c e n te r  

cells were  again re la t ive ly  more sens i t ive  a t  t h e  h ig h e r  spatial  f r e ­

quenc ies  th a n  L - / + c e n t e r  cells .  T he  peak  s e n s i t iv i ty  of th e  L - / + 

c e n te r  cells was also a t  a s l ightly  lower f r e q u e n c y  th a n  both t h e  L+/ -
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A verage  S-CSFs  of W-like cells by  spec tra l  
c lass .  T h e  re sp o n se  m easu re  was t h e  amplitude 
of t h e  fundamenta l  component .  T h e  av e rag e  
S-CSFs of L+/ -  (c losed c i r c l e s ) ,  L - / + (open 
c i rc le s ) ,  and  L+/ + (c losed t r i an g le s )  c e n te r  
cells were  de te rm ined  by  t h e i r  re sponses  to a 4 
Hz d r i f t in g  g r a t i n g .  Sens i t iv i ty  was obta ined  
by  in te rpola tion on t h e  r e sp o n se  v s .  c o n t r a s t  
c u r v e s  to  find  t h e  c o n t r a s t  n e ce s sa ry  f o r  a 
c o n s ta n t  r e s p o n se  ampli tude .  Each av e rag e  
S-CSF was renormalized s ep a ra te ly .  T h e  num­
b e r  of cells fo r  each sp ec t ra l  class is g iven at  
th e  bottom of t h e  f i g u r e .  E r r o r  b a r s  r e p r e s e n t  
one s t a n d a r d  e r r o r  of t h e  mean.
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Figure  42

A verage  S-CSFs  of X- and  Y-like cells by  s p e c ­
t ra l  c lass .  T he  re sp o n se  measure  was th e  
amplitude of t h e  fundamenta l  component .  The  
a v e r ag e  S-CSF of L+/ -  (closed c i r c l e s ) ,  L-/+ 
(open c i r c l e s ) ,  and L+/ + (closed t r i a n g le s )  c e n ­
t e r  cells were  de termined  by  th e i r  re sp o n se s  to 
a 4 Hz d r i f t in g  g r a t i n g .  Sens i t iv i ty  fo r  all 
Y-like and  most X-l ike cells were  ob ta ined  by 
in terpola tion on t h e  re sp o n se  v s .  c o n t r a s t  
c u rv e s  to  f ind t h e  c o n t r a s t  n e c e s sa ry  fo r  a 
co n s ta n t  r e sp o n se  ampli tude.  T he  s en s i t iv i ty  
fo r  some X-like  cells was calcula ted  d i rec t ly  
from t h e  re sp o n se  m easure .  Each av e rag e  
S-CSF was renormalized s ep a ra te ly .  T h e  num­
b e r  of cells fo r  each spec t ra l  class  is g iven  at  
t h e  bottom of t h e  f ig u r e .  E r ro r  b a r s  r e p r e s e n t  
one s t a n d a r d  e r r o r  of t h e  mean.
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and L+/ + c e n te r  peaks ;  t h e  L+/ + c e n t e r  cells had th e  la rg e s t  sh i f t  to 

h ig h e r  spatial  f r e q u e n c ie s .

In summary , it is c lear  t h a t  fo r  X- and  Y-like cells ,  L+/ -  c e n te r  

cells possess  a smaller recep t ive  field c e n t e r  than  L - / + c e n te r  cells.  

Th is  is i l lu s t ra ted  by  t h e  fac ts  t h a t  L+/ -  c e n t e r  cells a r e  re la tively  

more sens i t ive  to  h ig h e r  spatial  f r eq u e n c ie s  than  L - / + c e n te r  cells and  

t h a t  t h e i r  peak  sen s i t iv i ty  is sh i f ted  s l igh t ly  to h ig h e r  f r eq u e n c ie s .  

For t h e  L+/ + c e n t e r  cel ls ,  it is a p p a r e n t  t h a t  t h e i r  c e n t e r  area  is also 

smaller than  L - / + c e n t e r  and  p robab ly  L+/ -  c e n t e r  cells .  All of t h e se  

conclusions  c o r r e sp o n d  to  t h e  f ind ings  ob ta ined  by  mapping th e  

recep t ive  field c e n t e r  with small spots  of l ight ( see  Section 1 .6 .3 ) .  

Finally,  W-like cells con t inue  to  live up to t h e i r  name - -  th e y  a p p e a r  

to  be a class  a p a r t  from t h e  o th e r  spatial  summation c las ses .

Spec tra l  O p p o n e n c y . S-CSFs were  also compared  as  a function 

of spec t ra l  o pponency .  For both X- and  Y-like cells ,  t h e  S-CSF 

d e p en d ed  on w h e th e r  t h e  cell was sp ec t ra l ly  oppo n en t  o r  nonoppo­

n e n t ,  a t  leas t  fo r  L+/ -  and  L - / + c e n te r  cells .  F igure  43 compares  th e  

a v e r a g e  S-CSFs  of cells t h a t  were  sp ec t ra l ly  oppo n en t  and  nonoppo­

n e n t .  Since t h e  S-CSFs  of X- and  Y-like  cells were  similar,  t h e y  

were  av e rag e d  t o g e t h e r .  T he  re sp o n se  m easure  was t h e  ampl itude of 

t h e  fundamenta l  component and  each c u r v e  was normalized to its own 

maximum sen s i t iv i ty .  T h e r e  a re  two po in ts  worth  noting in th i s  f i g ­

u re :  F i r s t ,  t h e  sp ec t ra l ly  opponen t  S-CSF was sh i f ted  to h ig h e r  s p a ­

tial f r eq u en c ie s  in both t h e  peak  sen s i t iv i ty  and t h e  h ig h - f r e q u e n c y  

port ion of t h e  c u r v e  as compared with t h e  sp ec t ra l ly  nonopponent  

S-CSF. This  s u g g e s t s  t h a t  t h e  spec t ra l ly  o pponen t  cells possess  a
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A verage  S-CSFs  of X- and  Y-like cells by  s p e c ­
t ra l  opp o n en cy .  T he  re sp o n se  measure  was t h e  
amplitude of t h e  fundamenta l  component .  The  
a v e r ag e  S -C S F s  of spec t ra l ly  opponen t  (open 
hexagons)  and  sp ec t ra l ly  nonopponent  (c losed 
hexagons)  cells were  de termined by  t h e i r  
re sponses  to  a 4 Hz d r i f t in g  g ra t i n g .  S en s i t iv ­
i ty values  were  de te rm ined  as in F igure  42. 
Each a v e r a g e  S-CSF was renormalized s e p a ­
ra te ly .  T h e  num ber  of cells fo r  each ca teg o ry  
is g iven a t  t h e  bottom of th e  f ig u r e .  E r ro r  
b a r s  r e p r e s e n t  p lus  o r  minus one s t a n d a r d  
e r r o r  of t h e  mean.
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smaller recep t ive  field c e n t e r  than  spec t ra l ly  nonopponen t  cells .  Sec­

ond,  t h e r e  was more low f r e q u e n c y  a t tenua t ion  in th e  spec t ra l ly  oppo­

nen t  cells'  func t ion  th a n  in t h e  nonopponent  cells'  S -CSF.  This  may 

be t h e  r e su l t  of not t e s t in g  a t  lower spatial  f r eq u e n c ie s ;  sl iding th e  

spec t ra l ly  o p p o n en t  func t ion  to  super impose  t h e  peak  sens i t iv i t ies  of 

th e  two c u rv e s  shows t h a t  a t  t h e  lowest spat ia l  f r e q u e n c y  t e s t ed  

(0.19 cy/mm) th e  c u r v e s  a re  similar - -  t h e  most dramat ic  a t tenuat ion  

fo r  both func t ions  would o ccu r  a t  f r eq u en c ie s  lower th a n  0 .19 cy/mm. 

Regard ing  W-like cells ,  t h e  sample size was too small and  t h e  v a r iab i l ­

ity across  cells was too large  to  draw any  conclus ions .

Since both  sp ec t ra l  c lass  and spec t ra l  oppo n en cy /n o n o p p o n en cy  

ap p ea re d  to influence t h e  S-CSF of cells ,  each cell was so r ted  by

both  fac to r s  and th e n  a v e r a g e d .  T h a t  is,  sp ec t ra l ly  oppo n en t  cells

were  d iv ided  into L+/ - ,  L - / + and L+/ + c e n te r  t y p e s  and  av e rag e

S-CSFs were  ca lcu la ted ;  t h e  same was done f o r  sp ec t ra l ly  nonoppo­

n en t  cells .  The  major d is t inc tion  be tween th e  sp ec t ra l ly  o pponen t  and  

nonopponen t  cells was t h a t  t h e  nonopponent  S-CSF re f lec ted  primarily  

th e  inpu t  of one cone t y p e  (L-cones)  while t h e  sp ec t ra l ly  opponen t  

S-CSF was t h e  r e s u l t  of an o v e r t  in te ract ion  of a t  leas t  two cone 

in p u ts .  Note t h a t  t h e  nonopponent  cells a re  not necessa r i ly  d r iven  

by  only one cone t y p e ,  b u t  t h a t  one inpu t  dominated  t h e  re sponse .  

This  was also t r u e  when t h e  CRT disp lay  was u sed ,  s ince  th e  L-cone 

inpu t  of sp ec t ra l ly  nonopponent  cells dominated t h e  ganglion cell

re sp o n se  across  t h e  s p ec t ru m .  This  was ver i f ied  by  th e  cell 's

r e sp o n se  to  monochromatic stimuli a t  var ious  w ave leng ths  and by  th e  

fac t  t h a t  when s timulated by th e  CRT d isp lay ,  t h e  cell 's  re sponse
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modulation c o r r e sp o n d e d  to  its L-cone c e n t e r  component .  For 

example,  an L+/ -  c e n t e r  cell 's  r e sp o n se  was i n -p h a se  with th e  s i n u ­

soidal temporal modulation of a uniform field ( i . e . ,  an increase  in t h e  

cell 's  re sponse  with an inc rease  in st imulus  in t e n s i ty ) .

The  re su l t s  a r e  shown in F igu re  44. X- and  Y-like cells were  

combined; W-like cells w ere  omitted from th e  calcula tions .  For s p e c ­

t r a l ly  nonopponent  (p redomina te ly  L-cones) cells ,  t h e r e  was a c lear  

d is t inc tion  across  t h e  sp ec t ra l  cell t y p e s  (F ig u re  44a) .  L+/ -  and  L-/+

c e n te r  cell t y p e s  d i f fe red  both in t h e i r  sens i t iv i t ies  a t  high spatial  

f r eq u en c ie s  and a t  t h e  spat ia l  f r e q u e n c y  w here  s en s i t iv i ty  beg ins  to 

decl ine ( i . e . ,  peak s en s i t i v i t y ) .  For spec t ra l ly  o pponen t  cells (F ig ­

u re  44b) however ,  t h e  sh i f t  in S-CSFs was not as a p p a r e n t .  

Although t h e r e  w ere  s l igh t  d i f f e rences  a t  h ig h e r  spat ia l  f r eq u e n c ie s ,  

t h e  peak  sens i t iv i t ies  ac ross  t h e  sp ec t ra l  cell t y p e s  were  th e  same.

3 . 5 . 2  Response  to C o n t r a s t .

Recently ,  a new classi ficat ion scheme has  been in t roduced  in an 

a t tem pt  to  examine th e  re la t ionsh ip  across  t h e  va r ious  cell c lass if ica­

t io n s .  This  class ification is based  on th e  n e u ro n ' s  r e sp o n se  to c o n ­

t r a s t  (Kaplan and  Shap ley ,  1984; 1986), and  was examined in t h e  

goldfish ganglion cells in t h e  following way: The  r e sp o n se  v e r s u s

c o n t r a s t  function was ob ta ined  from t h e  cell 's  r e sp o n se s  to  t h e  peak  

spat ia l  f r e q u e n c y  of th e  S-CSF. T h e  st imulus  was a 4 Hz d r i f t in g  

g ra t i n g  and  th e  c o n t r a s t  r anged  from zero (dummy stimulus) to 95 

p e rc e n t .  The  re sp o n se  m easu re  used  fo r  each cell was t h e  amplitude  

of t h e  fundamenta l  component.  T h e  re sp o n se  v s .  c o n t r a s t  function



2 1 9

Figure  44

A verage  S-CSFs  of X- and  Y-like  cells by  s p e c ­
t ra l  c lass  and  spec t ra l  opponency .  The  
r e sp o n se  m easu re  was th e  ampl itude of t h e  f u n ­
damental  component .  T h e  a v e r ag e  S-CSFs  of 
L+/ -  (c losed c i rc le s ) ,  L - / + (open c i r c l e s ) ,  and  
L+/ + (closed t r i an g le s )  c e n t e r  cells were  ca lcu ­
lated by  t h e i r  re sponses  to  a 4 Hz d r i f t in g  
g r a t i n g .  Spec tra l ly  nonopponen t  cells a re  
shown in ( a ) ;  spec t ra l ly  o p p o n e n t  cells a re  
shown in ( b ) .  Sens i t iv i ty  was ob ta ined  as in 
F igure  42. Each av e rag e  S-CSF was renormal­
ized s ep a ra te ly .  T he  num ber  fo r  each c a teg o ry  
of cell t y p e s  is g iven a t  t h e  bottom of each f ig ­
u re .  E r ro r  b a r s  r e p r e s e n t  one s t a n d a r d  e r r o r  
of th e  mean.
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fo r  each cell was e n te r e d  into a da ta  matr ix ,  so r ted  and a v e r ag e d  as 

d e sc r ib e d  ear l ie r  fo r  t h e  a v e r a g e  S-CSFs .  U n fo r tuna te ly ,  not all 

cells were  p r e s e n te d  with all c o n t r a s t s ,  so many of th e  av e rag e d  

re sp o n se  func t ions  had an unequal number  of da ta  poin ts .  T h e  num­

b e r  associa ted  with each c u r v e  r e p r e s e n t s  t h e  total num ber  of cells 

u sed  in t h e  calculations.

F igure  45 compares t h e  c o n t r a s t - r e s p o n s e  c u rv e s  of L+/ - ,  L-/+ 

and  L+/ + c e n te r  cells .  In th i s  f i g u r e ,  X- and  Y-like  cells were  com­

b ined ;  W-like cells were  omitted s ince  no d i f fe rences  were  found 

ac ro ss  spec t ra l  class fo r  W-like cells .  T he  r e sp o n se  m easure  was t h e  

ampli tude of t h e  fundamenta l  component.  As can be s een ,  L-/+ c e n ­

t e r  cells were  more sens i t ive  to c o n t r a s t  th a n  both L+/ -  and  L+/ + 

c e n t e r  cells;  in fac t ,  by  abou t  10% c o n t r a s t  t h e i r  r e sp o n se  s a t u r a t e d .  

For t h e  L+/ -  c e n t e r  cel ls ,  t h e  l inear port ion of t h e  func t ion  e x ten d e d  

o v e r  a wide ran g e  of c o n t r a s t s  - -  t h e r e  was little ev idence  of s a t u r a ­

t ion in th is  func t ion .  L+/ + c e n t e r  cells p o s se s sed  a t t r i b u t e s  of both 

L+/ -  and  L - / + c e n te r  cells .  T h e  l inear  portion  of t h e  func t ion  had a 

similar slope to L+/ -  c e n t e r  cells b u t  s a t u r a t e d  a t  t h e  same c o n t r a s t  

as L - / + c e n te r  cells.  Finally,  t h e r e  were  d i f f e rences  in r e sp o n se  s a t ­

ura tion among t h e  cell t y p e s .  T h e  L+/ + c e n te r  cells'  r e s p o n se  s a t u ­

ra te d  a t  abou t  40 s p i k e s / s e c  while L - / + c e n t e r  cells reached  90 

s p i k e s / s e c  and  th e  L+/ -  c e n t e r  cells'  con t inued  to  r e spond  a t  even 

h ig h e r  ra te s .

F igure  46 compares  t h e  c o n t r a s t - r e s p o n s e  c u r v e s  s o r te d  b y  s p e c ­

t ra l  opponency .  Once aga in ,  X- and  Y-like  cells were  a v e r ag e d  

t o g e t h e r .  T h e r e  was c lear ly  a d i f fe rence  between sp ec t ra l ly  opp o n en t
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Figure  45

A verage  r e sp o n se  v s .  c o n t r a s t  c u r v e s  of X- 
and  Y-like  cells by  spec t ra l  c lass .  The  
re sponse  m easure  was t h e  amplitude of t h e  f u n ­
damental component.  T h e  av e rag e  re sp o n se  v s .  
c o n t r a s t  c u r v e s  of L+/ -  (closed c i r c l e s ) ,  L - / + 
(open c i r c l e s ) ,  and  L+/ + (closed t r i a n g le s )  c e n ­
t e r  cells w ere  de termined  by  t h e  cells'  r e s p o n ­
ses  to a 4 Hz d r i f t in g  g ra t i n g  a t  t h e  spatial  
f r e q u e n c y  of peak  s en s i t iv i ty  fo r  each cell. 
The  num ber  of cells fo r  each spec t ra l  c lass  is 
g iven a t  t h e  bottom of t h e  f ig u r e .  E r r o r  b a r s  
r e p r e s e n t  one s t a n d a r d  e r r o r  of t h e  mean.
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Figure  46

A verage  r e sp o n se  v s .  c o n t r a s t  c u rv e s  of X- 
and  Y-like  cells by  spec t ra l  opponency .  The  
r e sp o n se  m easure  was th e  amplitude of t h e  f u n ­
damental  component .  T h e  a v e r ag e  r e sp o n se  vs .  
c o n t r a s t  c u r v e s  of spec t ra l ly  nonopponent  
(c losed hexagons)  and  spec t ra l ly  opponen t  
(open hexagons)  cells were  de termined  by  t h e  
cells'  r e sp o n ses  to  a 4 Hz d r i f t in g  g ra t in g  at  
t h e  spatial  f r e q u e n c y  of peak  s en s i t iv i ty  fo r  
each cell. T he  num ber  of cells in each 
c a te g o ry  is g iven a t  t h e  bottom of th e  f ig u re .  
E r ro r  b a r s  r e p r e s e n t  plus  o r  minus one  s t a n ­
d a r d  e r r o r  of t h e  mean.
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and nonopponent  cells.  Spec tra l ly  nonopponen t  cells were  much more 

sens i t ive  to  c o n t r a s t  ( i . e . ,  s t e e p e r  slope) than  sp ec t ra l ly  opponen t  

cells .  T h e re  was also a d i f fe rence  in w here  t h e  r e sp o n se  s a tu r a t e d ;  

spec t ra l ly  nonopponent  cells s a tu r a t e d  a t  a much h ig h e r  re sponse  ra te  

than  th e  spec t ra l ly  o pponen t  cells .  T h e se  f ind ings  c o r re sp o n d  to th e  

division found  in macaque n eu ro n s  (Kaplan and  Shap ley ,  1984; 1986). 

However ,  if spec t ra l  class is s ep a ra te d  by  spec t ra l  opponency  as well, 

an in te re s t in g  p a t t e rn  emerges .

Figure  47 shows t h e  c o n t r a s t  v s .  r e sp o n se  c u r v e s  of L+/ - ,  L - /  +

and L+/ + c e n te r  cells as a func t ion  of spec t ra l  o pponency .  As can be

seen in F igure  47a, t h e r e  was an obvious d i f f e r en ce  in sp ec t ra l ly

o pponen t  and  nonopponen t  c u r v e s  fo r  L+/ -  c e n t e r  cells .  T h e  s p e c ­

t r a l ly  nonopponent  cells were  much more s en s i t iv e  to  c o n t r a s t  and  

s a tu r a t e d  a t  a much h ig h e r  r e sp o n se  ra te  th a n  t h e  sp ec t ra l ly  oppo­

nen t  cells.  For L - / + c e n te r  cells (F ig u re  4 7 b ) ,  t h e  d i f fe rence  

between spec t ra l ly  o p p o n en t  and  nonopponen t  cells was not as  a p p a r ­

e n t .  Although th e  slope of t h e  nonopponen t  cells was s l ightly

s t e e p e r ,  t h e i r  re sp o n se  sa tu ra t ion  values  were  similar;  also,  both 

c u rv e s  s a tu r a t e d  a t  t h e  same c o n t r a s t  va lue .  R ega rd ing  t h e  L+/ + 

c e n te r  cells (F ig u re  47c) ,  t h e r e  was no c lear  d i f f e r en ce  between th e  

c o n t r a s t - r e s p o n s e  c u r v e s .  T h e re fo re ,  a cell 's  s en s i t iv i ty  to  c o n t r a s t  

d e p en d s  not only on w h e th e r  t h e  cell is sp ec t ra l ly  o p p o n e n t  o r  nonop­

ponen t ,  b u t  also on t h e  cell 's  spec t ra l  c lass .
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Figure  47

A verage  re sp o n se  v s .  c o n t r a s t  c u r v e s  of X- 
and  Y-like  cells by  spec t ra l  opponency  and 
spec t ra l  c lass .  T h e  r e sp o n se  m easure  was t h e  
ampli tude  of th e  fundamenta l  component .  The  
a v e r a g e  r e s p o n se  v s .  c o n t r a s t  c u r v e s  of s p e c ­
t r a l ly  nonopponen t  (closed s q u a r e s )  and  s p e c ­
t r a l ly  o p p o n e n t  (enclosed s t a r s )  cells fo r  L+/ -  
( a ) ,  L-/+ ( b ) ,  and  L+/ + (c) c e n t e r  cells were  
de te rm ined  by  t h e  cells'  r e sp o n ses  to  a 4 Hz 
d r i f t in g  g r a t i n g  a t  t h e  spatial  f r e q u e n c y  of 
peak  s e n s i t iv i ty  fo r  each cell. T h e  num ber  of 
cells in each c a te g o ry  is g iven  a t  t h e  bottom of 
each f i g u r e .  E r ro r  b a r s  r e p r e s e n t  one 
s t a n d a r d  e r r o r  of th e  mean.
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3 .6  Unusual  U n i t s .

3 . 6 . 1  Y-like  C el ls .

T h e r e  was a small subc lass  of Y-like cells t h a t  g ave  an unusual  

re sp o n se  to d r i f t in g  g r a t i n g s .  All of t h e s e  cells (7 cells)  were  

un doub ted ly  Y-like  cells;  t h e y  met all t h e  c r i te r ia  and  were  similar to 

all Y-like cells in t h e i r  re sponses  to a c o n t r a s t - r e v e r s a l  g r a t i n g .  

However,  when a g r a t i n g  was d r i f t e d  ac ross  t h e  recep t ive  field ,  t h e i r  

responses  were  v e r y  complex; t h e  t y p e  of r e sp o n se  d e p en d ed  on th e  

spatial  f r e q u e n c y  of t h e  g r a t i n g .  F igure  48 shows t h e  re sp o n se  of 

such  a cell a t  two spat ia l  f r e q u e n c ie s .  T h e  g r a t i n g  was d r i f t e d  a t  4 

Hz with a c o n t r a s t  of 13 p e rc e n t .  T he  absc is sa  r e p r e s e n t s  one s t imu­

lus cycle  (250 msec) d iv ided  into 30 d i s c r e te  b ins  (8 .3  msec p e r  time 

b in ) .  T h e  o rd in a te  is t h e  r e sp o n se  ra te  p e r  time bin av e rag e d  ove r  

56 st imulus cycles .  At t h e  lower spat ia l  f r e q u e n c y  (F ig u re  48a) ,  th e  

re sp o n se  p a t t e rn  was a t  double  t h e  st imulus f r e q u e n c y  ( i . e . ,  most of 

t h e  r e sp o n se  was a t  t h e  second harm onic ) ,  while a t  th e  high spatial  

f r e q u e n c y  (F igu re  4 8 b ) ,  t h e  r e sp o n se  matched th e  temporal f r e q u e n c y  

of th e  st imulus (most of t h e  r e sp o n se  a t  t h e  fun d am en ta l ) .  This 

re sp o n se  p a t t e rn  is t h e  r e v e r s e  of t h e  typica l  Y-like  cell re sponse .  

Most Y-like cells'  r e sp o n se s  modulate  a t  t h e  st imulation ra te  a t  low 

spatial  f r eq u e n c ie s ,  b u t  dev ia te  from th is  p a t t e r n  a t  high spat ia l  f r e ­

quenc ie s .  What is also puzzling is t h a t  fo r  t h e s e  unusual un i t s ,  

t h e r e  is v e r y  little power a t  any  o th e r  component o t h e r  than  2f a t  low
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A veraged  r e sp o n se  h is tograms of an unusual 
Y-like cell to a 4 Hz d r i f t in g  g r a t i n g  a t  two 
d i f f e r en t  spatial  f r e q u e n c ie s .  The  c o n t r a s t  of 
th e  g ra t in g  was 13 p e r c e n t .  T h e  absc is sa  r e p ­
re sen t s  one complete st imulus cycle .  Note t h a t  
a t  0 .76  cy/mm (a) t h e r e  is a c lear  doubling 
re sp o n se ,  b u t  a t  3 .05  cy/mm ( b ) ,  t h e  re sp o n se  
modulates a t  t h e  st imulus  f r e q u e n c y .
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spatial  f r e q u e n c i e s .  For typical  Y-like cells ,  re sponse  to a d r i f t ing  

g ra t in g  is n e v e r  a p u r e  doubling re sponse .

Spatial resolut ion of a similar cell was de termined fo r  th e  max- 

min, t h e  fundamenta l  and  th e  second harmonic components and  is 

shown in F igure  49. T h e  g ra t in g  was d r i f t ed  a t  a r a te  of 4 Hz and 

p r e s e n te d  a t  13% c o n t r a s t .  The  o rd in a te  is d e r ived  d i rec t ly  from th e  

re sp o n se  m easures  and is t h e r e fo re  labelled log re la tive  re sp o n se  (see  

Section 3 . 3 . 1 ) .  T he  spat ia l  resolut ion of t h e  max-min re sp o n se  was 

v e r y  b r o a d - b a n d  with no low f r e q u e n c y  a t tenua t ion  (F ig u re  49a).  

However,  t h e  spat ia l  tu n in g  of t h e  fundamenta l  and  second harmonic 

components  s ep a ra te ly  (F ig u re  49b) were  typical  in t h e i r  shape  with 

r e sp ec t  to  o t h e r  S -CS Fs .  T hey  were  both s h a r p ly  tu n e d  and  both 

p osse ssed  low f r e q u e n c y  a t tenua t ion .  T h e y  d i f f e red  from th e  o th e r  

func t ions  in t h a t  t h e  second harmonic component was more sens i t ive  at  

low spat ia l  f r eq u e n c ie s  th a n  th e  fundamenta l  component .  (All values  

in t h e  f i g u r e  w ere  normalized with r e sp ec t  to  one maximum response ;  

hence ,  t h e  second harmonic  component was more sens i t ive  than  th e  

fundamenta l  a t  lower spat ia l  f r e q u e n c i e s . )  Also, t h e  second harmonic 

spatial  t u n in g  was sh i f ted  to w ards  th e  lower spatial  f r eq u e n c ie s .  

T h e s e  components  were  c learly  s e p a r a t e  mechanisms,  unlike t h e  

S-CSFs of typica l  Y-like cells w here  th e  second harmonic component ,  

if found a t  low spatial  f r eq u e n c ie s ,  was usually  a r e su l t  of a low 

spon taneous  r a te  o r  of o v e rd r iv in g  of t h e  cell 's  r e sp o n se s .  If t h e se  

t h r e e  c u r v e s  a r e  super im posed  on t h e  same g ra p h  (F ig u re  49c) ,  it is 

obvious  t h a t  t h e  max-min function was t h e  r e su l t  of t h e  most sens i t ive  

mechanism (second  harmonic  a t  low spatial  f r eq u en c ies  and fundam en-
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Figure  49

S-CSFs of t h e  va r ious  re sp o n se  components  of 
an unusual  Y-like  cell . Each function (max-min 
(enclosed s t a r s ) ;  ampl itude of t h e  fundamenta l  
component (c losed c i rc le s ) ;  ampl itude of th e  
second harmonic  component  (open s t a r s ) )  was 
d e r ived  from t h e  re sponses  of t h e  cell to  a 4 Hz 
d r i f t in g  g r a t i n g  a t  13% c o n t r a s t .  In ( b ) ,  each 
value  was normalized with re sp ec t  to one  maxi­
mum va lue; t h u s ,  t h e  second harmonic compo­
nen t  is more s en s i t iv e  a t  low spatial  f r eq u e n c ie s  
than  t h e  fundamenta l  component.  In ( c ) ,  t h e  
t h r e e  r e sp o n se  measures  a re  super im posed .  
Note t h a t  t h e  max-min re sp o n se  a p p e a r s  to  be  
t h e  r e su l t  of t h e  most sens i t ive  component 
between t h e  fundamenta l  and  second harmonic 
components.
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tal a t  high spatial  f r e q u e n c i e s ) .  The  fac t  t h a t  t h e r e  was a low 

f r e q u e n c y  a t tenua t ion  in both th e  fundamenta l  and  second harmonic 

components  s u g g e s t s  t h a t  t h e r e  was some antagonism within the  

r ecep t iv e  field.

To i l lu s t ra te  t h a t  th i s  phenomemon was not d u e  to  th e  fac t  t h a t  

r e sp o n se  m easures  were  used  ins tead  of s e n s i t iv i ty ,  F igure  50 shows 

a similar cell in which s en s i t iv i ty  was d e r iv ed  by  in terpola tion on th e  

r e sp o n se  v s .  c o n t r a s t  c u r v e s .  The  d r i f t  r a te  was 4 Hz, and  th e  s e n ­

s i t iv i ty  values  of t h e  max-min re sp o n se  were  normalized with re sp ec t  

to  its maximum s e n s i t iv i ty ,  while t h e  fundamenta l  and  second harmonic 

component va lues  were  normalized to one maximum va lue .  Once again ,  

t h e  max-min re sp o n se  re f lec ted  t h e  re la tive  sens i t iv i t i e s  of th e  f u n d a ­

mental and  second harmonic  components.  T h e  second  harmonic compo­

n e n t  was more sens i t ive  to  lower spatial  f r eq u e n c ie s  and  all func t ions  

showed a low f r e q u e n c y  a t te n u a t io n .

Of th e  7 Y-like cells t h a t  d isp layed  t h e s e  unusua l  c h a rac te r i s t i c s  

4 were  sp ec t ra l ly  nonopponen t  L+/ + c e n te r  cel ls ,  2 were  spec t ra l ly  

o p p o n e n t  L+/ -  c e n t e r  cells and  one was a sp ec t ra l ly  opp o n en t  L - / + 

c e n t e r  cell. T h u s ,  all of  t h e s e  cells had one th in g  in common - -  all 

cells were  capable  of g e n e r a t in g  an ON-exci ta tion and  OFF-excita tion 

r e sp o n se .  This  is obvious  fo r  t h e  L+/ + c e n t e r  cells .  For t h e  s p e c ­

t r a l ly  opp o n en t  cells ,  a +/ + re sp o n se  would o c cu r  when two o r  more 

a n tagon is t ic  cone mechanisms in te rac ted .  For example ,  an L - / + and  a 

M+/ -  could p ro d u c e  an overa ll  +/ + re sp o n se ,  t h u s  account ing  fo r  th e  

f r e q u e n c y  doubling  when a d r i f t in g  g ra t i n g  is p r e s e n t e d .  Th is  is 

d em ons t ra ted  in F igure  51. F igure  51 shows a pe r i - s t im u lu s  time his -
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S-CSFs  of a n o th e r  unusual  Y-like cell. Each 
func t ion  (max-min , a s t e r i s k s ;  ampli tude  of th e  
fundamenta l  component ,  closed c i rc les ;  ampli­
tu d e  of t h e  second harmonic component ,  open 
c i rc les )  was de te rm ined  from th e  re sponses  of 
t h e  cell to  a 4 Hz d r i f t in g  g r a t i n g .  Sens i t iv i ty  
was ob ta ined  by in terpola tion on th e  r e sp o n se  
v s .  c o n t r a s t  c u r v e s  to f ind  t h e  c o n t r a s t  n e c e s ­
s a r y  fo r  a c o n s t a n t  r e sp o n se  ampli tude.  The  
va lues  of t h e  fundamenta l  and  second harmonic 
components  were  normalized with r e s p e c t  to  one 
maximum va lue ;  t h e  max-min va lues  w e re  n o r ­
malized s ep a ra te ly  from th e  o t h e r  two m easu re s .  
Once aga in ,  t h e  max-min re sp o n se  a p p e a r s  to 
be  a func t ion  of t h e  most sens i t ive  value  of t h e  
fundamenta l  and  second harmonic components .
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Figure  51

Spec tra l  p r o p e r t i e s  of an unusua l  Y-like  cell. 
The  re sp o n se s  to  one second f lashes  of mono­
chromatic  spo ts  ( c e n te r ;  a ,  b ,  and  c) and
annuli  ( s u r r o u n d ;  d ,  e,  and  f)  of l ight  a re
shown.  T h e  bottom i l lus tra tions  show th e  onse t  
and  of f se t  of t h e  s t imulus .  T h e  t h r e e  w ave­
leng ths  (450 nm, (a) and ( d ) ;  510 nm, (b) and 
(e ) ;  700 nm, (c) and  ( f ) )  r e p r e s e n t  t h e  isoab­
so rp t ion  po in ts  along t h e  L-cone spec t rum .  
This  cell was c lassi fied as- an L+/ -  c e n t e r  cell 
s ince  t h e  r e sp o n se  to  a 700 nm spo t  of l ight
p r e s e n te d  to  t h e  c e n t e r  r e su l ted  in an ON-
exci ta tion re sp o n se .
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togram of th e  r e sp o n ses  of th e  cell shown in F igure  48 to 

monochromatic spots  and  annuli  of l ight.  (This  cell was class ified  as 

an L+/ -  c e n t e r  ce l l . )  T h e  b a r s  on th e  bottom of t h e  f ig u r e  r e p r e s e n t  

th e  one second p re sen ta t io n  of t h e  s t imulus .  Responses  one second 

p r io r  to and one second a f t e r  th e  st imulus  a r e  also shown. The  

re sp o n se  is in sp ikes  p e r  second.  F igures  51a, b and  c show th e  

re sponses  of t h e  cell to  a spo t  of l ight a t  t h r e e  d i f f e r e n t  waveleng ths  

(450, 510 and 700 nm) a t  rough ly  equ iva len t  in tens i t ie s .  T h e se  t h r e e  

w aveleng ths  r e p r e s e n t  i soabsorp tion po in ts  of t h e  L-cones;  t h e r e fo re ,  

t h e  re sponses  would be  similar if only t h e  L-cones r e sp o n d ed .  The  

spon taneous  ra te  is close to zero  which is shown by  t h e  re sponses  

one second p r io r  to  t h e  p re sen ta t ion  of t h e  s t imulus .  At 700 nm 

(F ig u re  51c) ,  w here  only t h e  L-cones a re  r e sp o n s iv e ,  t h e  cell 

r e sponded  with excita tion to t h e  st imulus o n s e t  and  g rad u a l ly  

d e c r ea se d .  Th is  cell was class ified as an L+/ -  c e n t e r  cell s ince  its 

re sp o n se  to a Ipng-waveleng th  c e n te r  st imulus was O N -exc i ta t ion . 

(T he  a p p a r e n t  r e sp o n se  a t  t h e  o f f se t  of t h e  st imulus  was merely th e  

"on" re sponse  t a p e r in g  o f f . )  Comparing t h e  r e sp o n se  to  t h e  long- 

wavelength  st imulus to  t h e  re sponse  to  a 510 nm st imulus (F igure  

51b) ,  t h e  re sp o n se  p a t t e r n  of t h e  ceil d i f f e r ed .  T h e r e  was excitation 

to st imulus  o n s e t ,  b u t  t h e  re sp o n se  was much more t r a n s i e n t  than  at  

700 nm. Also,  t h e r e  was a v e ry  s t ro n g  excitat ion re sp o n se  a t  s t imu­

lus offse t .  At th is  w ave leng th ,  t h e  cell 's  r e sp o n se  ap p ea re d  +/ +. A 

similar +/ + re sp o n se  p a t t e r n  was found a t  450 nm (F ig u re  51a).  Since 

t h e  +/ + re sp o n se  did not o ccu r  at  700 nm, w here  only t h e  L-cones 

were  sens i t ive ,  then  t h e  re sp o n se  at  th e  s h o r t e r  waveleng ths  must
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have  been due  to more than  one cone ty p e .  (The  second cone t y p e  

in th is  case  was p robab ly  t h e  M-cones s ince  t h e  r e sponse s  at  450 and 

510 nm were  similar and t h e  s en s i t iv i ty  of t h e se  cones to t h e s e  w ave ­

leng ths  a re  rough ly  e q u iv a l e n t . )

T u r n in g  to t h e  s u r r o u n d ,  th is  cell was c lear ly  spat ia lly  o p p o ­

n e n t ,  s ince  a t  700 nm, t h e  r e sp o n se  was oppos i te  to th e  c e n t e r ' s  

r e sp o n se .  T h e r e  was an OFF-excita tion  to th is  wavelength  and  p o s s i ­

bly an ON-inhib it ion,  a l though  th e  spon taneous  ra te  was too low to be 

c e r t a in .  However,  a t  510 nm, t h e  r e sp o n se  was ON-excitat ion and  

O FF-exc i ta t ion .  Again,  t h e  r e sp o n se  a t  th i s  waveleng th  must reflec t  

t h e  in p u t  of two cone t y p e s .  T h e re fo re ,  s ince  t h e  re sp o n se  was +/ + 

fo r  both t h e  c e n t e r  and  s u r r o u n d ,  t h e  r e sp o n se  to a d r i f t in g  g ra t i n g  

would be  twice t h e  modulation f r e q u e n c y  of th e  s t imulus .  However,  

th i s  c anno t  be t h e  sole exp lana t ion  s ince  severa l  " typical"  Y-l ike cells 

had +/ + re sponses  to s p ec t ra l  stimuli ( e i th e r  L+/ + c e n t e r  o r  sp ec t ra l ly  

o p p o n en t  ce l l s ) ,  b u t  n e v e r  r e sp o n d ed  with twice t h e  modulation f r e ­

q u e n c y  to  a d r i f t in g  g ra t i n g  s t imulus .  Finally,  t h e s e  cells all 

r e sp o n d ed  to  a uniform s inusoidally  modulated st imulus  a t  t h e  modula­

tion f r e q u e n c y  - -  t h e i r  r e sp o n se  cons is ted  mostly a t  t h e  fundamenta l  

f r e q u e n c y .

3 . 6 . 2  W-like C e l l s .

T h e r e  was also a s u b g r o u p  of W-like cells t h a t  r e sponded  to a 

d r i f t in g  g ra t in g  a t  twice th e  st imulus  modulation.  However,  t h e i r  

r e sp o n se  p a t t e rn  was not t h e  same as t h e  unusual  Y-like  cells.  T h e i r  

r e sp o n se s  were  not as s t ro n g ly  d e p e n d e n t  on th e  st imulus '  spatial
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f r e q u e n c y  as were  th o se  of Y-like cells .  T h e re  was usually  v e r y  

little d i f fe rence  be tween th e  amplitudes  of t h e  fundamenta l  and second 

harmonic components ;  one  component did not dominate t h e  re sponse .  

T h e  S-CSFs d e r iv ed  from th e  fundamenta l  and  second harmonic com­

ponents  usual ly  c o r r e sp o n d e d  with one a n o th e r ,  which was not th e  

case  in t h e  unusual  Y-like  cells .  F igure  52a shows an example of th e  

S-CSF of an unusual  W-like cell. T he  S-CSFs of t h e  max-min, t h e  

fundamenta l  and second harmonic components  a re  shown fo r  compar i ­

son. T he  d r i f t  r a te  of t h e  g ra t i n g  was 8 Hz. In g en e ra l ,  most of 

t h e s e  cells were  v e r y  b road  in t h e i r  spatial  tu n in g  compared with 

o t h e r  cells.  F igure  52b shows th e  T -C S F  of t h e  same cell. Only th e  

fundamenta l  component was shown h e re  s ince ,  as with t h e  o th e r  cells ,  

most of t h e  r e sp o n se  was conta ined  a t  t h e  fundamenta l  component .  

Eleven of t h e s e  unusua l  W-like cells were  found ;  only 2 were  L+/ + 

c e n te r  cells and  th e  remaining cells were  e i th e r  sp ec t ra l ly  opp o n en t  o r  

nonopponen t .  T h e r e f o r e ,  t h e s e  cells w ere  not similar to  t h e  unusual  

Y-l ike  cells ,  s ince  t h e  Y-l ike cells were  e i th e r  L+/ + c e n te r  cells o r  

sp ec t ra l ly  opp o n en t  and  t h e i r  doubling  re sp o n se  to  t h e  d r i f t in g  g r a t ­

ing could be accoun ted  f o r  by  t h e  num ber  of mechanisms a p p a r e n t  in 

t h e i r  recep t ive  field .

3 . 6 . 3  Unusual Spec tra l  C l a s s e s .

One final cell meri ts  a t t en t io n .  This  cell was t h e  only cell pos i ­

t ive ly  identif ied L - / -  c e n t e r  cell . Th is  cell r e sp o n d ed  to  long-

wavelength  l ight in t h e  c e n t e r  por tion of th e  recep t ive  field by  ON- 

inhibition and OFF-inh ib i t ion .  This  cell was c lassi fied as a Y-like
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Figure  52

S-CSFs and  T -C S F  of an unusual  W-like cell. 
Each S-CSF ( a ) ,  max-min, ( a s t e r i s k s ) ,  ampli­
t u d e  of t h e  fundamenta l  component  (c losed c i r ­
cles) and  t h e  ampli tude  of t h e  second harmonic 
component (open c i r c l e s ) ,  was de te rm ined  from 
t h e  cell 's  r e s p o n se  to  a 8 Hz d r i f t in g  g r a t i n g .  
The  re s p o n se  m easu re  of t h e  T -C S F  (b)  was 
t h e  ampli tude  of t h e  fundamenta l  component.  
Sens i t iv i ty  was ob ta ined  by  in te rpola tion on th e  
r e sp o n se  v s .  c o n t r a s t  c u r v e s  to  f ind  t h e  con ­
t r a s t  fo r  a c o n s ta n t  r e sp o n se  ampli tude .  T h e  
fundamenta l  and  second harmonic  components  in 
(a) were  normalized with r e s p e c t  to  one maxi­
mum value.
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cell, po sse ssed  no spec t ra l  opponency  and u n fo r tu n a te ly ,  no 

information r e g a rd in g  a s u r r o u n d  was ob ta ined .  The  in te re s t ing  

th in g  abou t  th is  cell o c c u r re d  d u r in g  t h e  p re sen ta t ion  of t h e  spatial  

st imuli . When th e  s t imulus  was a t  mean luminance,  t h e  cell r e sponded  

with a low, b u t  obvious  spon taneous  ra t e .  When a d r i f t ing  g ra t in g  

was p r e s e n t e d ,  t h e  cell 's  re sp o n se  went to  zero  and  remained at  zero  

unti l t h e  d r i f t in g  st imulus  was e x t in g u ish ed  leaving th e  cell exposed  

to mean luminance.  At th is  time, t h e  cell 's  f i r ing  ra te  r e tu r n e d  to 

spon taneous  level.  This  cell could be c lass ified as a " s u p p r e s s e d  by  

co n t ra s t "  cell like t h a t  found in f rog  ganglion cells (L e t tv in ,  Matu- 

rana ,  McCulloch and  P i t t s ,  1959). In r e t r o s p e c t ,  it seems qu i te  p o s ­

sible t h a t  t h e r e  may have been o th e r  L - / -  c e n t e r  cells which were  

in a d v e r ten t ly  p a s se d  by  as cells t h a t  were  un re sp o n s iv e .
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[4]
DISCUSSION

4.1^ Spatial  Processing

4 . 1 ^  Spatial  Summation

The  most im por tan t  f ind ing  of th is  p ro jec t  is t h a t  goldfish g a n ­

glion cells can be c lass if ied  by  t h e i r  spatial  summation p ro p e r t i e s .  

Using t e ch n iq u es  t h a t  q u a n t i t a t iv e ly  a s se s s  a cell 's  spat ia l  summation 

p ro p e r t i e s ,  go ldfish gangl ion cells can be  c lassi fied as X - ,  Y- ,  o r  

W-like cells .  T h e  re sp o n se  p ro p e r t i e s  of t h e se  cells a re  v i r tua l ly  

identical  to t h e  r e sp o n se  p r o p e r t i e s  and  class ification of ca t  ganglion 

cells .  T h a t  th i s  c lass ificat ion scheme is found  in such  d i s p a r a te  

species  s u g g e s t s  t h a t  t h e s e  cell t y p e s  perform some basic  and  n eces ­

s a r y  role in vis ion.

Using t h e  same c r i t e r ia  as fo r  ca t  X-cel ls ,  go ldfish X-l ike  cells 

a re  l inear.  Goldfish Y-like  cells ,  fo r  t h e  most p a r t ,  a re  similar to cat  

Y-cells  in t h e i r  r e sp o n se  c h a r a c t e r i s t i c s .  Both ca t  Y-cells  and  go ld­

fish Y-like cells r e spond  to high spat ia l  f r e q u e n c y ,  c o n t r a s t - r e v e r s a l  

g r a t in g s  with twice t h e  s t imulus  modulation f r e q u e n c y  and disp lay  no 

null point .  T h e  nonlineari t ies  of goldfish Y-like cells a re  most likely
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d u e  to small, nonlinear s u b u n i t s ,  as in ca t  Y-cells  (Hochste in  and 

Shap ley ,  1976b).  Th is  hypo thes i s  is s u p p o r t e d  by t h e  fac t  t h a t  th e  

non l inear i ty  is most a p p a r e n t  a t  high spat ia l  f r eq u en c ies  where  such 

small su b u n i t s  a re  most r e spons ive .  Aside from th is  non l inear i ty  a t  

high spatial f r eq u e n c i e s ,  t h e  fundamenta l  r e sp o n se  component of th e  

Y-l ike  cell behaves  as in th e  X-like  cell, s u g g e s t in g  t h a t  th e  o r g a n i ­

zation of X- and Y-like cell recep t ive  fields a re  similar,  excep t  t h a t  

Y-like  cells possess  non l inear  s u b u n i t s .  T h e se  f ind ings  a g re e  with 

wha t  is known abou t  ca t  gangl ion cells (E n ro th -C uge l l  and Robson, 

1966; Hochstein and Shap ley ,  1976a,b).

However,  ca t  Y- and  goldfish Y-like cells'  r e sp o n ses  a r e  some­

w ha t  d i f f e r en t  when th e  c o n t r a s t - r e v e r s a l  g ra t i n g  cons is ts  of low s p a ­

tial f r eq u en c ie s .  Goldfish Y-like cells possess  a null poin t  a t  low 

spat ia l  f r eq u e n c ie s .  Cat  Y-cel ls ,  on t h e  o th e r  hand ,  d isp lay  a s l igh t  

doubling  r e sp o n se  a t  t h e  null posi t ion; however ,  when t h e  g r a t i n g  is 

posit ioned away from t h e  midposit ion of t h e  recep t ive  field ,  t h e  

r e sp o n se  is dominated by  th e  fundamenta l  r e sp o n se  component as in 

goldfi sh  Y-like cel ls .  T h u s ,  a l though t h e  non l inear  beh av io r  of t h e  

cells in both species  can be b e s t  exp la ined  by  th e  p r e s e n c e  of small, 

nonlinear  s u b u n i t s ,  t h e r e  a re  qua l i ta t ive  d i f fe rences  in t h e  su b u n i t s '  

p ro p e r t i e s .  For t h e  go ldf i sh ,  th e  s u b u n i t  re sp o n se s  a p p e a r  to be 

nulled at  low spatial  f r eq u e n c ie s  along with t h e  c e n t e r  and  s u r r o u n d  

re sp o n se s ;  f o r  ca t  Y-cel ls ,  only th e  c e n t e r  and  s u r r o u n d  components 

a r e  nulled a t  low spat ia l  f r eq u e n c ie s ,  leaving only t h e  r e sponses  of 

t h e  rec t i fy ing  s u b u n i t s .

Vic tor and  Shapley  (1979) have  s u g g e s t e d  t h a t  th e  su b u n i t s  in
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cat  Y-cells  r e su l t  from th e  d i r e c t  inpu t  of b ipolar  cells.  It is 

possib le  t h a t  t h e  d i f f e rences  between th e  sp ec ie s ’ su b u n i t s  may be a 

reflection of t h e  s t r e n g t h  of t h e  s u r r o u n d  component of t h e i r  bipolar 

cells.  Although* ca t  b ipolar  cells possess  a c e n t e r / s u r r o u n d  o rg a n iz a ­

tion,  t h e  r e sp o n se  of t h e  s u r r o u n d  is re la tively  weak compared to th e  

c e n t e r  r e sp o n se  (see  Rodieck, 1973). T h u s ,  st imula ting both th e

c e n te r  and  s u r r o u n d  components  ( e . g . ,  by  p r e s e n t in g  low spatial  f r e ­

q u e n cy  g r a t i n g s )  will r e s u l t  in a ne t  r e sp o n se  p redominated  by  the  

c e n t e r  component of t h e  s u b u n i t s .  T he  s u r r o u n d  does  reduce  t h e  ne t  

r e sp o n se  somewhat since  t h e  s u b u n i t s '  r e sp o n ses  a r e  a t t e n u a te d  at  low 

spatial  f r eq u e n c i e s  (Vic tor and Shap ley ,  1979); however ,  with low

spatial  f r e q u e n c y  stimuli ,  t h e  s u b u n i t s  a r e  not nulled by  th e  c e n t e r  

and  weak s u r r o u n d  combinat ion,  and  Y-cells  will r e sp o n d .

T he  s u r r o u n d  component 's  an tagonism to  t h e  c e n t e r  in goldfish 

b ipolar  cells is much s t r o n g e r  th a n  t h a t  found in t h e  ca t  (see

Kaneko, 1970). T h u s ,  a t  low spat ia l  f r eq u e n c ie s ,  t h e  ne t  r e su l t  of

st imula ting both th e  c e n t e r s  and  s u r r o u n d s  of all t h e  su b u n i t s  could 

p ro d u ce  a null re sp o n se .  With high spat ia l  f r e q u e n c y  st imuli,  th e  

s u r r o u n d s  of t h e s e  s u b u n i t s  would be less s en s i t iv e ,  leaving predomi­

nate ly  t h e  c e n t e r  r e sp o n ses  which would beh av e  as t h e  ca t  Y-cel ls .

This  d i s c r ep a n c y  in spat ia l  summation across  spat ia l  f r eq u en c ie s  

be tween t h e  goldfish and  ca t  ganglion cells has been i l lu s t ra ted  in 

s tud ie s  which examined Ricco's law in ganglion cells .  Both ca t  (Cle- 

land and  E n ro th -C uge l l ,  1968) and  goldfish (E a s te r ,  1968) gangl ion 

cells b ehaved  similarly and  obeyed  Ricco's law when th e  stimuli con ­

s is ted  of one spo t  of inc reas ing  diameter .  However,  when Ricco's law



2 4 9

is examined in goldfish by  us ing  two spo ts  in s ep a ra te  a reas  (both  

spo ts  posit ioned well within Ricco's a rea  as de termined  ab o v e ) ,  Ricco's 

law fails;  two spo ts  p ro d u c e d  a g r e a t e r  r e sp o n se  than  p red ic ted  by 

Ricco's law (E as te r ,  1968). For cat  ganglion cells ,  Ricco's law p r e ­

d ic ted  t h e  b ehav io r  fo r  both one and  two spo t  exper im en ts  (Cleland 

and  Enro th -C u g e l l ,  1968) (see  Section 1 . 4 . 1 ) .  For t h e  ca t  cells,  

s ince  t h e r e  is little s u r r o u n d  in fluence within a b ipola r cell o r  s u b u ­

n i t ,  t h e  ne t  r e su l t  of t h e  ganglion cell is simply t h e  combination of 

t h e  c e n t e r  components  of th e  s u b u n i t s .  T h u s ,  both a la rge  st imulus 

and  severa l  smaller stimuli (of th e  same total  a rea  on t h e  recep t ive  

field) will a c t iva te  t h e  same num ber  of s u b u n i t s  yie ld ing identical  

r e s u l t s .  In go ld f i sh ,  how ever ,  t h e  small spo ts  will only  ac t iva te  t h e  

c e n t e r  port ion of t h e  s u b u n i t s  which will p ro d u c e  a g r e a t e r  re sp o n se  

th a n  will l a r g e r  stimuli which s t imula te  both t h e  c e n t e r  and  s u r r o u n d  

components  of t h e  s u b u n i t s .

The  re la t ionsh ip  between goldfish W-like cells and  ca t  W-cells is 

more dif f icu l t  to  d e te rm ine .  Since it is re la tive ly  d i ff icul t  to isolate 

and  maintain s tab le  r e c o rd in g s  of ca t  W-cells from th e  optic  t r a c t ,  

t h e i r  p r o p e r t i e s  have  not been s tud ied  in as much detail  as X- and  

Y-cel ls .  Also, b ecause  of r e sp o n se  var iab i l i ty  across  W-cells ,  it is 

d if f icul t  to  f ind  an y  common c h a r a c t e r i s t i c s .  The  W-cell c a teg o ry  in 

t h e  cat  is a "ca tch-a l l"  class ificat ion - -  a cell t h a t  is not an X- o r  

Y-cell is ca tegor ized  as a W-cell. This  was also th e  case  fo r  t h e  

goldfish W-like cell c a te g o ry ;  cells t h a t  did  not  fulfill all t h e  c r i te r ia  

fo r  X-l ike  and  did not b ehave  as Y-like  were  labelled W-like. One 

genera l  c h a r a c t e r i s t i c  all W-like cells p osse ssed  was t h a t  th e y
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ap p ea re d  to be "somewhere inbetween" X- and Y-like  cells.  For

example,  when a c o n t r a s t - r e v e r s a l  g r a t i n g  was p r e s e n t e d  a t  a posit ion 

away from t h e  midpoint of t h e  recep t ive  field ,  t h e  cell r e sp o n d ed  like 

an X-like  cell. However,  posit ioning th e  same st imulus  c lose r  to  th e  

middle of t h e  recep t ive  field ,  r e su l ted  in a Y-like cell r e sp o n se .  The

nonlineari t ies  of W-like cells cannot  be due  to  s u b u n i t s  like those

found in Y-like cells ,  s ince  t h e  nonlineari t ies  a re  found  a t  all spatial  

f r eq u e n c ie s .  T he  one c o n s i s te n t  f ind ing  on W-like cells is t h a t ,  

r e g a rd le s s  of t h e  s t imulus ,  t h e i r  re sponse s  a re  d i f f e r e n t  from X- and  

Y-like  cells u n d e r  th e  same condi t ions .  This  is t r u e  fo r  t h e i r  o r i e n ­

ta tion p ro p e r t i e s  as well as fo r  t h e  in fluence of t h e i r  sp ec t ra l  p r o p e r ­

t ies  on spatial  p ro cess in g .

One possib le  explanation  for  t h e  s t r a n g e  and  v a r iab le  beh av io r  of 

W-like cells can be  seen in similar cells found in t h e  eel re t ina  (G or­

don and  Shap ley ,  1978).  Many goldfish W-like cells d isp layed

re sp o n se  c h a r ac te r i s t i c s  similar to t h e  "not-X" cell fo und  in t h e  eel.  

To accoun t  fo r  t h e  re sp o n se s  of t h e s e  "not-X" cells ,  Gordon and 

Shapley  p roposed  a recep t ive  field organization  which is d i f f e r e n t  

from t h e  c e n t e r / s u r r o u n d  organ iza t ion  of X- and  Y-cells  in t h e  ca t .  

T h e  recep t ive  fields of t h e s e  cells cons is t  of two s l igh t ly  o v e r lapp ing  

Gauss ian  d i s t r ib u t io n s .  One area  re sp o n d s  with ON-exci ta t ion ,  th e  

o t h e r  with O FF-exc i ta t ion .  Both a reas  possess  l inear  spat ia l  summa­

t ion ,  b u t  p r io r  to combining t h e  r e sp o n ses  of t h e  two s e p a r a t e  a r e a s ,  

t h e  r e sp o n ses  of each component a re  half -wave rec t i f ied .  T h e re fo re ,  

once t h e  r e sponses  a re  combined, t h e  overall  r e s p o n se  of t h e  cell is 

a t  twice t h e  s t imulus modulation.  T h e  d e g re e  of ove r lap  of t h e  a reas



2 5 1

var ies  from cell to cell; t h e r e  is no c o n s i s te n t  p a t t e r n  across  t h e se  

cells ,  t h u s  account ing  fo r  t h e  incons i s tency  within th is  classi ficat ion.  

It is also in te re s t ing  to note t h a t  Gordon and Shapley  (1978) found 

t h a t  some "not-X" cells d isp layed  S-CSFs  with low f r e q u e n c y  a t t e n u a ­

tion.  T hey  a t t r i b u t e d  th i s  f ind ing  to  th e  poss ib i l i ty  of a "s i lent s u r ­

round"  (see  Barlow, 1953).  Some of t h e  W-like cells in t h e  goldfish 

also d isp layed  low f r e q u e n c y  a t ten u a t io n  in t h e  S -CSF .  It is qu i te  

likely t h a t  goldfish W-like cells and t h e  eel "not-X" cells a re  similar 

in t h e i r  recep t ive  field o rg an iza t ions .

T he  fac t  t h a t  goldfish ganglion cells can be c lass ified by  th e i r  

spatial  summation p r o p e r t i e s  confirms th e  re s u l t s  of Levine and  Shef-  

n e r  (1979) and  Levine (1980) who found  t h a t  goldfish  ganglion cells 

could be  d ivided into X-l ike  and  n o t -X - l ike  cells .  U n fo r tu n a te ly ,  

because  of t h e i r  t e ch n iq u e  to  de te rm ine  th e  cell 's  l inear i ty  ( ro ta t in g  a 

pinwheel of l ight within t h e  c e n t e r ) ,  th e y  were  only able  to es tab l ish  

t h a t  a gangl ion cell was e i th e r  l inear  (X-l ike) o r  nonl inear  (no t -X -  

l ike) .  Also, in t h e i r  s t u d i e s ,  l inea r i ty  was only examined fo r  t h e  

c e n t e r  mechanism and  not t h e  e n t i r e  recep t ive  field .  This  p ro jec t  has 

e labora ted  on t h e i r  f ind ings  by  examining th e  n a tu r e  of t h e  n on l inea r ­

i ty of t h e  no t-X- l ike  cells .  T h e s e  no t -X - l ike  cells can be subd iv ided  

into Y- and  W-like based  on t h e i r  r e sp o n se  p r o p e r t i e s .  In addit ion ,  

l inear ity  was t e s t e d  fo r  both  t h e  c e n t e r  and  s u r r o u n d  mechanisms 

simultaneously .  Despite  t h e se  d i f fe rences  a c ro ss  t h e  s tu d ie s ,  t h e  

p ropor t ions  of t h e  va r ious  cell t y p e s  in both s tu d ie s  a re  re la tive ly  

similar.  Levine and colleagues  found  approximate ly  tw o - th i rd s  (64%) 

of t h e i r  cells to be no t -X - l ike .  In th i s  s t u d y ,  if Y- and  W-like cells
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a re  combined into one "nonlinear"  c a t e g o ry ,  th e n  79% of t h e  cells were  

nonlinear.

One possible  reason fo r  th e  s l igh t  d i f fe rences  in p e rc en ta g e s  

across  t h e  s tu d ie s ,  is t h a t  some W-like cells in t h e  Levine s tud ies  

could have  been misclassified as X-l ike  cells .  In t h e  p r e s e n t  s t u d y ,  

it was found  t h a t  t h e  re sp o n se s  of W-like cells could be  v e r y  mis lead­

ing unless  examined with a wide ra n g e  of stimuli.  Since t h e  nonl in­

ear i t ies  of W-like cells (un l ike  Y-like cells)  a re  most likely d u e  to an 

over lap  of two recep t ive  field a reas  (Gordon and  Shap ley ,  1978),  t h e  

small, pinwheel s t imulus ,  placed in t h e  c e n t e r  of one field may not 

ac t iva te  t h e  o th e r  f ie ld;  s ince  each a rea  po s se s se s  l inear spatial  sum­

mation,  t h e  cell behaves  l inearly .

On t h e  o th e r  h an d ,  t h e  f ind ings  of th i s  p ro jec t  a re  in d i s a g r e e ­

ment with t h e  f ind ings  of Spekre i jse  and  van den Berg (1971) who 

found  t h a t  all goldfish ganglion cells p o s se s se d  l inear spat ia l  summa­

tion - -  no cells b eh av ed  nonl inear ly .  T h e  d isc repanc ie s  be tween th e  

p r e s e n t  s t u d y  (and  t h e  work  of Levine) and  Spekre i j se  and van den 

Berg  (1971) p robab ly  a r e  re la ted  to  t h e  t y p e s  of stimuli used  and  th e  

c r i te r ia  fo r  l inea r i ty .  S pek re i j s e  and  van den Berg (1971) p r e s e n te d  

a la rge  c h ec k e rb o a r d  p a t t e r n  which was s inusoidally  modula ted ou t -o f -  

p hase  with an ad jacen t  c h ec k e rb o a rd  p a t t e r n .  T h e y  were  able  to 

a d ju s t  t h e  p h ase  and  c o n t r a s t  of each p a t t e r n  to c r e a te  a st imulus 

p a t t e r n  t h a t  p ro d u ced  a "null" re sp o n se  from t h e  ganglion cell.

U nfo r tuna te ly ,  a la rge  c h e c k e rb o a r d ,  a l though  it conta ins  a la rge  

number  of spatial  f r e q u e n c ie s ,  has most of its power a t  low spatial  

f r eq u e n c i e s .  T h e re fo re ,  t h e i r  st imulus cons is ted  mostly of low spat ia l
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f r eq u e n c ie s .  In th e  p r e s e n t  s t u d y ,  it was found t h a t  a st imulus

cons is t ing  of low spat ia l  f r eq u en c ie s  was insuff ic ien t  to reveal t h e  

small, nonlinear  s u b u n i t s ,  and  u n d e r  t h e s e  condi t ions ,  t h e  cell would 

behave  l inear ly .  It is qu i te  possible  t h a t  t h e  st imulus  used  in th e  

S pek re i j s e  and van den Berg  (1971) s tu d y  was insuff ic ien t  to examine 

t h e  non l inear  su b u n i t s  found  in Y-like cells and  t h u s ,  th e se  cells

would be class ified as l inear.

This  explanation does  not account  fo r  t h e  a b sen ce  of W-like cells

in t h e i r  f in d in g s .  However,  remember t h a t  W-like cells were  v e ry

d if f icu l t  to c lass ify  (u s in g  c o n t r a s t - r e v e r s a l  g r a t i n g s ,  t h e se  cells 

a p p e a re d  to  be  X-l ike unless  examined with a v a r i e ty  of spatial  pos i ­

t io n s ) .  In t h e i r  s t u d y ,  a cell was cons idered  l inear if, by  ad jus t ing  

t h e  two ad jacen t  stimuli ,  a null re sp o n se  o c c u r r e d .  U nfor tuna te ly ,  

t h e y  a d ju s t ed  t h e  stimuli so t h a t  t h e  two recep t ive  field a reas  were  

equal ly  sen s i t iv e .  By us ing  a s ens i t iv i ty  m easure ,  any  nonlineari t ies  

in t h e  r e sp o n se  a re  over looked .  T h u s ,  by  th is  c r i t e r io n ,  all cells

should  beh av e  l inearly .

T u r n in g  back  to t h e  Levine s tud ies  (Levine,  1980; Levine and  

S h e fn e r ,  1979), t h e i r  small, pinwheel st imulus must have  conta ined  

spat ia l  f r eq u e n c ie s  high enough  to st imulate t h e  non l inear  su b u n i t s  in 

Y-like  cells .  Also, each st imulus ser ies  was p r e s e n te d  a t  severa l  d i f ­

f e r e n t  in tens i t ie s  to e n s u r e  t h a t  re sponses  were  c o n s i s te n t  ov e r  a 

wide ran g e  of va lues .

In summary , it a p p e a r s  t h a t  t h e  d i f fe rences  in s tud ies  of spatial  

summation of goldfish ganglion cells a r e  d u e  to  t h e  n a tu r e  of t h e  

stimuli and  t h e  c r i te r ia  used  fo r  de termining  l inea r i ty .  One of t h e
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p u rp o s e s  of t h e  p r e s e n t  s tu d y  was to examine spatial summation 

p ro cess in g  in goldfish  gangl ion cells us ing  t h e  exac t  same stimuli and

c r i te r ia  as used  in work  on o th e r  spec ies ,  primari ly  cat  and monkey.

By us ing th e se  t e c h n iq u e s ,  it has been found  t h a t  spatial  summation 

p ro cess in g  in goldfish ganglion cells is t h e  same as in ca t  and  monkey 

n e u ro n s .

4-2-2  Spatial C o n t r a s t  S e n s i t i v i t y .

A no the r  component of a cell 's  spat ia l  p ro c e ss in g  ch a rac te r i s t i c s  is 

its spatial  f i l te r ing  p ro p e r t i e s .  T h ese  were  de termined  by  d e r iv ing

each cell 's  S-CSF.  From th is  informat ion,  it  a p p ea rs  t h a t  goldfish

ganglion cells posse ss  spat ia l  f i l te r ing  c h a r ac te r i s t i c s  similar to  t h e  

n e u ro n s  of o th e r  spec ies .  T h e  goldfish ganglion cells'  S-CSFs  a r e  a t  

leas t  qua l i ta t ive ly  similar to  t h e  S-CSFs ob ta ined  from t h e  n eu ro n s  of 

ca t  and  monkey.  In most c ases ,  t h e  spatial  f i l te r ing  a p p e a r s  to be 

b a n d p as s  in t h a t  t h e  neuron  is most s en s i t iv e  to middle spatial  f r e ­

quenc ies  and  less sens i t ive  to h ig h e r  and  lower f r eq u e n c ie s .  T he  low 

f r e q u e n c y  a t tenua t ion  is p resum ed  to be  d u e  to  lateral  inhibition s ince  

most n eu ro n s  a r e  comprised  of a c e n t e r  and  an tagonis t ic  s u r r o u n d  

recep t ive  field a re as .

Although t h e  S-CSFs  obta ined  from s ingle  neu rons  a r e  similar in 

s h ap e  among t h e  d i f f e r e n t  spec ies ,  t h e r e  a r e  some d i f f e r en ces .  The  

most im por tan t d i f f e rence  is found in t h e  r a n g e  of spatial  f r eq u en c ie s  

to  which t h e  neuron  is s ens i t ive .  Compared to  t h e  cat  and  t h e  mon­

key S -CSFs ,  th e  goldfi sh  S-CSF is sh i f ted  to  much lower spatial  f r e ­

q u en c ie s ,  implying t h a t  t h e  goldfish has poor  acu i ty  and  is unable  to
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d e tec t  f ine detail  in its env i ronm ent .  Of c o u rse ,  th i s  is not 

s u r p r i s in g  s ince  t h e  u n d e rw a te r  world of t h e  goldfish cons is t s  of 

" b lu r r e d "  images,  devoid  of any  fine de ta i ls .

Th is  sh i f t  of t h e  S-CSF of goldfish ganglion cells a g rees  with 

th e  p sychophys ica l ly  de te rm ined  S-CSF of t h e  goldfish  (Northmore  

and  Dvorak , 1979). It too,  i l lu s t ra te s  t h a t  goldfi sh  spat ia l  f i l te r ing  

is b a n d p as s  and  is sh i f ted  to lower spatial  f r eq u e n c ie s  compared  to 

behavioral  m easures  from th e  ca t ,  monkey and man.

It is i n t e re s t in g  to  compare t h e  psychophys ica l  S-CSF to  t h e  

physiological  S-CSF of s ingle  n e u ro n s .  For t h e  go ld f i sh ,  a l though  

th e  two func t ions  a r e  similar in sh ap e ,  t h e r e  a r e  impor tant  d i f f e r ­

ences .  For example,  d e sp i t e  t h e  f ac t  t h a t  t h e  acu i ty  limits of t h e  two 

func t ions  a p p e a r  to  be  similar,  t h e r e  is a la rge  d i s c r e p a n c y  between 

th e  peak  sens i t iv i t ies  of t h e  psychophys ica l  and  physiological  meas­

u r e s .  T h e  peak  of t h e  physiological  c u r v e  is well below t h e  peak  of 

t h e  behavioral  func t ion .  This  d i s c r ep a n c y  between t h e  p s y c h o p h y s i ­

cal and physiological  func t ions  a t  t h e  peak  sen s i t iv i ty  b u t  not a t  t h e

high f r e q u e n c y  c u t -o f f  implies t h a t  t h e  gangl ion cell S -CSFs  have  a 

wider  bandw id th  than  t h e  behavioral  func t ion .  It is not e n t i r e ly  c lear  

why t h e r e  is th i s  d i s c r e p a n c y  between th e  ban d w id th s  of t h e  two 

m easu res .  P e rh a p s ,  as in o th e r  spec ies ,  t h e  b an d w id th s  of n eu ro n s  

in h ig h e r  visual c e n t e r s  a re  n a r ro w e r  than  th o se  in lower c e n t e r s .  

For example,  ca t  cor tical  cells a re  much more nar rowly  tu n e d  ac ross

spatial  f r eq u e n c ie s  than  LGN o r  ganglion cells ( see  Maffei, 1978).

A no the r  possib il i ty  is t h a t  t h e  d i f fe rences  between t h e  func t ions  a r e  a 

r e su l t  of t h e  st imulus  used  to  d e r iv e  t h e  S-CSF.  As was demon­
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s t r a t e d  in th is  work ,  t h e  ch a rac te r i s t i c s  of t h e  S-CSF fo r  an 

individual  neuron  d e p en d ed  on t h e  st imulus  pa ram ete r s .  T h e  p s y c h o ­

physical  S-CSFs were  de te rm ined  with s ta t ic ,  sinusoidal g r a t i n g s  while 

in th is  p ro jec t ,  S-CSFs w ere  d e r iv ed  from re sp o n ses  to d r i f t in g  s i n u ­

soidal g r a t i n g s .

A no the r  a p p a r e n t  d i f f e r en ce  between th e  goldfish and  o t h e r  a n i ­

mals is in th e  similari ty of t h e  acu i ty  limits of X- and  Y-like cells.  

In c a t  n e u ro n s ,  t h e  d i f fe ren ces  in acu i ty  limit between X- and  Y-cells  

w ere  much l a rg e r  th a n  in th e  goldf i sh .  A l though t h e r e  was some 

indication t h a t  some goldfish  ganglion cells were  tu n e d  to  h ig h e r  s p a ­

tial f r equenc ies  ( see  F igu re  20) ,  t h e  majority of X- and  Y-like  cells 

had similar fu nc t ions .  One explanation fo r  t h e  d i f fe rence  may be 

sampling bias d u e  to  t h e  size of t h e  reco rd ing  e lec t rode .  For exam­

ple ,  S h e fn e r  and  Levine (1979) found sys temat ic  g ro u p in g  of X-like 

and  no t-X- l ike  cells d e p en d in g  on t h e  g r o u p  of e lec t rodes  t h e y  used .  

Since X-l ike cells p ro b a b ly  have  smaller cell bodies ,  t h e y  would be 

more dif ficult  to  isolate.  (Th is  also accoun ts  fo r  t h e  dif f icu l ty  in 

mainta ining good isolation of X-l ike cells fo r  long pe r iods  of t ime .)  

T h u s ,  if an X-l ike cell w e re  fo u n d ,  it was p ro b ab ly  somewhat l a rg e r  

th a n  the  a v e r a g e  X-l ike  cell. The  fac t  t h a t  only la rge  X-l ike cells 

w e re  isolated expla ins  why  t h e  a v e r a g e  S-CSF of X-l ike  cells was only 

s l igh t ly  sh i f ted  to  h ig h e r  spat ia l  f r eq u e n c ie s  compared to  Y-l ike  cells. 

However,  th i s  canno t  explain why most n e u r o n s ,  both X- and  Y-like ,  

had  acu i ty  limits which ap p ro a ch e d  t h e  behavioral  limit. If only la rge  

n e u ro n s  w e re  isolated t h e n  t h e y  would have  func t ions  sh i f ted  to  much 

lower spatial  f r eq u en c ies  th a n  t h e  psychophys ica l  va lues .
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The  d i f fe rences  between ca t  and goldfish ganglion cells must 

re s ide  in d i f fe rences  in t h e i r  recep t ive  field components  o r  in p u t s .  

T h e  spatial  resolution of a ganglion cell d e p en d s  on th e  size of its 

re cep t ive  field c e n te r .  For example,  with retinal  eccen t r ic i ty ,  th e  

recep t ive  field c e n te r s  of ca t  ganglion cells become l a rg e r  and  th is  is 

re f lec ted  in t h e  spatial  resolution of t h e  cell; pe r ip h e ra l  cells have  

lower h ig h - f r e q u e n c y  c u t -o f f s  th a n  cells more cen t ra l ly  located (Cle- 

land, Hard ing and T u l u n a y - K e e s e y , 1979). Also, a t  any  one retinal  

location,  Y-cells  have  p o o re r  spatial  resolution than  X-cel ls  (Cle land,  

e t  a l . ,  1979; Hochstein and  Shap ley ,  1976a). It is hypo thes ized  t h a t  

in t h e  area  cen tra l i s  (w here  n eu ro n s  have  th e  b e s t  r e so lu t ion ) ,  d i r e c t  

in p u t  from one b ipola r cell c o n s t i tu t e s  t h e  recep t ive  field c e n t e r  of a 

gangl ion X-cell .  (The  c e n te r s  of t h e s e  X-cel ls  a r e  ab o u t  t h e  same 

size  as a Y-cell non l inear  s u b u n i t ,  also bel ieved to be  t h e  r e su l t  of a 

s ingle  bipolar cell i n p u t ) .  Moving away from t h e  a rea  c en t r a l i s ,  t h e  

recep t ive  field c en te r s  become l a rg e r  and  th e r e f o r e  must  receive  more 

th a n  one bipolar cell i n p u t ,  r e su l t in g  in p o o re r  spat ia l  resolu tion.

Unlike th e  ca t  re t ina ,  t h e  goldfi sh  re t ina  p o sse sse s  no a rea  c e n ­

t ra l i s  and  is uniform t h r o u g h o u t .  T h u s ,  within a spat ia l  summation 

c lass ,  it is not s u r p r i s i n g  to find  t h a t  t h e  S-CSFs  ac ro ss  n eu ro n s  a re  

similar. T h u s ,  each goldfish ganglion cell p ro b ab ly  receives  a similar 

num ber  of d i re c t  bipolar cell i n p u ts  to  its recep t ive  field c e n t e r .  T he  

spat ia l  resolution of each goldfish ganglion cell is too poor  to  be  t h e  

r e s u l t  of a s ingle  b ipolar  cell in p u t  to its c e n t e r .  Goldfish X-l ike 

cells a re  p robab ly  most similar to  t h e  X-cells  found  in th e  ca t  p e r i p h ­

eral  re t ina  which m us t  also have  multiple b ipolar cell in p u t  to  t h e i r
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c e n t e r  mechanisms.

What is in t e r e s t in g  is t h a t  t h e  size of t h e  goldfish Y-like cell 

c e n t e r ,  unlike t h e  ca t  Y-cel l ,  a p p e a r s  to be t h e  same as th e  size of 

its X-like cells.  T h u s ,  a l though  th e  two cell t y p e s  may s e r v e  d i f f e r ­

e n t  func t ions  in visual p ro c e s s in g ,  as is bel ieved to  be th e  case  in 

t h e  ca t  ( i . e . ,  X fo r  a cu i ty ,  Y fo r  d e tec t io n ) ,  t h e  spat ia l  resolution of 

t h e  two sys tems  in t h e  goldfi sh  is similar.

4 .2  Difference  of Gauss ians  Model

4 . 2 . 1  Evidence S u p p o r t in g  t h e  Model

Since t h e  recep t ive  fie lds  of goldfish  ganglion cells cons is t  of th e  

same spatial  organiza t ion  ( i . e . ,  c e n t e r  and  s u r r o u n d  components)  as 

o t h e r  spec ie s ,  such  as t h e  ca t ,  it was p red ic ted  t h a t  t h e  S-CSFs of 

t h e  goldfish cells would d isp lay  t h e  same c h a r a c t e r i s t i c s .  If t h e  

S-CSF of a neuron  is a func t ion  of th e  in te rac t ion  between th e  

re sp o n se s  of t h e  c e n t e r  and  s u r r o u n d  components ,  th e n  any  condition 

t h a t  changes  t h e  ba lance  of th is  in te rac t ion  would also be re flec ted  in 

changes  in t h e  S-CSF.  For t h e  most p a r t ,  th i s  was found  to be t h e  

case .  For example,  cells t h a t  d isp layed  no an tagon is t ic  s u r r o u n d  also 

had no low f r e q u e n c y  a t tenua t ion  in t h e  S-CSF.  T h e  function 

a p p ea re d  to be  t h e  r e s u l t  of t h e  c e n t e r  mechanism only (see  Section 

1 .5 . 1 ) .  T h e  size of t h e s e  recep t ive  fields  must  be similar to  t h e  size 

of most recep t ive  field c e n t e r  mechanisms s ince  t h e  high spatial  f r e ­

q u e n cy  portion of t h e  S-CSF of t h e s e  cells c o r r e sp o n d e d  to  t h e  f u n c ­

t ions  ob ta ined  from cells with both a c e n t e r  and  s u r r o u n d  component.
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This  was s u p p o r te d  by  t h e  fac t  t h a t  t h e r e  was no re sp o n se  when th e  

" s u r r o u n d "  area  was examined with f la shes  of l ight .

The  exac t  n a tu r e  of th e  c e n t e r  and s u r r o u n d  mechanisms'  in f lu­

ence  on th e  cell 's  S-CSF was examined by o b t a i n i n g ' S-CSFs of each 

component  sep a ra te ly  and  comparing th e se  func t ions  to  t h e  cell 's  

overall  S-CSF.  These  f in d in g s  confirmed th e  S-CSF model p roposed  

by  Enro th-Cugel l  and  Robson (1984). Low f r e q u e n c y  a t tenua t ion  of 

th e  S-CSF is t h e  r e su l t  of an tagon is t ic  inpu ts  from t h e  c e n t e r  and  

s u r r o u n d ;  th is  antagonism occu rs  only when both mechanisms a re  

re spons ive  to t h e  stimuli which,  because  of t h e  low spatial  t u n in g  of 

t h e  s u r r o u n d  component,  is found only a t  low spat ia l  f r eq u e n c ie s .  At

high spatial  f r e q u e n c ie s ,  t h e  full field S-CSF and  th e  c e n t e r  compo­

n en t  S-CSF coincide s u g g e s t in g  t h a t  r e sp o n se s  a t  high spat ia l  f r e ­

quencies  a re  d r iven  by  t h e  c e n t e r  mechanism only.

It has also been d em ons t ra t ed  t h a t  t h e  c e n t e r  and  s u r r o u n d  com­

ponen ts  a r e  not always an tagon is t ic ;  in fac t ,  u n d e r  cer ta in  conditions  

t h e y  may be s y n e r g i s t i c ,  enhanc ing  sens i t iv i ty .  This  f ind ing  expla ins  

t h e  varia tion of t h e  S-CSF as a function of st imulus d r i f t  r a t e .  At

high spatial  f r eq u e n c ie s ,  t h e r e  is little o r  no ch an g e  in t h e  s h ap e  of

t h e  S-CSF as a function of st imulus  d r i f t  r a te  (a t  t h e s e  f r eq u e n c ie s  

t h e r e  is only t h e  r e sp o n se  of t h e  c e n t e r  - -  t h e r e  is no in te ract ion  of 

c e n t e r  and  s u r r o u n d ) .  T h e  s ign if ican t  change  occu rs  a t  low spatial  

f r eq u e n c ie s ,  w here  inc reas ing  t h e  temporal r a te  of t h e  s t imulus ,  p r o ­

duces  less a t tenua t ion .

One possible  explanation  fo r  th is  phenomenon is t h a t  t h e  s u r ­

round mechanism is less s ens i t ive  to high temporal f r eq u en c ie s  and
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th e r e f o r e  does not r e spond  to  th e  s t imulus ,  p roduc ing  no antagonism 

a t  low spatial  f r eq u e n c ie s .  However,  th is  c anno t  be t h e  case  since  

T -CS Fs  of t h e  s u r r o u n d  show t h a t  it is a t  least  as sens i t ive  as th e  

c e n t e r  component and  usual ly  peaks  a t  a temporal f r e q u e n c y  which is 

h ig h e r  than  t h e  c e n t e r  component peak .  This  is not s u r p r i s i n g  if one 

assumes  t h a t  t h e  ganglion cell s u r r o u n d  receives  its in p u t  from amac- 

r ine  cells which a p p e a r  to  be well su i ted  to r e spond  to  t r a n s i e n t  s t im­

uli.

T h e  b e s t  explanation  is found  by comparing  t h e  re la t ive  phase  

sh i f t s  of th e  c e n t e r  and  s u r r o u n d  components .  At low temporal f r e ­

q u e n c ie s ,  t h e  c e n t e r  and  s u r r o u n d  components  a r e  approx imate ly  180 

d e g r e e s  o u t - o f - p h a s e .  Stimulat ing both t h e  c e n t e r  and  s u r r o u n d  com­

po n en ts  at  low temporal f r eq u e n c ie s  p roduces  an an tagonism,  and  

t h u s ,  less overall  s en s i t iv i ty .  T h e r e f o r e ,  at  low temporal f r e q u e n ­

c ies ,  o r  d r i f t  r a t e s ,  t h e  S-CSF will contain  low f r e q u e n c y  a t tenua t ion .  

However,  as t h e  temporal  f r e q u e n c y  of t h e  s t imulus is inc reased ,  th e  

p h ase  sh i f t  of both t h e  c e n t e r  and  s u r r o u n d  components  increases  

( t h a t  is , t h e y  become s lower in following th e  s t imulus) b u t  a t  d i f f e r ­

e n t  r a t e s .  It is poss ib le ,  and  was always found  to  be  t h e  case  in 

th i s  s t u d y ,  t h a t  t h e r e  could be a temporal f r e q u e n c y  a t  which th e  

c e n t e r  and  s u r r o u n d  re sp o n se s  a r e  in -p h a s e  re su l t in g  in an increase  

in sen s i t iv i ty  when th e  e n t i r e  recep t ive  field is s t imula ted .  At th is  

temporal f r e q u e n c y ,  t h e  S-CSF will have  no low f r e q u e n c y  a t tenuat ion  

s ince  t h e r e  is no c e n t e r / s u r r o u n d  antagonism.  T h e s e  r e su l t s  a re  sim­

ilar to and  s u p p o r t  t h e  work  of Gouras  and  Z r e n n e r  (1979); th e y  

found  t h a t  a t  high f l i cke r  ra te s  t h e  c e n t e r  and s u r r o u n d  components



of rh e s u s  monkey ganglion cells became s y n e r g i s t i c .  This  

phenomenon of c e n t e r  and  s u r r o u n d  in te rac t ions  chan g in g  with tempo­

ral f r e q u e n c y  has been dem ons t ra ted  in Limulus (Ratl if f ,  Knight  and  

Graham, 1969) as well as in cat  ganglion cells (Kaplan ,  e t  a l . ,  1979).

4 . 2 . 2  Discrepancies  [n t h e  Model

Although t h e  d i f fe rence  of Gauss ians  model can accoun t  fo r  a 

su bs tan t ia l  port ion of t h e  r e s u l t s ,  it does fall s h o r t .  T h e  d i f fe rence  

of Gauss ians  model assumes a recep t ive  field with a c i r c u la r  c e n t e r  

and  s u r r o u n d  a r r a n g e d  in a concen t r ic  fash ion .  T h e  fac ts  t h a t  many 

goldfish ganglion cells d isp lay  o r ien ta tion  tu n in g  and  sometimes d i s ­

play di rec t ion  se lec t iv i ty  a re  in d i re c t  c o n t r a s t  to  t h e  model. How­

e v e r ,  with a few minor modifications of t h e  model, t h e s e  r e su l t s  can 

be  exp la ined .

T h e  or ien ta t ion  se lec t iv i ty  of many cells s u g g e s t s  t h a t  t h e i r  

recep t ive  fields  a r e  not c i r c u la r  b u t  el l iptical.  Th is  is s u p p o r t e d  by  

t h e  fac t  t h a t  t h e  orien ta t ion  p roduc ing  t h e  maximum re sp o n se  is 

or thogonal  to  t h e  o r ien ta t ion  of minimum re sp o n se .  However,  since  

orien ta t ion  tu n in g  o c cu r s  pr imarily a t  high spat ia l  f r e q u e n c i e s ,  only 

t h e  c e n t e r  needs  to  be  ell iptical.  In c a t  ganglion ce ll s ,  Levick and  

Thibos  (1982) have  s u g g e s t e d  t h a t  only t h e  c e n t e r  mechanism is e l l ip­

tical while t h e  s u r r o u n d  component is c i r cu la r ;  th i s  has  been s u p ­

po r ted  by  Soodak,  e t  al. (1985). T he  goldfish c e n t e r  component may 

also be ell iptical . Similarly, t h e  goldfish ganglion cell recep t ive  fields 

a p p e a r  to  be  o rgan ized  into smaller s u b u n i t s  as found  in t h e  cat  

(Soodak,  e t  a l . ,  1985).  This  is s u g g e s te d  by  t h e  f ind ing  t h a t  o r i e n ­
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ta t ion tu n in g  changes  d ra s t i c a l ly  a t  v e r y  high spatial  f r eq u e n c ie s .  

As in t h e  ca t ,  t h e s e  s u b u n i t s  a re  not t h e  nonlinear  su b u n i t s  found 

only in Y-like cells ,  s ince  o r ien ta tion  tu n in g  occu rs  in X-like  cells ,  

and  is also prominent  in t h e  fundamenta l  r e sp o n se  component of th e  

Y-l ike cells'  r e sp o n se s .

An elliptical c e n t e r  mechanism in goldfish ganglion cells is s u p ­

p o r ted  by  th e  work  of Levine and  Zimmerman (1986). Not only do 

th e y  f ind  t h a t  t h e  c e n t e r  port ion of many goldfish gangl ion cells is 

not c i r c u la r ,  b u t  t h e y  also find t h a t  th e  c e n t e r  por tion  cons is t s  of 

smaller su b u n i t s  with d i f f e r e n t  ON/OFF re sp o n se  p a t t e r n s .  T h u s ,  a 

st imulus of a p p r o p r i a t e  high spatial  f r e q u e n c y  could ac t iva te  t h e s e  

su b u n i t s  and  p ro d u ce  a r e sp o n se  p a t t e rn  d i f f e r e n t  from a st imulus 

cons is t ing  of a lower spatia l  f r e q u e n c y  in which th e  r e sp o n ses  of 

t h e s e  un i ts  a re  merely a v e r a g e d .

A no the r  modification of t h e  d i f fe rence  of Gauss ians  model must 

be  in t roduced  to acco u n t  fo r  direc tion se lec t iv i ty .  Dawis,  e t  al. 

(1984) have  p roduced  such  a model, c lever ly  r e f e r r e d  to as t h e  "mod­

ified d i f fe rence  of G auss ians"  model. T he  modification is t h a t  th e  

c e n t e r  and s u r r o u n d  components  need not be  concen t r ic .  By pos i ­

t ioning t h e  c e n t e r  component  s l igh tly  of f -ax is  with r e s p e c t  to t h e  s u r ­

ro u n d ,  it is possib le  to  p ro d u c e  d i rec tionally  selec tive  cells ,  even in 

cells with l inear spat ia l  summation (X -ce l l s ) .  (All t h a t  is n e ce s sa ry  

f o r  a d irec tionally  se lec t ive  X-cell to p ro d u c e  a null r e sp o n se  is t h a t  

t h e  spatial  phase  of t h e  c e n t e r  and s u r r o u n d  midpoints  be  180 

d e g re e s  a p a r t . )

From th is  model, d i rec t ion  se lec tiv ity  can be expla ined  by  d i f f e r ­
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ences  in t h e  p h ase  re la tions  be tween t h e  c e n t e r  and  s u r r o u n d  

re sp o n se s .  Because  of t h e  asym m etry ,  a s t imulus moving in one 

di rec tion could c re a te  a s i tua tion  in which t h e  c e n t e r  and  s u r r o u n d  

re sponses  a re  in -p h a se  (p ro d u c in g  a maximum re sponse )  while th e  

same stimulus moving in t h e  oppos i te  d irec tion  will cause  th e  c e n t e r  

and  s u r r o u n d  re sponses  to be  o u t - o f - p h a s e  (p ro d u c in g  a minimum 

re s p o n se ) .

T h e r e  a re  two f ind ings  which s u p p o r t  th is  model fo r  goldfish 

ganglion cells .  One f ind ing  is from th e  work  of Levine and  Zimmer­

man (1986) who found t h a t  t h e  majority of goldfish ganglion cells 

possessed  some form of inhom ogen i ty . For example,  s u r r o u n d  compo­

n en t  re sponses  t h a t  were  s t r o n g e r  on one s ide  of t h e  field o r  s u b a r ­

eas with d i f f e r en t  r e sp o n se  p a t t e r n s  located ad jacen t  to one a n o th e r .  

Any of t h e se ,  with t h e  a p p r o p r i a t e  stimuli ,  could p ro d u c e  a d i re c t io n ­

ally selective  re sponse .

The  second piece of ev idence  which s u p p o r t s  th is  model stems 

from t h e  fac t  t h a t  d i rec t ion  se lec t iv i ty  must  be a func t ion  of t h e  

c e n t e r / s u r r o u n d  in te rac t ion .  T h u s ,  fo r  stimuli t h a t  do not  ac t iva te  

both mechanisms, t h e r e  should  be  no direc tion  se lec t iv i ty .  A c o n s i s ­

t e n t  f inding  in th is  s t u d y  is t h a t  fo r  all cells examined, d irec tion  

se lec tiv ity  o c c u r r e d  only a t  t h e  lower spatial  f r eq u e n c ie s .  For exam­

ple,  in F igure  35, at  t h e  low spatial  f r e q u e n c y ,  t h e  cell d isp layed  

both  or ien ta tion  and  d i rec t ion  se lec t iv i ty ;  however ,  a t  t h e  high spatial  

f r e q u e n c y ,  direc tion se lec t iv i ty  l i tera lly " d i s a p p e a r e d " ,  even th o u g h  

or ien ta tion  tu n in g  was still a p p a r e n t .  Th is  was t r u e  fo r  all th e  cells ,  

including  W-like cells.  When t h e  st imulus  ac t iva tes  only  one recep t ive
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field component ,  t h e r e  can be no in te ract ion and t h u s ,  no direction  

se lec t iv i ty .  Note t h a t  th i s  does not app ly  to or ien ta tion  selec tiv ity  

which f u r t h e r  emphas izes  th e  notion t h a t  or ien ta t ion  and direction 

se lec t iv i ty  a re  two in d e p en d e n t  phenomena p ro d u ced  by  two d i f f e r en t  

mechanisms.  However,  th i s  model cannot  e n t i re ly  explain t h e  dramatic  

d irec tion  se lec t iv i ty  found  in many cells .  An a l t e rn a t e ,  and  p e rh a p s  

co ex is ten t ,  explanation stems from t h e  work  of Levick and colleagues 

in t h e i r  re s ea rc h  on th e  rab b i t  ret ina  ( e . g . ,  Barlow, Hill and  Levick,  

1964).

It is somewhat puzzling  why or ienta tion and  d irec tion  selec tiv ity  

have  not been re p o r te d  in o th e r  s tud ies  of goldfish ganglion cells .  

T h e  same is t r u e  fo r  ca t  ganglion cells - -  some s tud ies  r e p o r t  s ignif i ­

can t  orien ta t ion  tu n in g  (Levick and  Th ibos ,  1982; Soodak, e t  a l . ,  

1985) while o th e r s  show no ev idence  (Kuff ler ,  1953) and  s u g g e s t  t h a t  

t h e  recep t ive  fields  a r e  c i r c u la r  and  concen t r ic .  One possibil i ty  is 

t h a t  th e  s tud ie s  which found  no or ien ta tion  tu n in g  used  stimuli t h a t  

were  not a d eq u a te  to examine t h e  t y p e  of special ized t u n in g  found in 

both  t h e  goldfish and  c a t  gangl ion cells .  It is i n t e r e s t in g ,  and  most 

likely s ign if ican t ,  t h a t  t h e  s tud ie s  which r e p o r t  orien ta t ion  tu n in g  

used  s inusoidal g r a t i n g s  of var ious  spatial  f r eq u e n c ie s  as stimuli.  

T h e  o th e r  s tud ies  examined orien ta t ion  and  d irec tion  tu n in g  with 

spo ts  o r  b a r s  of l igh t  which pa ssed  t h r o u g h  t h e  recep t ive  field.  

Based on t h e  f ind ings  of th is  s t u d y ,  it is q u i te  c lear  t h a t  t h e  tu n in g  

c h a r a c te r i s t i c s  d ep en d ed  on t h e  st imulus p a ra m e te r s .  Since a b a r  of 

l ight cons is t s  of a v a r i e ty  of spatial  f r e q u e n c i e s ,  it is possible  t h a t  

any  orien ta t ion  o r  d i rec t ion  tu n in g  will be  o b s c u r e d  with th is  s t imu­
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lus .  For an i l lus tra tion of wha t  could happen  with a b a r  s t imulus ,  

r e f e r  to  F igure  32. Assume t h a t  t h e  st imulus p r e s e n t e d  conta ins  th e  

five  spatial  f r eq u en c ie s  shown in t h e  f ig u r e .  Calcula ting th e  av e rag e  

re sp o n se -o f  t h e  cell fo r  each orien ta t ion  th e  ra n g e  of t h e s e  mean va l ­

ues is abou t  23 sp ikes  p e r  second. Comparison of th i s  va lue  with t h e  

r a n g e  in any  g ra p h  in t h e  f ig u r e  shows th a t  t h e  re sp o n se s  a re  qu i te  

d i f f e r en t  fo r  t h e  two t y p e s  of stimuli.  T h u s ,  t h e  e ffec ts  of o r i e n ta ­

t ion have  been a v e r a g e d  ou t .  A similar a rg u m e n t  can be made fo r  

d irec tion  se lec t iv i ty .

We now summarize th e  im por tan t a sp ec t s  of goldfi sh  ganglion 

cells .  T he  majority of X- and  Y-like cells a p p e a r  to  possess  a c e n t e r  

and  s u r r o u n d  o rgan iza t ion .  However,  t h e s e  r ecep t iv e  field compo­

n en ts  a r e  not n ecessa r i ly  c i r cu la r  o r  concen t r ic .  Some cells may 

posse ss  an elliptical c e n t e r  portion  and  a c i r c u la r  s u r r o u n d .  It is 

also possib le  fo r  a cell to  po s se s s  a s l ightly  elliptical s u r r o u n d  as 

well. The  recep t ive  field c e n t e r s  a r e  not n eces sa r i ly  concentr ic  

within t h e  s u r r o u n d  fie ld .  Some cells may have  a c e n t e r  mechanism 

which is s l igh t ly  d isp laced  from a completely c o n cen t r ic  organ iza t ion .  

Although th i s  modified d i f f e r en c e  of Gauss ians  model can adequa te ly  

d e sc r ib e  t h e  b ehav io r  of a cell u n d e r  most c i r cu m s tan ces ,  one should  

also be aware  t h a t  th i s  model is not complete.  T he  c e n t e r  and  p o ss i ­

bly t h e  s u r r o u n d  components  a re  f u r t h e r  d iv ided  into smaller s u b u ­

n i t s .  For t h e  most p a r t ,  t h e  r e sp o n ses  of t h e s e  s u b u n i t s  remain 

o b s c u r e d  and  a v e r ag e d  into oblivion; however ,  with t h e  a p p ro p r ia t e  

stimuli (stimuli of high spat ia l  f r e q u e n c y )  t h e s e  un i t s  can a l te r  t h e  

r e sp o n se  p a t t e r n  of th e  cell.
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The  ex ac t  n a tu r e  of t h e  recep t ive  field organiza t ion  of th e  

unusual  Y-like cells is somewhat p e rp le x in g .  Pe rhaps  t h e  b e s t  e x p la ­

nation is t h a t  t h e s e  cells a re  special cases  of "not-X" cells found in 

th e  eel (Gordon and Shap ley ,  1978) and should  be  class ified as W-like 

even though  t h e i r  r e sp o n ses  to c o n t r a s t - r e v e r s a l  stimuli d isp lay  

Y-like p ro p e r t i e s .  T h e se  Y-like cells ,  like t h e  "not-X" cells ,  a p p e a r  

to possess  s e p a ra te  ON and  OFF o ve r lapp ing  a r e a s .  T h e  ON and OFF 

mechanisms can be a func t ion  of e i th e r  th e  ON/OFF re sp o n se s  of L+/ + 

c e n te r  cells o r  spec t ra l  opponency  ( e . g . ,  L+/ -  and  M-/  + ) .  A no the r  

f e a tu r e  t h a t  t h e s e  cells may posse ss  is t h a t  one area  is smaller than  

th e  o th e r .  Also,  s ince  t h e s e  cells b ehave  like Y-like  cells to 

c o n t r a s t - r e v e r s a l  g r a t i n g ,  th e y  must also contain t h e  small, non l inear  

su b u n i t s .

Finally,  like t h e  eel "not-X" cel ls ,  each a rea  must summate l in­

ear ly  and  s ep a ra te ly  as well as ha l f -wave  rec t i fy  p r io r  to  combination.  

With th i s  con f igu ra t ion ,  t h e  cell 's  re sp o n se  to a c o n t r a s t - r e v e r s a l  

g r a t i n g  of low spat ia l  f r e q u e n c y  will be l inear ,  b u t  a t  high spatial  

f r e q u e n c y ,  th e  r e sp o n se  will double  d u e  to  t h e  non l inear  s u b u n i t s .  

R egard ing  t h e  cell 's  S -CSF,  a t  low spat ia l  f r e q u e n c ie s ,  both  a reas  

r e spond  with half -wave rect if icat ion and  o u t - o f - p h a s e ,  p roduc ing  a 

doubling  re sp o n se .  However,  a t  high spat ia l  f r e q u e n c i e s ,  t h e  

r e sponses  of t h e  l a rg e r  area  will diminish leaving only  t h e  smaller 

mechanism to  r e spond ;  even with t h e  rec ti f ica t ion ,  t h e  fundamenta l  

component will dominate t h e  re sponse .

R egard ing  th e  unusua l  W-like cells ,  t h e i r  r e sp o n se s  a r e  similar 

to th e  re sponse s  found in t h e  "not-X" c a teg o ry  in th e  eel and  t h e r e ­



2 6 7

fo re ,  p robab ly  consis t  of th e  recep t ive  field model of two ove r lapp ing  

a reas  and  half-wave  rec tif icat ion p r io r  to combination as p roposed  by  

Gordon and  Shapley (1978).

4 .3  Spectra l  C o n t r ibu t ions  to Spatial P rocessing

4 . 3 . 2  Spatial Summation

Another  important outcome of th is  p ro jec t  is t h e  f ind ing  t h a t  

spat ia l  summation is i n d e p en d e n t  of a cell 's  spec t ra l  p r o p e r t i e s .  The  

s ignif icance  of t h e se  r e su l t s  is t h a t  each spatial  summation c lass  co n ­

ta in s  cells t h a t  p rov ide  color information ( sp ec t r a l ly  opp o n en t  cells) 

and  cells t h a t  do not p ro v id e  color information ( sp ec t r a l ly  nonoppo­

n e n t  cell s) .  Also,  each spatial  summation class  conta ins  cells t h a t  a re  

ac t iva ted  by  l ight (L+/ -  c e n t e r  ce l l s ) ,  cells ac t iva ted  by  t h e  removal 

of l ight ( L - / + c e n t e r  cells)  and cells which p rov ide  information 

re g a rd in g  t r a n s i e n t  illumination (L+/ + c e n te r  ce l l s ) .  T he  i n d e p e n ­

dence  of t h e se  class ificat ions  s u g g e s t s  t h a t  t h e s e  ca tegor ies  also have  

a func tional independence  to one  a n o th e r .  If one  were  to  assume t h a t  

each spatial  summation class  s e r v e s  a p a r t i c u l a r  visual func t ion  then  

it would be  n e ce s sa ry  f o r  each class to contain a color channel as well 

as an achromatic  one .  For example,  suppose  t h a t  t h e  role of X-l ike  

cells (as many have s u g g e s t e d )  is fo r  visual acu i ty  and Y-like  cells'  

role is to  p rov ide  visual information to t h e  eye  movement c e n t e r  (see  

Section 1 .4 . 2 ) .  If it were  t h e  case  t h a t  only X-l ike cells were  s p e c ­

t r a l ly  o pponen t ,  then  all information to  t h e  eye  movement c e n t e r  

(Y-l ike  cells)  would be achromatic .  A more e ff ic ient system would be
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fo r  both functional c lasses  to contain  both color and noncolor informa­

tion.  T h e  same a rg u m e n t  appl ies to t h e  ON and OFF channe ls ,  if 

t h e y  indeed perform s e p a r a t e  func t ions  (see  below).

4 . 3 . 2  Influence of Spectra l  P roper t ies  on O th e r  Spatial  Processing

Although t h e  spec t ra l  p ro p e r t i e s  of a cell a re  in d ep en d en t  of its

spatial  summation p r o p e r t i e s ,  t h e  spec t ra l  p ro p e r t i e s  did a ffect  o th e r  

spat ia l  p r o p e r t i e s ,  such as t h e  S-CSF and its sen s i t iv i ty  to  c o n t r a s t .

S - C S F . As p r e d ic te d ,  t h e r e  were  d i f fe ren ces  in S-CSFs as a 

function of t h e  spec t ra l  class  of X- and  Y-l ike  cel ls .  L+/ -  and  L+/ + 

c e n te r  cells had S-CSFs  which were  re la tive ly  more sens i t ive  to 

h ig h e r  spatial  f r eq u e n c ie s  th a n  L - /  + c e n t e r  cells .  This  implies t h a t

t h e  L+/ -  and  L+/ + c e n t e r  cells have  a smaller c e n t e r  d iameter  than

L-/+ c e n te r  cells ,  confirming th e  f ind ings  of e a r l ie r  work  in which th e  

recep t ive  field c e n t e r s  w ere  mapped us ing  small sp o ts  of l ight (Macy 

and E as te r ,  1981; Sche l la r t  and  Spekre i j s e ,  1976).  T h e  ag reem ent  

between t h e  re su l t s  obta ined  with spots  of l ight and  t h e  re su l t s  from 

t h e  S-CSFs  f u r t h e r  s u p p o r t s  t h e  d i f f e r en ce  of G auss ians  model and  

t h e  use fu lness  of t h e  S -CS F .  Since t h e  size of t h e  c e n t e r  de termines  

t h e  high f r e q u e n c y  port ion of t h e  S-CS F ,  any  d i f f e r en ces  in c e n t e r  

size should  also be re f lec ted  in t h e  S -CSF;  th is  was found  to  be t h e  

case .

A no the r  in te re s t in g  f ind ing  co n ce rn s  t h e  influence  of th e  cell 's  

spec t ra )  p ro p e r t i e s  when th e  S-CSFs  of sp ec t ra l ly  o p p o n en t  and  

nonopponen t  cells a re  compared .  It was found  t h a t  spec t ra l ly  o p p o ­

nen t  cells'  S-CSFs  were  sh if ted  to h ig h e r  spat ia l  f r eq u e n c ie s  than
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those  of sp ec t ra l ly  nonopponen t  cells .  Although it may not be 

en t i re ly  c lea r  why th is  should  be th e  case ,  t h e  d i f fe rence  of G a u s ­

s ians  model, b ased  on w ha t  is known abou t  t h e  recep t ive  field o r g a n i ­

zation of goldfish ganglion cells ,  would p re d ic t  t h e  same re su l t s .

R efe r r ing  back  to F igure  3,  an example of a spec t ra l ly  opponen t  

(F igu re  3a) and  sp ec t ra l ly  nonopponen t  (F ig u re  3b) recep t ive  fields 

a re  shown. F igure  3a is redrawn and shown in F igure  53a. Figure  

53a shows t h e  recep t ive  field map of a typical  sp ec t ra l ly  opponen t  

cell. T h e  le t t e r s  re fe r  to  t h e  maximally e ffec t ive  w aveleng ths  and  th e  

s igns  assoc ia ted  with t h e  l e t te r s  r e f e r  to an e x c i t a to ry  ( + ) o r  inhib i­

t o r y  ( - )  r e sp o n se .  T h e  two in n e r  c irc les  c o r r e sp o n d  to t h e  c e n te r  

while t h e  l a rge ,  o u te r  c irc le  r e p r e s e n t s  t h e  s u r r o u n d .  T he  smaller 

por tion of t h e  c e n t e r  cons is t s  of an e x c i t a to ry  Red-component and  an 

inh ib i to ry  G reen-com ponen t .  T he  inh ib i to ry  component ex ten d s  

beyond t h e  smaller ex c i ta to ry  component and  forms t h e  o u t e r  r ing of 

t h e  c e n te r .  F igu re  53b shows th e  sen s i t iv i ty  profi le  of t h e  two c e n ­

t e r  mechanisms; each prof ile  is r e p r e s e n t e d  by  a Gaussian d i s t r i b u ­

t ion.  F igure  53c is th e  re su l t ing  prof ile  of t h e  d i f fe rence  of th e  two 

Gauss ian fu n c t io n s .  T h e  in te rac t ion  between th e  an tagon is t ic  Red- 

and  G reen-com ponents  has  made t h e  c e n t e r  Red-component  smaller.  

T h u s ,  sp ec t ra l ly  oppo n en t  cells have  func t iona l ly  smaller c en te r s  

re su l t ing  in b e t t e r  spat ia l  resolution and  a s h i f t  in t h e  S-CSF to w ards  

h ighe r  spat ia l  f r eq u e n c ie s .  This  " sh r in k in g "  of t h e  recep t ive  field 

c e n t e r  will o c cu r  w h e n ev e r  both  components  a r e  re spons ive  to t h e  

s t imulus ,  for  example,  white  l igh t o r  any  st imulus  t h a t  st imula tes both 

t h e  Red- and G reen-com ponen ts .
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Figure  53

Spatial organ iza t ion  of a sp ec t ra l ly  opp o n en t  
goldfish  ganglion cell r ecep t ive  fie ld .  (a) 
Receptive  field map of a sp ec t ra l ly  opp o n en t  
goldfish ganglion cell. T he  o u te r  a rea  of t h e  
c e n t e r  ( -G)  is e n la rg ed  in th i s  f i g u r e  to  i l lus­
t r a t e  a poin t ;  it is actually  much smaller th a n  
dep ic ted  (see  F igu re  3a f o r  t h e  a p p r o p r i a t e  
d im ens ions) .  (b)  Sens i t iv i ty  prof iles  of t h e  
c e n t e r  chromatic  mechanisms; t h e  c u r v e s  r e p r e ­
s e n t  Gauss ian  d i s t r ib u t io n s .  (c)  Sens i t iv i ty  
prof ile  of t h e  d i f fe rence  of Gauss ians  of th e  
c e n t e r  mechanisms p r e s e n te d  in ( b ) .  See t e x t  
fo r  de ta i ls .
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Spatial Organization of Goldfish Ganglion Cell 
Receptive Fields (Spectra lly  Opponent Ceils)

a) Receptive Field

+R

-G

-R+G

+R

b) Sensitivity Profiles of 

Chromatic Mechanisms  

(Center Only)

-G

c) ‘Difference of Gaussians*

Sensitivity Profile of Receptive Field (Center Only)
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The  fac t  t h a t  t h e r e  a re  no d i f fe rences  ac ross  sp ec t ra l  c lasses  fo r  

spec t ra l ly  o pponen t  cells (F igu re  44b) s u g g e s t s  t h a t  t h e  in te ract ion  

between t h e  c e n t e r  components  reduces  t h e  e f fec t ive  size of t h e  c e n ­

t e r  similarly across  t h e  spec t ra l  cell c la s ses .  T h e  in te ract ion  

" sh r in k s"  th e  size of t h e  c e n t e r  to similar sizes ac ross  t h e  L+/ - ,  L - / + 

and L+/ + c e n te r  cell t y p e s  and  t h u s ,  th e  S-CSFs do not d i f fe r .  For 

spec t ra l ly  nonopponent  cells (F ig u re  44a) ,  t h e  c e n t e r  p ro b ab ly  co n ­

s is t s  of only t h e  Red-component ,  and  th e  S-CSF is solely a func t ion  

of th is  component 's  dimensions.  T h e re fo re ,  t h e  d i f f e r en ces  in t h e  two 

S-CSFs reflec t  t h e  d i f fe rences  in t h e  Red-component  c e n t e r  size 

across  spec t ra l  c lass .

Sens i t iv i ty  to  C o n t r a s t . A no the r  spat ia l  p r o p e r t y  t h a t  was in f lu ­

enced by t h e  cell 's  spec t ra l  p ro p e r t i e s  was its s e n s i t iv i ty  to c o n t r a s t .  

For both X- and  Y-like  cells ,  sen s i t iv i ty  to c o n t r a s t  was a ffected  by  

both th e  spec t ra l  t y p e  of t h e  cell and  w h e th e r  t h e  cell was sp ec t ra l ly  

opponen t  o r  nonopponent .

T u r n in g  f i r s t  to  t h e  inf luence of sp ec t ra l  op p o n en cy  on s e n s i t i v ­

ity to c o n t r a s t ,  it was found  t h a t  sp ec t ra l ly  o p p o n e n t  cells were  less 

sens i t ive  to c o n t r a s t  th a n  spec t ra l ly  nonopponen t  cells;  th is  a g rees  

with f ind ings  in macaque ganglion cells (Kaplan and  Shap ley ,  1982; 

1984; 1986). From a theore t ica l  v iewpoin t,  t h e  d is t inc t ion  seems

ap p ro p r i a t e .  If one  assumes  th a t  sp ec t ra l ly  n o nopponen t  cells p rov ide  

information r e g a rd in g  in tens i ty  of luminance c h an g e s  in t h e  e n v i r o n ­

ment,  then  th e y  should  be v e r y  sens i t ive  to c o n t r a s t .  Spec tra l ly  

opponen t  cells ,  t h e  most likely can d ida te s  fo r  color information,  

should be less conce rned  with in tens i ty  va r ia t ions  o r  luminance con-
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t r a s t .

From a functional p e r s p e c t iv e ,  t h e  d i f f e r en ce  of Gauss ians  model 

p re d ic t s  t h a t  sp ec t ra l ly  o p p o n en t  cells would be less s ens i t ive  to co n ­

t r a s t  than  nonopponen t  cells .  R e fe r r ing  back  to  F igure  53, th e  

r e su l t  of th e  d i f fe rence  of Gauss ians  (F ig u re  53c) of sp ec t ra l ly  oppo­

n e n t  cells is not only to  reduce  t h e  size of th e  recep t ive  field c e n t e r ,  

as d is cu s sed  above ,  b u t  also to reduce  t h e  overal l  sen s i t iv i ty  of th e  

c e n t e r  mechanism; t h u s  making th e  cell less s en s i t iv e  to  c o n t r a s t .

R egard ing  t h e  d i f fe rences  in sen s i t iv i ty  to c o n t r a s t  ac ross  th e  

spec t ra l  c lasses ,  it was found  t h a t  L - / + c e n t e r  cells were  more s e n s i ­

t ive  to c o n t r a s t  th a n  both  L+/ -  and  L+/ + c e n t e r  cells .  It was also 

found  t h a t  t h e  L - / + c e n t e r  cells s a t u r a t e d  a t  a f a s t e r  r a te  than  th e  

o th e r  two spec t ra l  c la s ses .  T h e  s en s i t iv i ty  to c o n t r a s t  of L+/ + c e n te r  

cells a p p ea r s  to be t h e  r e su l t  of a combination of t h e  ON and OFF 

r e sp o n se s .  At low c o n t r a s t s ,  t h e s e  cells b eh av e  like L+/ -  c e n te r  

cells ,  b u t  s a t u r a t e  a t  t h e  same c o n t r a s t  as L - / + c e n te r  cells .  This  

h y b r id  re sp o n se  is not s u r p r i s i n g  s ince  it has been  shown anatomi­

cally t h a t  L+/ + c e n t e r  cells (ON/OFF) receive  in p u t  from both ON- 

c e n te r  and O F F -ce n te r  t y p e  b ipola r cells in t h e  in n e r  plexiform layer 

(Famigliett i ,  e t  a l . ,  1977).

Differences  in s en s i t iv i ty  to c o n t r a s t  between L+/ -  and  L - / + c e n ­

t e r  cells s u g g e s t  d i f f e r e n t  roles fo r  t h e s e  cell t y p e s  in t h e  visual 

p ro c e s s .  For example,  a t  scotopic  levels,  a s u b s ta n t ia l  portion of 

goldfish OFF ganglion cells were  found  to  have  a lower qu an tu m - to -  

sp ike  ratio  and  s ig n a l - to -n o is e  ratio  th a n  both  ON and  ON/OFF g a n ­

glion cells (Fa lze t t ,  N u ssd o r f  and  Powers ,  1987). T h e i r  f ind ings
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s u g g e s t  t h a t  t h e s e  OFF cells were  more sens i t ive  to l ight than  th e  

o th e r  cell t y p e s .  In addi t ion ,  t h e  psychophys ica l  and  OFF cell

t h r e s h o ld s  were similar while ON cell t h r e s h o ld s  d i f fered  from both .

Although t h e  p r e s e n t  s t u d y  was performed u n d e r  photopic  condi­

t io n s ,  it is q u i te  poss ib le  t h a t  t h e  role of L - / + c e n te r  cells is to  

d e te c t  s l igh t  c h an g e s  in in tens i ty  o r  c o n t r a s t .  T he  fac t  t h a t  OFF 

channels  a re  more s en s i t iv e  to c o n t r a s t  than  ON channels  have  also 

been dem ons t ra ted  in humans  us ing  visual evoked potent ia ls  (Zemon, 

Gordon and  Welch, 1986).  On th e  o th e r  h an d ,  t h e  L+/ -  c e n t e r  cells'  

function may be  fo r  spat ia l  resolution o r  acu i ty .  This  is s u p p o r te d  

by  th e  fa c t  t h a t  t h e  l inear  portion of t h e  re sp o n se  v s .  c o n t r a s t  f u n c ­

tion covers  a la rge  r a n g e  of c o n t r a s t s  and  t h a t  t h e  function s a tu r a t e s  

a t  v e ry  high c o n t r a s t s .  Also, L+/ -  c e n t e r  cells have  smaller r e c e p ­

t ive  field c e n te r s  and  a r e  t h u s  b e t t e r  su i ted  fo r  spatial  resolution 

than  L- /  + c e n t e r  cells.

.The in te ract ion between spec t ra l  class  and  spec t ra l  opponency  on 

th e  sens i t iv i ty  to  c o n t r a s t  can be  expla ined  by  t h e  fac t  t h a t  any  

an tagonism between similar components  will r ed u ce  th e  overall  s e n s i ­

t iv i ty  of t h e  cell .  T h u s ,  fo r  spec t ra l  c lasses  of L+/ - ,  L - / + and  L+/ + 

c e n te r  cel ls ,  t h e  p r e s e n c e  of spec t ra l  opponency  reduced  th e  s en s i t iv ­

ity to  c o n t r a s t .  For t h e  L+/ + c e n t e r  cells ,  spec t ra l  opponency  has 

l i tt le e f fec t  s ince  t h e  ON/OFF components  a l ready  p roduced  

antagonism re su l t ing  in a d e c r e a se  in overall  sen s i t iv i ty  to  c o n t r a s t .

4 .4  T h e  Big Pic ture

Perhaps  t h e  most s t r ik in g  conclusion one  can draw from th e
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re su l t s  of th is  p ro jec t  is t h e  similari ty of th e  r e sponses  of goldfish 

ganglion cells to t h e  ganglion cell re sponses  of o th e r  spec ies .  When­

e v e r  t h e  same q u a n t i t a t iv e  exper im en ts  a re  pe rformed on ca t  and 

goldfish ganglion cells ,  t h e  f ind ings  a re  remarkably  similar.  They  

both have  th e  same spat ia l  c lasses ;  t h e i r  r e sponses  a re  a function of 

spat io- tempora l  p ro p e r t i e s  and  orien ta t ion  of t h e  s t imulus .  Even th e  

m ic ro s t ru c tu re  of t h e i r  recep t ive  fields is similar in t h a t  t h e y  both 

cons is t  of small, un ique  su b u n i t s  and asymmetr ies .  Given t h a t  th e  

two species  examined a r e  so evolu tionar ily  d iv e r s e  s u g g e s t s  t h a t  th e se  

p ro p e r t i e s  a re  essentia l  in visual p ro ce ss in g .

In compar ing th e  e f fec ts  of t h e  spec t ra l  p ro p e r t i e s  on spatial 

p ro c e ss in g ,  one must t u r n  one 's  focus  to  t h e  monkey. When com­

p a r e d ,  goldfish ganglion cells p ro d u ce  f ind ings  similar to  monkey g a n ­

glion cells .  Specifically,  spec t ra l  opponency  has t h e  same e f fec t  on 

t h e  cell 's  sen s i t iv i ty  to c o n t r a s t  in both goldfish and  monkey ganglion 

cells (Kaplan and  Shap ley ,  1982; 1984; 1986). T h e  influence  of s p e c ­

t ra l  c lass  on sen s i t iv i ty  to c o n t r a s t  has not y e t  been examined in 

monkey ganglion cel ls ,  b u t  it would not be  s u r p r i s i n g  if r e su l t s  simi­

la r to  t h e  goldfish were  fo u n d .

It is also bel ieved t h a t  when th e  inf luence of spec t ra l  p ro p e r t i e s  

on o th e r  spatial  p ro c e ss in g  is examined,  th e y  too will c o n cu r  with t h e  

f ind ings  in go ldf ish .  To i l lu s t ra te  th is  s ta tem en t ,  da ta  ob ta ined  from 

Thore l l ,  e t  al. (1984) have  been red raw n  and shown in F igure  54. 

T h e  data  r e p r e s e n t s  th e  S-CSFs  of two cells located in t h e  VI area  of 

t h e  macaque visual c o r t e x .  The  st imulus cons is ted  of luminance- 

v a ry in g  g r a t i n g s  of 33% c o n t r a s t .  One cell was c lassi fied as "double-
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Figure  54

S-CSFs  of two cells in VI area of macaque v i s ­
ual c o r t e x .  One cell has  been class ified as a 
s in g le -o p p o n en t  cell (closed t r i a n g l e s ) ,  t h e  
o t h e r  c lass ified as doub le -o p p o n en t  (open 
s t a r s ) .  T h e  st imulus in both c ase s ,  cons is ted  
of a lum inance-vary ing  d r i f t in g  g ra t i n g  of 33 
p e r c e n t  c o n t r a s t .  Each function has  been n o r ­
malized s e p a ra te ly .  T he  da ta  poin ts  were  
ob ta ined  from f ig u re s  12a and  12b from Thorell ,  
e t  al .  (1984) and  rep lo t ted  in one f ig u r e ;  t h e  
solid and  d a sh e d  lines have  been red raw n .
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S-CSFs of Monkey Cortical Cells 
by Spectral Opponency

Drifting grating, 33% co n tra s t .
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opponen t"  and  th e  o th e r ,  " s ing le -opponen t"  ( e . g . ,  +R c e n t e r / - G  

s u r r o u n d ) .  Since t h e  g ra t i n g  v a r ie s  only in luminance,  th e  s in g le ­

opponen t  cell is func t iona l ly  t h e  same as a goldfish spec t ra l ly  nonop­

ponen t  cell. T he  monkey do u b le -o p p o n en t  cell ,  of c o u rse ,  c o r r e ­

sponds  to  th e  goldfish gangl ion cell equ iva len t .  T h e  S-CSFs  of t h e se  

cells a re  v e r y  similar to t h e  r e su l t s  obta ined  from th e  goldfish cells 

(see  F igure  43 ) .  Although each c u r v e  in t h e  monkey da ta  is r e p r e ­

s en ted  by  only one cell , t h e  similari ty to t h e  goldfish da ta  is qu i te  

s t r ik in g .

This  p ro jec t  a t tem pted  to  examine t h e  spat ia l  and sp ec t ra l  p r o p ­

e r t ie s  of goldfish ganglion cells.  To do so,  each cell was examined 

and classi fied u n d e r  a v a r i e ty  of dimensions;  some were  spat ia l  d imen­

sions ( e . g . ,  spat ia l  summation, r e sp o n se  to c o n t r a s t ) ,  o th e r s  were  

sp ec t ra l  ca tegor ies  ( e . g . ,  spec t ra l  c lass ,  spec t ra l  o p p o n e n c y ) .  It 

was hoped t h a t  from t h e s e  d i f f e r e n t  c lass if ica t ions ,  a small s u b s e t  

( ideally one)  could have  been used  to  p re d ic t  and  explain t h e  r e s p o n ­

ses of each cell u n d e r  a wide r a n g e  of condi t ions .  U n fo r tu n a te ly ,  it 

is no t t h a t  simple.  T h e r e  is no one dimension t h a t  can p re d ic t  th e  

r e sp o n se  p a t t e rn  of a ganglion cell . For example,  knowing t h a t  th e  

cell is an X-like  cell does  not p rov ide  any  information re g a rd in g  its 

sp ec t ra l  p ro p e r t i e s  o r  t h e  shape  of its S-CSF.  Also,  if t h e  S-CSF 

d isp lays  no low f r e q u e n c y  a t t e n u a t io n ,  it could be b ecause  t h e r e  is no 

s u r r o u n d  o r  b ecause  t h e  temporal p a t t e r n  of t h e  s t imulus  has invoked 

a c e n t e r  and  s u r r o u n d  sy n e rg i sm .  In o r d e r  to  u n d e r s t a n d  th e  

r e sp o n se  p a t t e rn  of t h e  cell , one must know severa l  c h a r ac te r i s t i c s  - -  

one o r  two will not be a d eq u a te .  However,  once t h e  va r ious  pa ram e­
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t e r s  of t h e  cell a re  known,  as in th is  s t u d y ,  its re sp o n se  to th e  

var ious  stimuli can be u n d e rs to o d .

The  concen t r ic  c e n t e r  and  an tagon is t ic  s u r r o u n d  recep t ive  field 

organization  is no lo nger  completely a d eq u a te  to explain a cell 's  

re sp o n se  p a t t e r n .  This  model was useful in expla in ing  behav io r  when 

t h e  st imulus  cons is ted  of s ta t io n a ry  spo ts  o r  slowly moving b a r s  of 

l ight.  However,  as vision re sea rch  p r o g r e s s e d  and  t h e  visual s t im u­

lus became somewhat more complex and  dynamic ,  so did t h e  cell 's  

r e s p o n se s .  T h e  c e n te r  and s u r r o u n d  can be  an tagon is t ic  to  some 

stimuli and  s y n e r g i s t i c  to  o th e r s ;  sp ec t ra l ly  o pponen t  cells'  a n ta g o n i s ­

t ic  color components  can in te ra c t  and  en h an ce  t h e  cell 's  spat ia l  r e s o ­

lution; a cell can p ro v id e  orien ta t ion  and  d irec tion  information for  

some stimuli b u t  not f o r  o th e r s .  All of which leads to  t h e  following 

conclusion: In o r d e r  to  u n d e r s t a n d  th e  b ehav io r  of a n eu ro n ,  one

m us t  examine its spa t ia l ,  temporal and  spec t ra l  p ro p e r t i e s .

4 .5  Where do we go from h e r e ?

One goal of th is  p ro jec t  was to  b r in g  t h e  spat ia l  p ro cess in g  of 

goldfish ganglion cells " u p  to  d a te " .  T h e  genera l  subdiv is ion  of g a n ­

glion cells into X, Y, and  W ca tegor ies  a p p e a r s  to hold ac ross  v e r t e ­

b r a t e  spec ies .  T h e se  cells c lear ly  e x i s t  in t h e  goldfi sh  and  t h e i r  

p ro p e r t i e s  seem to be  t h e  same as in mammals. This  inc reases  th e  

use fu lnes s  of t h e  goldfish  as a "model v e r t e b r a t e "  sys tem.  T h e  g o ld ­

fish also o f fe rs  some d i s t in c t  a d v an ta g e s  o v e r  o th e r  spec ies :  F i r s t ,

t h e  goldf i sh ,  unlike most mammals, has wel l-developed color vis ion.  

Second,  t h e  spec t ra l  sens i t iv i t ies  of its cones  a re  well s ep a ra te d  so
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t h a t ,  unlike  in monkeys ,  it is re la tive ly  simple to isolate re sponses  

d r iv en  by  s ingle  cone t y p e s  and to a sk  what a re  t h e i r  s e p a ra te  con ­

t r i b u t io n s  to spat ia l  and  temporal p ro c e ss in g .  T h i r d ,  compared with 

t h e  mammalian re t ina ,  t h e  isolated goldfish re tina  is e as ie r  to main­

t a in ,  and  th e  re sponses  of more dis ta l  cells t h a t  p rov ide  inp u ts  to t h e  

ganglion cells a re  eas ie r  to record .

In te rm s  of f u t u r e  r e s e a rc h ,  p e r h a p s  a more de ta i led  and 

focused  app roach  is t h e  n e x t  s tep .  Th is  p ro jec t  a t tem pted  to examine

a wide ra n g e  of visual p ro c e s s in g .  Such a global approach  was n ec ­

e s s a r y  to p ro v id e  a framework  fo r  more spec ific  and  de ta i led  p ro jec t s .

One such  p ro jec t  would be a more de ta i led  invest iga tion  of th e  

c e n t e r  and  s u r r o u n d  in p u ts  to t h e  overall  S-CSF.  Because  t h e  c e n t e r  

and  s u r r o u n d  fields o v e r l a p ,  it is impossible to st imula te  th e  e n t i r e  

a rea  of one  component  w i thou t  st imula ting th e  o th e r .  For example,  

a ny  st imulus  t h a t  s t imula tes  t h e  c e n t e r  must inev i tab ly  s t imula te  t h e  

middle port ion of t h e  s u r r o u n d .  This  was t h e  case  in th is  p ro jec t  as 

well; t h e  st imulus  a reas  f o r  th is  s t u d y  were  chosen to maximize t h e  

influence  of one a re a ,  while minimizing t h e  in p u t  from th e  o th e r .  

S ince t h e r e  is no simple way to avoid th is  in te rac t ion ,  it would be 

in te re s t in g  to examine t h e  S-CSFs as t h e  size of t h e  st imulus  a rea  is 

v a r ied .  For in s tance ,  one  could r e s t r i c t  t h e  s t imulus  p a t t e r n  to 0 .5 ,  

1 .0 ,  2 .0  mm, e tc .  d iameters  and  d e r iv e  S-CSFs fo r  th e  c e n t e r  and  

s u r r o u n d  and compare  them to t h e  full field S-CSF as in th is  s tu d y .  

Presumably ,  as t h e  s t imulus  a rea  becomes smaller,  t h e r e  is less in f lu ­

ence  of t h e  s u r r o u n d  and  t h e  re sp o n se  is mostly t h e  r e su l t  of t h e  

c e n t e r  inpu t .  To i l lu s t ra te  t h e  role of t h e  c e n t e r  and  s u r r o u n d



F i g u r e  5 5

Effect  of s t imulus  area  on th e  S-CSFs  of th e  
c e n t e r  and  s u r r o u n d  components  of an X-like  
cell .  T h e  re sp o n se  m easu re  was t h e  amplitude 
of t h e  fundamenta l  component .  The  st imulus 
cons is ted  of a 2 Hz d r i f t in g  g ra t i n g  a t  40% con­
t r a s t .  Each re sp o n se  va lue  was normalized with 
r e s p e c t  to one maximum. T h e  do t ted  line in 
each f i g u r e  r e p r e s e n t s  t h e  r e sp o n se  of th e  cell 
to  a zero  c o n t r a s t  st imulus ( i . e . ,  spon taneous  
level ) .  T h e  full f ield S-CSF (closed c irc les)  is 
shown in both f ig u r e s  fo r  comparison. Open 
s t a r s  r e f e r  to  t h e  r e sp o n se  to  a g ra t in g  
r e s t r i c t e d  to  e i t h e r  a 1 mm by  1 mm (a) o r  a 
0 .5  mm by  0 .5  mm (b)  s q u a r e  c en te re d  on th e  
recep t ive  fie ld ;  enclosed s t a r s  r e p r e s e n t  t h e  
r e sp o n se  of t h e  cell to  a g r a t i n g  r e s t r i c t e d  to 
t h e  s u r r o u n d i n g  port ion of t h e  full a p e r t u r e .  
In all c a se s ,  t h e  port ion of t h e  recep t ive  field 
not st imulated b y  t h e  g r a t i n g  was maintained at  
mean luminance.
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in te rac t ions  as a function of st imulus  a rea ,  F igure  55 shows some pilot 

work  on an X-like  cell. S -CSFs  were  obta ined  from th e  full f ie ld ,  th e  

c e n t e r  only ,  and th e  s u r r o u n d  only .  In F igure  55a, t h e  sinusoidal 

g r a t i n g  was r e s t r i c t ed  to a 1 mm by  1 mm s q u a r e ;  in F igure  55b, th e

g ra t in g  was p r e s e n te d  in a 0 .5  mm by 0 .5  mm s q u a r e .  For s u r r o u n d

stimulation only ,  t h e  s t imulus  cons is ted  of th e  full field area  with a 

c e n t e r  p lug  of t h e  a p p r o p r i a t e  size. T he  overall  mean luminance was 

t h e  same fo r  all a re as .  T he  re sp o n se  m easure  was th e  amplitude of 

t h e  fundamenta l  component and  th e  st imulus  cons is ted  of a 2 Hz d r i f t ­

ing g r a t i n g  a t  40 p e r c e n t  c o n t r a s t .  T h e  full field S-CSF was de r ived  

only  once  b u t  shown in each f ig u r e  fo r  comparison.  Although th e  

values  a t  high spatial  f r eq u e n c ie s  a r e  most like due  to  noise ( th e  h o r ­

izontal do t ted  line r e p r e s e n t s  t h e  cell 's  r e sp o n se  to  a zero  c o n t r a s t  

g r a t i n g ) ,  it is obvious  t h a t  when t h e  st imulus a rea  is smaller (F igu re  

55b) ,  t h e  c e n t e r  component dominates t h e  re sp o n se .  Comparing th e  

S-CSFs of t h e  c e n t e r  and  t h e  full field with a l a rg e r  st imulus area

(F ig u re  55a),  t h e r e  is some low f r e q u e n c y  a t tenua t ion  in th e  full field

S-CSF as well as in t h e  c e n t e r  component;  at  low spatial  f r equenc ies  

in th i s  f i g u r e  t h e  r e sp o n se  of t h e  s u r r o u n d  func t ion  is re la tively  

s t ro n g  and th e  c e n t e r  func t ion  may also contain  a s u r r o u n d  c o n t r ib u ­

tion.  However,  with a smaller st imulus a re a ,  t h e  c e n t e r  d isp lays  no 

low f r e q u e n c y  a t tenuat ion  and  th e  s u r r o u n d  r e sp o n se  is not as 

s t r o n g .

A no th e r  s e t  of exper im en ts  t h a t  can be used  to examine th e  

in te rac t ion  of t h e  c e n t e r  and  s u r r o u n d ,  is to d e r iv e  S-CSFs  a t  d i f f e r ­

en t  mean luminances.  As d em ons t ra ted  in ca t  gangl ion cells ,  a t  low
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luminance levels,  t h e  r e sp o n se  of t h e  s u r r o u n d  diminishes (Barlow, e t  

a l . ,  1957); t h u s  low f r e q u e n c y  a t tenua t ion  should  d e c r e a se  (E n ro th -  

Cugell  and  Robson,  1966).  One could also examine th e  spat io-  

temporal in te rac t ions  u n d e r  t h e  d i f f e r e n t  luminance condit ions  to 

obta in  a more complete u n d e r s t a n d in g  of t h e  c e n t e r  and  s u r r o u n d  

in te rac t ions .

Finally,  one could examine th e  spat ia l  and  temporal c h a r a c t e r i s ­

t ics  of t h e  s e p a r a t e  cone channe ls .  Although t h e r e  is ev idence  from 

human p sy ch o p h y s ic s  t h a t  t h e  L- and  M-channels  a r e  spatia lly  and  

tempora lly  similar (C avonius  and Es tevez ,  1975; G reen ,  1968; 1969; 

Kelly, 1974; Mollon and  K rauskopf ,  1973), t h e r e  is also ev idence  to 

s u g g e s t  t h a t  t h e  S -channe l  may have  p o ore r  spat ia l  (Cavonius  and  

Es tevez ,  1975; G reen ,  1968; Kelly, 1974) and  temporal  resolut ion 

(Boynton  and  Whitten,  1975).  To examine th i s ,  one  m us t  be able to 

isolate t h e  s e p a r a t e  cone mechanisms p r io r  to examining th e  spatial  

and  temporal p ro p e r t i e s .  This  could be  accomplished by  th e  use of 

chromatic  adap ta t ion  o r  t h e  t e c h n iq u e  of "s i len t  su b s t i t u t io n "  (see  

Estevez  and  Spek re i j se ,  1982). Chromatic  adap ta t ion  is a te ch n iq u e  

in which an in tense ,  sp ec t ra l ly  r e s t r i c t e d ,  l ight is p r e s e n te d  to t h e  

re t ina  which selectively  a d a p t s  o r  desens i t izes  t h e  cone mechanism(s ) 

one wishes  to  eliminate.  T h e  problem with chromatic  adap ta t ion  lies 

in t h e  f ac t  t h a t  t h e  spec t ra l  sens i t iv i t ies  of t h e  cone ty p e s  over lap  

p a r t i c u la r ly  a t  t h e  s h o r t e r  w av e len g th s .  T h u s ,  a l though  it is p o s s i ­

ble to eliminate t h e  M- and  L-cones with an in tense  "yellow" l ight and  

examine th e  S-cone  in p u t ,  it would be diff icult  to chromatical ly  a d ap t  

t h e  S-cones  and  not also a d ap t  th e  M- and  L-cones .  A no the r  problem
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with chromatic  adap ta t ion  is t h e  phenomenon of c ro s s -a d a p ta t io n .  

T h a t  is ,  a d ap t in g  one cone chan n e l ,  may a l te r  t h e  s ens i t iv i ty  or 

re sponses  of t h e  isolated cone channel ( see  Wisowaty and  Boynton,

1980).

Silent  s u b s t i tu t io n  is an a l t e rn a t iv e  method to isolate cone ty p e s .  

In th is  t e c h n iq u e ,  two w ave leng ths  of l ight a r e  chosen so t h a t  t h e  

two cone t y p e s  one  wishes  to eliminate a re  equally  s ens i t ive .  A l t e r ­

na t ing  t h e s e  two stimuli in success ion  p ro d u c e s  no ch an g e  in re sp o n se  

fo r  t h e s e  two cone i n p u t s .  - However,  if a t h i r d  cone in p u t  is p r e s e n t  

and  th e  two stimuli a re  not i so -abso rp t ion  va lues  fo r  t h a t  cone t y p e ,  

t h e r e  will be a r e sp o n se  modulation when t h e  two stimuli a re  i n t e r ­

c h an g ed .  U n fo r tu n a te ly ,  fo r  s i len t su b s t i t u t io n  to  be  e f fec t ive ,  t h e

stimuli m us t  be chosen  with g r e a t  p rec is ion ;  any  var ia tion  can

p ro d u c e  la rge  d i s c rep an c ie s  in t h e  r e s p o n se s .  Th is  can be accom­

plished only  if t h e  cone  s p e c t r a  a re  accu ra te ly  known.  Although 

t h e r e  a r e  problems with both methods ,  any  information r e g a rd in g  th e  

spat io- tempora l  p ro c e ss in g  of t h e  cone ty p e s  would p ro v e  in te re s t in g .
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Appendix

CONVERTING CYCLES PER MILLIMETER TO CYCLES PER DEGREE

In th is  sec t ion ,  t h e  opera t ions  used  to c o n v e r t  cycles p e r  milli­

meters  on t h e  re tina  to cycles  p e r  d e g r e e  a re  d e s c r ib e d .  Th is  co n ­

vers ion  is n e ce s sa ry  to  compare t h e  e lec trophysio logica l  spat ia l  co n ­

t r a s t  s en s i t iv i ty  func t ion  (S-CSF) of s ingle  n e u ro n s  to  t h e  goldfish 

psychophys ica l  S-CSF de te rm ined  by  Northmore and  Dvorak  (1979).

The  p ro c e d u r e  is based  on th e  va lues  ob ta ined  from t h e  s c h e ­

matic eye  of t h e  goldfish (Charman and T u c k e r ,  1973). T h e y  de r ived  

t h e  " s t a n d a r d "  va lues  from fish ran g in g  in body  leng th  from 5 to  9 

cen t imeters  and  body w e igh t  between 3 and  10 g ram s .  T h e i r  s c h e ­

matic eye  ref lec ts  va lues  of a 8 .5  cen t im ete r  f ish  weighing 10 grams .

Based on t h e  assum pt ions  of th i c k - l e n s  t h e o r y  and  t h e  f ac t  t h a t  

th e  goldfish lens is rou g h ly  spher ica l ,  t h e  p r inc ip le  and  nodal points  

a re  located in t h e  c e n t e r  of t h e  lens ,  t h e  impor tan t  va lue  fo r  o u r  

p u rp o s e  is t h e  d i s tan ce  from th e  re c ep to r s  to t h e  lens nodal point  o r  

t h e  second focal l en g th .  Charman and  T u c k e r  (1973) found  th is  

va lue to be  2.87 millimeters in w a te r .  (In a i r ,  it is s l igh t ly  d i f f e r en t  

a t  2.51 mill imeters .)  From th is  va lue ,  t h e  a p p r o p r i a t e  convers ion  

va lue  can be  de te rm ined  in t h e  following m anner :

Suppose  an object  is imaged on t h e  re tina  so t h a t  t h e  image cov ­
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e r s  one  mill imeter of t h e  r e t in a .  In b isec t ing  th i s  image with a line 

p e r p e n d i c u l a r  to  t h e  re t in a  e x ten d in g  to th e  second  nodal poin t  of th e  

le ns ,  a r i g h t  t r i a n g le  is formed ( see  F igure  56) .  Two sides  of th is  

t r i a n g le  a r e  known s ince  one  s ide  is o ne -ha l f  of t h e  one millimeter 

image on t h e  re t in a ,  an d  a n o th e r  side  is t h e  second  focal l eng th .  

From t h e s e  two v a lu es ,  t h e  angle  0 can be de te rm ined :

tan  0 -  o n e -h a l f  image s ize  /  second focal leng th (A. 1)

S u b s t i t u t i n g  t h e  known va lues  into equation A .1 :

tan  0 = 0 . 5  mm /  2 .87  mm ( A . 2)

g i v i n g :

t a n  0 = 0.17422 ( A . 3)

and  so lv ing  f o r  0:

0 = a r c t a n  0.17422 ( A . 4)

y ie ld ing :

0 = 9 .88  d e g r e e s ( A . 5)

Since 0 r e p r e s e n t s  only half of t h e  e n t i r e  image leng th ,  a one
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Figure  56

Schematic of th e  goldfi sh  eye .  T h e  va lues  a re  
from Charman and  T u c k e r  (1973).
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millimeter image on t h e  re t ina  has  double  th i s  a n g u l a r  s u b t e n s e  to 

yie ld  19.76 d e g r e e s .  T h e r e f o r e ,  t h e  convers ion  f a c to r  is 20 d e g r e e s  

p e r  millimeter on t h e  r e t i n a .

However,  t h e  schemat ic  gold f ish  eye  va lues  w ere  ca lcu la ted  from 

a s t a n d a r d  f ish  8 .5  cen t im e te r s  in l eng th .  Since t h e  goldfish lens 

d iam eter  is pos it ive ly  c o r r e l a t e d  with body  leng th  ( E a s t e r ,  Jo h n s  and  

Bouman, 1977), t h e  l en g th  of t h e  f ish  used  in t h e  m easurem ents  could 

a f fec t  th e  va lues  of t h e  lens d iam en te r  and  hence  t h e  convers ion  

va lue .  Macy and  E a s t e r  (1981) have  shown t h a t  t h e  d i s t a n ce  on t h e  

re tina l  s u r f a c e  p e r  d e g r e e  of visual  angle  v a r ie s  as  a func t ion  of t h e  

lens diameter .  Because  of t h i s ,  t h e y  have  d e r iv e d  a g e n e r a l  equa t ion  

which a d ju s t s  fo r  th e  d i f f e r e n c e  in lens d iam eter .  T h i s  "Retinal  Mag­

nification Fac tor  (RMF) can  be computed  as  follows:

RMF (ym /deg)  = 20 .5  x lens d iameter  (mm) ( A . 6)

R efe r r in g  back  to  t h e  schematic  eye ,  t h e  lens d iam ete r  f o r  t h e  

s t a n d a r d  fish is 2 .40 mill imeters .  S u b s t i t u t i n g  th is  v a lu e  into e q u a ­

tion A . 6 g ives  a RMF of 49 .2  microns  p e r  d e g r e e .  C o n v e r t in g  to 

d e g r e e s  p e r  millimeter y ie lds  20.3 o r  approximate ly  20 d e g re e s  p e r  

millimeter; t h i s  ag rees  with t h e  va lue  de te rm ined  above.

To de te rm ine  t h e  a p p r o p r i a t e  RMF of t h e  f ish  u sed  in th i s  

s t u d y ,  t h e  lens d iam e te r s  of ten  ey es  used  in th i s  s t u d y  were  m eas ­

u r e d .  Each lens was m e asu re d  immediately following enuclea tion  with 

v e r n i e r  ca l ipers  (M ansta t ;  T y p e  6911). The  a v e r a g e  lens d iam eter  

was found to  be  2.58 mill imeters (SD = 0 .2 3 ) .  S u b s t i t u t i n g  th is  va lue
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into equat ion A . 6 p ro d u ces  a convers ion value  of 18.91 o r  19 d e g re e s  

p e r  millimeter.  T h e re fo re ,  t h e  convers ion value  used  in th is  p ro jec t  

to c o n v e r t  cycles p e r  millimeter on t h e  re t ina  to cycles p e r  d e g re e  of 

visual ang le  was 19 d e g re e s  p e r  millimeter.
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