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ABSTRACT 

// has been found behaviorally that visual habituation in toads exhibits locus specificity and partial stimulus 

specificity .  Dishabituatio n amon g differen t  configuration s o f  visua l  w o r m stimul i  form s a n ordere d hierarchy .  Thi s 

pape r  present s a  computationa l  mode l  o f  th e toa d visua l  syste m involve d i n patter n discrimination ,  includin g retina , 

tectum ,  an d anterio r  thalamus .  I n th e mode l  w e propos e tha t  th e toa d discriminate s visua l  object s base d o n tempora l 

responses ,  an d anterio r  thalamu s ha s differingrepresentation s o f  differen t  stimulu s configurations .  Thi s theor y i s 

develope d throug h a  larg e scal e neura l  simulation .  Wit h a  min imu m numbe r  o f  hypotheses ,  w e demonstrat e tha t 

anterio r  thalamu s i n respons e t o differen t  w o r m stimul i  show s th e sam e hierarch y a s show n i n th e behaviora l 

experiment .  Th e successfu l  simulatio n allow s u s t o provid e a n explanatio n o f  neura l  mechanism s fo r  visua l  patter n 

discrimination .  Thi s theor y predict s tha t  retina l  R 2 cell s pla y a  primar y rol e i n th e discriminatio n vi a tecta l  smal l 

pea r  cell s (SP )  whil e R 3 cell s refin e th e featur e analysi s b y inhibition .  Th e simulatio n als o demonstrate s tha t  th e 

retina l  respons e t o th e trailin g edg e o f  a  stimulu s i s a s crucia l  fo r  patter n discriminatio n a s t o th e leadin g edge .  N e w 

dishabituatio n hierarchie s ar e predicte d b y shrinkin g stimulu s siz e an d reversin g stimulus-backgroun d contrast . 

1. Introduction 

Afte r  repeate d presentatio n o f  th e sam e pre y d u m m y i n thei r  visua l  field ,  toad s an d frog s m a y reduc e th e numbe r 
of  orientin g response s towar d th e movin g stimulus .  Thi s phenomeno n i s calle d habituation .  Habituatio n ha s bee n 
extensivel y investigated ,  rangin g fro m invertebrates ,  lik e Aplysi a [1] ,  wher e habituatio n seem s t o b e independen t  o f 
th e specifi c  patternin g o f  th e stimulus ,  t o m a m m a l s wher e habituatio n exhibit s stimulu s specificit y s o tha t 
habituatio n t o a  certai n stimulu s patter n m a y b e dishibituate d b y a  differen t  stimulu s patter n [2] .  Visua l  habituatio n 
i n toad s ha s th e followin g characteristic s [3] : 

(1 )  Locu s specificity .  Afte r  habituatio n o f  a n orientin g respons e t o a  certai n stimulu s applie d a t  a  give n 
location ,  th e respons e ca n b e release d b y th e sam e stimulu s applie d a t  a  differen t  retina l  locus . 

(2 )  Partia l  stimulu s specificity .  Anothe r  stimulu s give n a t  th e sam e locu s m a y restor e th e respons e habituate d 
by a  previou s stimulus .  Onl y certai n stimul i  ca n dishabituat e a  previousl y habituate d response .  Experimenta l  result s 
[4 ]  sho w tha t  thi s dishabituatio n relatio n form s a n ordere d hierarch y o f  stimulu s pattern s (Figur e 1) ,  wher e onl y a 
patter n a t  a  highe r  leve l  ca n dishibituat e th e habituate d response s o f  th e stimul i  a t  lowe r  levels .  W e cal l  thi s kin d o f 
stimulu s specificit y parfio /  becaus e th e dishibituatio n relatio n i s ordere d rathe r  tha n mutual . 

Th e biologica l  relevanc e o f  th e stimulus-specifi c  habituatio n phenomen a m a y b e t o kee p th e I R M (innat e 
releasin g mechanism )  fo r  pre y catchin g aler t  t o "new "  stimuli .  However ,  th e dishabituatio n hierarch y suggest s tha t  i t 
i s  configurationa l  cue s o f  th e stimulu s an d no t  onl y it s "newness "  whic h decid e th e toad' s respons e [4] .  I t  i s 
reasonabl e t o assum e tha t  toad s hav e no t  develope d th e advance d spatia l  shap e recognitio n capabilit y o f  highe r 
animals ,  bu t  hav e develope d th e abilit y  t o recogniz e certai n stimulu s configurations ,  which ,  fo r  example ,  ar e use d i n 
discriminatin g pre y an d predator . 

Althoug h Ewer t  an d Keh l  [4 ]  demonstrate d th e behaviora l  response s leadin g t o th e hierarchy ,  the y di d no t 
investigat e th e neura l  mechanism s involved ,  whic h mus t  involv e visua l  center s suc h a s retin a an d tectum .  Fo r  toad s 
t o exhibi t  th e dishabituatio n hierarchy ,  ther e hav e t o b e differin g representation s o f  differen t  stimulu s shape s 
somewher e i n thei r  visua l  system .  Unfortunately ,  physiologica l  studie s provid e ver y littl e dat a o n th e respons e o f 
thes e center s t o a  variet y o f  stimulu s shape s (fo r  a  revie w se e [5]) .  I n th e Lara-Arbi b mode l  fo r  thi s stimulus-specifi c 
habituatio n behavio r  [6] ,  th e discriminatio n o f  th e stimul i  i n Fig. l  i s  mad e b y retina l  ganglio n cel l  R 2 .  The y 
introduc e a  grou p o f  a d ho c function s eac h o f  whic h i s  use d t o emulat e h o w a  specifi c  stimulu s traverse s th e 

'  Th e researc h describe d i n thi s pape r  wa s supporte d i n par t  b y gran t  no .  IRO l  N S 2492 6 fro m th e NI H (M.A.Arbib ,  PI) . 
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excitator y receptiv e field  (ERF )  o f  R 2 ,  bu t  ihc y di d no t  giv e an y biologica l  justificatio n fo r  tha t  a d ho c grou p o f 
functions . 

We develo p a  mode l  fo r  discriminatin g differen t  worm-lik e stimul i  whic h i s abl e t o demonstrat e a  clas s o f  cell s 
whos e firin g rat e i n respons e t o th e differen t  stimulu s type s exhibit s th e sam e orde r  a s show n i n th e dishabituatio n 
hierarchy .  W e hypothesiz e tha t  thes e cell s li e i n th e anterio r  thalamus ,  an d thu s sugges t  n e w physiologica l 
experiment s t o tes t  ou r  theory . 

2. Distributed vs. Temporal: Basic Hypothesis 

An objec t  ca n b e naturall y code d b y distribute d activit y i n a  grou p o f  neurons ,  o r  a t  som e hig h leve l  b y firing 
activitie s o f  singl e cells .  Her e th e forme r  i s denote d a s distribute d codin g an d th e latte r  a s tempora l  coding . 
Distribute d codin g i s strongl y favore d b y theoretician s du e t o consideration s o f  reliability ,  althoug h i t  seem s tha t 
bot h ar e use d i n th e objec t  representatio n o f  primates .  D o anuran s represen t  variou s worm-lik e stimul i  b y distribute d 
codin g o r  tempora l  coding ? Ou r  basi c hypothesi s i s tha t  anuran s represen t  object s b y tempora l  coding .  M o r e 
specifically ,  th e firing  rat e o f  neuron s i n som e neura l  cente r  o f  th e toa d visua l  syste m i s highe r  i n respons e t o a 
stimulu s i n th e uppe r  par t  o f  th e hierarch y tha n on e i n th e lowe r  par t 

Generall y speaking ,  distribute d representatio n correspond s t o neura l  associativ e memory ,  wher e th e differenc e 
betwee n tw o pattern s i s measure d b y thei r  H a m m i n g distance .  However ,  th e distribute d codin g fail s t o explai n th e 
partia l  stimulus-specificit y sinc e n o orderin g ca n b e embodie d i n associativ e memory .  Thi s migh t  b e th e cas e i n 
highe r  animal s lik e m a m m a l s wher e dishabituatio n coul d b e accounte d fo r  b y a  comparato r  mode l  [2] ,  bu t  thi s 
conu-adict s th e observe d ordere d hierarch y i n toad s [4] .  Moreover ,  th e discriminatio n capabilit y  o f  toad s i s rathe r 
limited .  I n thei r  origina l  experiment ,  Ewer t  an d Keh l  di d no t  find  shape s othe r  tha n thos e i n Fig. l  tha t  coul d b e 
discriminate d (Ewert ,  persona l  communicatio n 1989) .  Thi s limitatio n seem s straightforwar d base d o n ou r  hypothesi s 
becaus e th e frequenc y specuoi m ca n onl y b e markedl y differentiate d int o a  numbe r  o f  level s an d therefor e th e capacit y 
i s severel y limite d compare d t o distribute d coding .  I t  coul d b e tha t  amphibians ,  a  phylogeneticall y olde r  specie s tha n 
mammals,  hav e no t  ye t  achieve d th e advance d distribute d codin g whic h ha s immens e potential s i n term s o f  capacity . 
Looke d fro m th e othe r  direction ,  however ,  amphibian s d o reac h th e partia l  stimulus-specificit y whic h doe s no t  see m 
t o b e obtaine d i n invertebrate s [1] . 

A majo r  criticis m o f  tempora l  representatio n i s tha t 
th e reliabilit y  o f  thi s codin g paradig m depend s o n singl e 
cell s whic h ar e vulnerabl e i n th e nervou s system . 
However ,  thi s criticis m ca n b e answere d throug h 
redundanc y o f  a  cel l  population ,  a s i s actuall y th e cas e i n 
th e nervou s system .  Neighborin g neuron s hav e almos t  th e 
same receptiv e field ,  s o th e malfunctio n o f  a  fe w cell s 
woul d no t  matte r  s o m u c h becaus e thei r  neighbor s coul d 
easil y replac e thei r  role .  I f  a  localize d neuro n populatio n i s 
destroyed ,  w e shoul d expec t  localize d malfunctio n o f  th e 
tempora l  represention .  I n th e anura n visua l  system ,  a 
localize d scotom a fro m a  localize d lesio n i s foun d i n 
variou s visua l  center s startin g fro m retina .  Thi s suggest s 
tha t  visua l  informatio n i s represente d i n anuran s b y a 
tempora l  paradigm ,  sinc e i n classi c model s o f  distribute d 
codin g (fo r  exampl e se e [7] )  localize d cel l  los s seem s 
impairin g onl y genera l  associativ e abilities . 

A direc t  predictio n o f  ou r  basi c hypothesi s i s tha t  th e 
ordere d dishabituatio n hierarch y i s underlai n b y th e 
differen t  firing  rate s o f  certai n neuron s i n th e toa d visua l 
system .  Thi s predictio n wil l  b e teste d i n simulations 
presente d i n th e followin g sections .  I n th e experimen t  o f 
Ewer t  an d Keh l  [4] ,  al l  stimu U ar e 2 0 m m lon g an d 5 m m 
high .  Wit h a  7 0 m m distanc e o f  presentatio n fro m th e 
toads ,  eac h stimulu s i s abou t  7 6 "lon g an d 4  °  high .  Th e 
dot  use d i s 1  m m i n diamete r  whic h i s abou t  1  ° . 

20 m m 

movemenl  directio n 

Figur e 1 .  Dishabituatio n hierarch y fo r  wor m stimul i 
use d i n stimulus-specifi c  habituatio n o f  toads .  On e 
stimulu s ca n dishabituat e al l  th e stimul i  belo w i t  O n 
th e sam e leve l  th e lef t  stimulu s ca n slightl y 
dishibituat e th e right  on e (fro m [4]) . 

Th e locu s specificit y tha t  toad s an d frog s sho w fo r  dishabituatio n conform s wel l  t o tempora l  coding . 
Retinotopy ,  on e for m o f  locu s specificity ,  ha s bee n extensivel y observe d bot h i n tectu m an d i n thalamu s o f  toad s 
[3] .  Althoug h th e adaptiv e significanc e fo r  anuran s treatin g th e sam e stimulu s a t  differen t  location s a s differen t  one s 
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i s  no t  finall y resolved ,  i t  doe s deman d extr a m e m o r y capacit y compare d t o a  m e m o r y schem e whic h achieve s locus -
constancy ,  bu t  toad s nee d a n accurat e locatio n memory . 

3. Retinal Coding 

A n elementar y mode l  o f  th e retina l  receptiv e field  use s tw o mechanism s i n decidin g retina l  responses :  (1 )  a n 
excitator y cente r  an d (2 )  a n inhibitor y surround .  Bot h mechanism s ar e describe d b y spatiall y  Gaussian-distribute d 
curve s aroun d a  c o m m o n midpoint ,  an d th e whol e neurona l  respons e i s forme d a s a  differenc e o f  Gaussian s ( D O G ) . 
O ur  retina l  analysi s i s mainl y base d o n th e Teeters '  retin a mode l  [8 ]  sinc e i t  provide s th e mos t  detaile d accoun t  o f  th e 
toa d retin a t o date .  Th e mode l  fo r  th e anura n retin a prio r  t o ganglio n cell s consist s o f  fou r  cascad e layers :  receptor , 
horizental ,  biopola r  an d amacrine .  Thre e differen t  type s o f  ganglio n cel l  wer e identifie d i n th e retinotecta l  projectio n 
of  toad s whic h correspon d t o R 2 ,  R 3 an d R 4 i n frogs .  Th e respons e o f  R 2 an d R 3 t o thre e classe s o f  stimul i  use d i n 
th e Ewer t  laborator y i s summarize d i n Fig. 2 [9] .  Not e tha t  onl y th e respons e t o th e leadin g edg e i s show n i n th e 
recording .  I n th e model ,  eac h cel l  typ e correspond s t o a  tw o dimensiona l  matrix ,  wit h a  singl e cel l  identifie d b y 
m(ij,l )  representin g th e membran e potentia l  o f  th e neuro n a t  positio n (i,j )  a t  tim e t .  I(iJ,t) .  th e inpu t  t o th e neuro n 
at  positio n (i .  j) ,  i s  create d b y a  convolutio n o f  a  kerne l  whic h approximate s a  D O G wit h th e correspondin g outpu t 
fro m a  previou s cel l  matri x 

I(ij.t )  =  (k*S)(iJ,t ) (1 ) 

wher e •  represent s convolution ,  5  indicate s th e outpu t  o f  th e previou s layer ,  an d a  kerne l  elemen t  k(x,y )  i s define d a s 

k(x.y )  =  < 
Wg exp[-(x2+y2)/(2<^^) ]  -  W ^  e x p H x 2 + y 2 ) / ( 2 c j ) } 

l o otherwis e 

(2 ) 

w h e r e R  i s th e radiu s o f  a  receptiv e field  measu re d i n degree s o f  visua l  angle ,  W g an d W ^  c o m b i n e togethe r  t o 

determin e th e we igh t  f r o m th e previou s laye r  t o th e curren t  one .  T h e M e x i c a n ha t  o f  th e kernel ,  th e activit y 
distributio n o f  a  receptiv e field,  i s  uniquel y determine d b y parameter s W g ,  W, ,  C7g ,  an d a,- . 
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Figur e 2 .  Th e mode l  respons e o f  R 2 an d R 3 t o worm ,  antiworm ,  an d square ,  left :  th e experimenta l  dat a [9] .  right : 
Respons e o f  ou r  modiHe d retin a model .  Eac h poin t  i n th e figure  represent s th e tempora l  averag e firing  rat e i n respons e t o 
th e correspondin g stimulus . 
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Th e retin a mode l  i n thi s pape r  i s a  modilie d versio n o f  th e Teeter s mode l  whic h mor e closel y simulate s th e 
biologica l  data .  Simulatio n result s fro m ou r  modifie d mode l  ar e presente d i n Fig. 2 fo r  th e tw o type s o f  ganglio n 
cell s respectively ,  togethe r  wit h th e biologica l  data .  Th e averag e firin g rat e o f  a  neuro n i s compute d b y th e tempora l 
integratio n o f  it s instantaneou s firin g rat e divide d b y th e tim e perio d durin g whic h a  non-zer o firin g rat e i s 
consecutivel y elicited .  Th e respons e o f  R 4 i s neglecte d du e t o it s insensitivit y t o differenc e betwee n th e w o r m 
stimuli .  Ou r  simulatio n resul t  ha s demonstrate d tha t  withou t  a  significan t  trailin g edg e response ,  i t  i s  impossibl e t o 
discriminat e th e differen t  w o r m configuration s eve n a t  th e retin a level . 
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Figur e 3 .  Th e tempora l  firin g rat e o f  R 2 (left )  an d R 3 (right )  t o th e S  worm-lik e stimul i  fro m th e retin a model .  Tim e 
run s fro m lef t  t o right ,  an d al l  th e stimul i  ar e movin g from  lef t  t o right .  Th e uni t  o f  th e number s i n th e figur e i s impulse s 
per  second . 

Tsai and Ewert [10] recendy found that R2 cells show no preference in response to both edges of a stimulus if 
neurona l  adaptatio n i s no t  take n int o account ,  whil e R 3 cell s sho w a  m u c h stronge r  off-channe l  (fro m whit e t o 
black )  tha n on-channe l  (fro m blac k t o white )  response ,  whic h correlate s wit h th e behavior .  I n thi s simulation ,  th e 
R3 respons e t o trailin g edg e i s modele d wit h a  1.0/0.2 ,  an d th e R 2 respons e wit h a  1.0/1. 0 rati o o f  off -  t o on -
channe l  contribution .  I n particular ,  th e R 2 membran e potentia l  i s  describe d b y 

dmj.2(ij,t ) 
V 2 ^  =  -fnr2(U. O +  (kr 2 *  (Sath+^atd))(iJ- 0 (3 ) 

wher e t  i s  th e tim e constan t  o f  th e abov e leak y integrato r  model .  Subscript s indicat e th e neuro n types ,  e.g. ,  k^ 2 

stand s fo r  th e kerne l  o f  a  R 2 cel l  a s define d i n (2) .  Th e detaile d definitio n o f  S t̂ h an d 5^^ ^  i s give n i n [8] . 

Fig. 3 show s th e tempora l  response s o f  a  R 2 neuro n an d a  R 3 neuro n t o th e 8  worm-lik e stimul i  i n Fig. l  fro m 
our  modifie d retin a model .  Her e onl y firin g rat e i s displayed ,  whic h equal s m(t )  i f  in(t )  >  0  an d 0  otherwis e fo r  bot h 
R2 an d R 3 cells .  I n term s o f  singl e cel l  response ,  a  vertica l  ba r  o f  4  °  heigh t  elicit s th e stronges t  response  i n bot h R 2 
and R 3 cells ,  an d th e mor e incline d i s a  stimulu s edge ,  th e les s efficien t  i s  i t  t o trigge r  a  retina l  response .  Thi s i s 
becaus e th e mor e incline d i s a  stimulu s edg e wit h th e sam e vertica l  height ,  th e large r  doe s i t  encroac h o n th e 
inhibitor y surroun d an d longe r  i s th e duratio n o f  th e response .  Not e th e R 2 effec t  o f  th e dot s i n w o r m e  relativ e t o a 
and wo r m g  relativ e t o b  i n Fig.3 .  Sinc e th e do t  i s  encroachin g R2' s IR F whil e th e edge s o f  stimul i  e  an d g  travers e 
R2' s E R F ,  wo rm s e  an d g  elici t  smalle r  R 2 response s tha n w o r m s a  an d b  respectively .  Not e als o tha t  th e distanc e 
betwee n th e tw o peak s fo r  R 2 leading/trailin g respons e correspond s t o th e distanc e betwee n th e middl e point s o f  th e 
leadin g edg e an d th e trailin g edg e o f  th e stimulus .  I n th e simulation ,  th e densit y o f  receptor s i s 1  cel l  /  0. 5 degre e 
whil e th e ganglio n cel l  densit y i s 1  cel l  /  2  degre e resultin g i n a 4 t o 1  densit y ratio .  Eac h ganglio n cel l  ha s a 
receptiv e field  o f  approximatel y 20x2 0 degree s o r  40x4 0 receptors . 
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4.  Tecta l  Rela y 

Base d o n anatomica l  dat a an d functiona l  lesio n data ,  Ewer t  [11 ]  suggeste d tha t  th e basi c pathwa y fo r  habituatio n 
is :  retin a - ^  tectu m - > a T H (anterio r  thalamus )  - *  M P (media l  pallium )  - > tectum .  Thi s pathwa y i s refere d t o a s 
loop(2 )  an d i s generall y suppose d t o b e responsibl e fo r  modulatio n o f  th e innat e releasin g behavior s o f  amphibians . 
I n thi s paper ,  w e ar e onl y concerne d wit h th e firs t  par t  o f  thi s loop :  retin a - *  tectu m - > a T H ,  wher e th e 
discriminatio n o f  th e stimul i  i s  presumabl y achieved . 

I n thi s model ,  th e opti c tectu m discriminate s pre y fro m predator ,  bu t  w e hypothesiz e tha t  i t  doe s no t  pla y a 
majo r  rol e i n th e finer  patter n discriminatio n tha t  underlie s th e dishabituatio n hierarchy ,  bu t  rathe r  relay s th e inpu t 
fro m retin a t o anterio r  thalamu s wher e th e visua l  informatio n i s furthe r  processe d an d carrie d u p t o telencephalon .  A s 
fo r  stimulus-specifi c  habituation ,  behaviora l  dat a sho w tha t  th e releasin g value s fo r  al l  th e stimul i  i n th e hierarch y 
ar e almos t  th e sam e [4] .  Also ,  th e prey-catchin g behavio r  show s off-channe l  preference ,  whic h correlate s ver y wel l 
wit h th e neurona l  activitie s i n R 3 an d T5(2 )  cells .  Thi s findin g lead s Tsa i  an d Ewer t  [10 ]  t o propos e tha t  R 3 ,  no t 
R 2,  carrie s th e primar y informatio n t o th e pre y analysi s circuitr y locate d i n tectum .  However ,  a s pointe d ou t  i n th e 
previou s section ,  th e respons e t o th e trailin g edg e shoul d hav e a  significan t  rol e i n w o r m discrimination .  Thi s 
suggest s tha t  R 2 ,  s o calle d "ne t  convexit y detectors" ,  m a y b e mor e involve d i n th e discriminatio n o f  worm-lik e 
stimul i  tha n R 3 .  Thi s trailin g edg e consideratio n tend s t o downpla y th e tectu m a s a  majo r  neura l  cente r  o n 
"subworm "  discrimination . 

Laza r  et.al .  [12 ]  foun d tha t  i n anuran s th e mai n projectio n unit s t o th e anterio r  diencephalo n fro m tectu m ar e th e 
smal l  pirifor m neuron s (SP) ,  whic h ar e locate d i n laye r  8  o f  th e tectum .  Thi s important  finding  lead s u s t o assum e 
tha t  S P cell s rela y th e visua l  informatio n concernin g w o r m discrimination .  I n th e presen t  mode l  S P cell s receiv e R 2 
inputs ,  whic h i s consisten t  wit h th e tectu m mode l  o f  Cervante s e t  al .  [13] ,  an d project s t o anterio r  thalamus .  Sinc e 
R 2 project s t o S P topographicall y an d th e SP' s rol e i n thi s mode l  i s t o rela y R 2 activity ,  t o simplif y th e 
implementatio n th e neurona l  respons e o f  S P i s m a d e equa l  t o tha t  o f  R 2 t o th e w o r m stimuli . 

5.  Integratio n i n Anterio r  T h a l a m u s 

38' 

Stimulu s Name 

Figur e 4 .  A T respons e t o th e S  wonn-lik e stimul i  show n 

in Rgure 1. The 8 average firing rates are ordered, which 

corresponds to the ordered hierarchy in Figure 1. In the 

simulation, T^ = 0.065. 6^ = J3.0. W s^p = 0.0091. W^p 

= -0.003. W^ = 0.0095. wj = -0.003, mj = nj = 6, 

and m2 = n2 = J2. 

Th e anterio r  thalamu s receive s ascendin g R 3 retina l 
projection s [5 ]  an d S P tecta l  projection s [12] .  A m o n g 
othe r  ascendin g projection s t o telencephalon ,  a T H ha s a 
direc t  projectio n t o th e media l  pallium ,  wher e visua l 
informatio n i s presumabl y stored .  Compare d t o th e opti c 
tectu m an d th e cauda l  thalamus ,  a T H i s m u c h les s 
understoo d i n term s o f  neurophysiolog y an d morphology . 
Functionally ,  i t  ha s bee n suggeste d tha t  a T H form s par t  o f 
th e anatomica l  substrat e b y whic h visua l  informatio n 
reache s th e media l  palliu m [14] ,  an d i t  w a s foun d tha t 
larg e ablation s o f  a T H usuall y depresse d th e prey-catchin g 
behavio r  [15] .  Als o a T H ha s bee n propose d a s par t  o f  th e 
modulator y loop(2 )  [11] .  However ,  th e kin d o f  visua l 
processin g performe d b y a T H remain s unknown . 

We offe r  i n th e presen t  mode l  a  definit e hypothesis : 
Base d o n th e specia l  positio n o f  a T H an d ou r  previou s 
analysi s o f  visua l  informatio n processing ,  w e propos e tha t 
i t  i s  th e anterio r  thalamu s wher e th e patter n discriminatio n 
i s finally  achieve d b y neurona l  responses .  I n thi s model , 
A T neuron s receiv e excitatory-cente r  inhibitory-surroun d 
input s fro m tecta l  S P cells ,  an d direc t  inhibitor y input s 
fro m R 3 cells .  Quantitatively , 

^ ^ ^ j n a ^ J £ _ =  -mat(ij.t )  +  (kati*Ssp)(ij.t)-Max[0.(kaa*Sr3)(ij,t) ] (4 ) 

wher e k̂ ^̂ jix.y )  =  H^p .  i f  Ix j  <  m i  an d ly l  <  m j ;  W^p ,  i f  m j  <  /x /  s  m 2 an d m j  <  ly l  <  m 2 :  an d 0  otherwise . 

kat2(^'y) = %3' '^1^1 - "i ^d lyl - "i'' ^r3- if "7 < /-«/ ^"2 and /i; < /y/ <n2; and 0 otherwise. Sx(t). x e {sp. 

r3} ,  represent s th e firing  rat e o f  neuro n typ e x ,  an d 5^/ 0 =  m^/ f )  -  0 ,̂ .  ifm(t )  >  e^ i  an d 0  otherwise . 
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Recepto r  Laye r 

H - » K 

A TD laye r A T H laye r 

R3 laye r R4 laye r 

SP laye r 

•t- :  excitator y 

-: inhibitory 

A T laye r 

Figur e 5 .  Diagra m o f  th e entir e mode l  use d i n thi s simulatio n project .  Retina , 
tectu m an d anterio r  thalamu s hav e bee n incorporate d i n th e model .  Fo r 
explanatio n se e text . 

Figur e 4  show s th e averag e firin g 

rate s o f  a  singl e A T neuro n t o th e 8 

worm-lik e stimuli .  Se e th e legen d fo r 

th e value s o f  th e parameter s introduce d 

above .  Th e resul t  clearl y matche s th e 

ordere d dishabituatio n hierarch y i n 

Fig.l .  No t  onl y d o stimul i  highe r  i n 

th e hierarch y generat e large r  A T 

responses ,  bu t  th e stimulu s pair s b- c 

an d d- € whic h ar e o n th e sam e leve l  i n 

th e hierarch y generat e nearl y equa l 

responses .  Th e modele d dishabituatio n 

hierarch y i s th e s a m e a s i n Fig. l 

excep t  tha t  th e mode l  canno t  creat e th e 

preferenc e o f  stimulu s b  ove r  c ,  whic h 

i s weakl y exhibite d i n th e animal . 

I n s u m m a r y ,  w e propos e th e 

followin g mechanism s t o explai n th e 

dishabituatio n hierarch y i n Fig.l . 

(1 )  Bot h th e leadin g edg e an d th e 
trailin g edg e o f  a  w o r m stimulu s hav e 
t o b e take n int o consideration . 

(2 )  T h e receptiv e fiel d o f  A T 
neuron s i s bi g enoug h t o "see "  bot h 
th e leadin g an d th e trailin g edge . 
Stimulu s a  elicit s th e bigges t 
response ,  particularl y bigge r  tha n 
stimulu s d ,  becaus e bot h diagona l 
edge s elici t  stron g response s i n R 2 
cell s (se e Fig.3 )  an d thes e response s 
ca n b e bes t  integrate d i n A T cell s du e 
t o th e smal l  distanc e betwee n th e 
midpoint s o f  it s  leadin g an d trailin g 
edg e response . 

(3 )  Stimul i  b  an d c  ar e prefere d t o stimulu s f  becaus e th e inhibitio n o f  R 3 cells ,  whic h ha s off-channe l 
preference ,  i s  bigge r  fo r  f  tha n fo r  b  an d c . 

(4 )  Stimul i  wit h dot s appea r  lowe r  i n th e hierarch y becaus e the y elici t  smalle r  R 2 respons e du e t o IR F 
interaction . 

(5 )  A  stripe d patter n eUcit s th e smalles t  respons e i n A T neuron s becaus e o f  R 3 inhibition . 

6. Conclusion and Predictions 

Inspire d b y th e behaviora l  result s [4 ]  resultin g i n th e dishabituatio n hierarchy ,  th e presen t  mode l  represent s a n 
integratio n o f  behavioral ,  physiological ,  anatomical ,  an d theoretica l  studie s o n th e brai n i n orde r  t o postulat e 
mechanism s fo r  patter n discriminatio n i n amphibians.Th e mode l  i s teste d b y a  large-scal e compute r  simulatio n 
whic h incorporate s retina ,  tectu m an d anterio r  thalamus .  Th e anatom y o f  th e mode l  i s summarize d i n Fig.5 .  I n th e 
figure,  conica l  projection s represen t  on-cente r  off-surroun d convergence ,  while  th e cylindrica l  projectio n fro m th e R 2 
laye r  t o th e S P laye r  represent s a  1  t o 1  mapping .  Th e connection s fro m th e recepto r  laye r  t o bot h th e B D an d B H 
laye r  als o constitut e a  smal l  many-to-on e convergence .  Th e recepto r  laye r  contain s 140x14 0 cell s whic h correpon d t o 
70 °x7 0 °  visua l  field.  Bipola r  an d amacrin e cel l  layer s consis t  o f  140x14 0 cell s respectivel y whic h correspon d t o th e 
recepto r  layer .  Thre e type s o f  gangUo n cell s hav e bee n modeled ,  eac h consistin g o f  25x2 5 cell s whic h correspon d t o 
70 °x7 0 °  visua l  field  sinc e th e ganglio n cell s hav e 2 0 °R F an d li e 2  °  apart .  Th e R 2 laye r  project s t o th e S P laye r  i n 
th e tectum ,  an d th e S P laye r  an d R 3 laye r  togethe r  converg e o n th e A T laye r  i n th e anterio r  thalamus ,  wher e th e 
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10 m m 

movement  directio n 

Figur e 6 .  Dishabituatio n hierarch y predicte d fro m thi s 
model  b y shrinkin g stimulu s size .  Al l  th e stimul i  ar e 1 0 
mm lon g an d 2  J  m m high .  Th e sam e se t  o f  stimulu s 
configuration s i s use d a s i n Figur e 1 . 

20 nu n 

O D D O OQ 
•  fa 

inovemen i  directio n I 

Figur e 7 .  Dishabituatio n hierarch y predicte d fro m thi s 
model  b y reversin g contras t  direction .  I n contras t  t o 
Fig.l ,  whit e stimulu s i s movin g agains t  blac k 
backgroimd .  Th e sam e se t  o f  stimulu s configuration s i s 
use d a s i n Figur e 1 . 

worm-lik e patter n discriminalio n i s finall y achieved .  Th e 
entir e simulatio n contain s abou t  100,00 0 cells .  Bitma p 
stimul i  ar e used . 

Th e simulatio n o f  th e patter n discriminatio n wa s don e 
afte r  th e retin a mode l  wa s fixed.  Sinc e th e retina l  response s 
ar e constraine d strongl y b y th e experimenta l  dat a [9 ,  10] , 
th e retina l  model ,  eve n it s variou s parameters ,  canno t  b e 
modifie d t o fit  othe r  simulatio n purpose s sinc e otherwis e 
th e origina l  matc h betwee n th e mode l  an d th e dat a coul d 
not  b e preserved .  Thi s represent s a  rea l  challeng e fo r  late r 
simulation s base d o n retina l  output .  O n th e othe r  hand , 
thi s requiremen t  als o provide s a  stric t  testbe d fo r 
hypothese s an d neura l  models . 

A majo r  postulat e o f  thi s pape r  i s tha t  toad s represen t 
object s b y tempora l  coding .  Thi s theor y explain s th e 
locus-specificit y o f  habituatio n an d th e dishabituatio n 
hierarch y i n th e followin g way :  a  stimulu s a t  a  highe r 
positio n o f  th e hierarch y elicit s a  stronge r  respons e a t 
some locatio n tha n tha t  elicite d b y a  stimulu s a t  a  lowe r 
position .  Base d o n th e theory ,  w e hav e propose d a 
concret e neura l  mode l  whic h successfull y simulate s th e 
experimenta l  data .  Th e followin g lis t  provide s a  numbe r 
of  mode l  predictions : 

(1 )  W h e n th e anima l  i s presente d wit h th e differen t 
worm-lik e stimuli ,  the y wil l  elici t  differen t  neurona l 
response s a t  a  certai n neura l  center ,  an d th e orde r  exhibite d 
base d o n averag e firin g rat e correspond s t o th e orde r 
exhibite d i n th e dishabituatio n hierarchy . 

(2 )  Retina l  ganglio n cel l  typ e R 2 play s a  primar y rol e 
i n th e discriminatio n o f  th e stimuli ,  sinc e R 2 respond s 
bes t  t o smal l  movin g object s an d detect s equall y wel l  bot h 
th e leadin g an d trailin g edg e o f  a  stimulus . 

(3 )  I n th e discriminatio n o f  differen t  "sub-worms" ,  th e 
opti c tectu m serve s onl y t o rela y informatio n fro m retin a 
t o a T H vi a S P cells . 

(4 )  R 3 cell s hav e a n inhibitor y rol e i n w o r m patter n 
discrimination .  Thi s i s du e t o thei r  off-channe l  preferenc e 
(fro m whit e t o black) . 

(5)  Anterio r  thalamu s i s th e structur e whic h reflect s th e 
fina l  patter n discrimination .  Thi s structur e receive s 
excitator y projection s fro m S P an d inhibitor y projection s 
fro m R 3 . 

I n term s o f  stimulu s size ,  th e curren t  mode l  wil l  creat e 
differen t  hierarchie s base d o n differen t  size s o f  worm-lik e 
stimuli .  Afte r  completin g th e previou s simulations ,  w e 
shrinke d th e siz e o f  al l  th e stimul i  t o 1 0 m m lon g an d 
2 . 5 m m hig h correpondin g i o 8 ° b y 2 \  an d teste d thes e 
stimuli .  Fig. 6 show s th e dishabituatio n hierarch y 
predicte d b y thi s model .  A  remarkabl e differenc e ha s bee n 
reveale d compare d t o Fig.l .  Particularly ,  stimulu s h  lie s 
at  th e top ,  i n contras t  t o th e botto m positio n i n Fig.l , 
an d stimul i  wit h dot s appea r  highe r  i n th e hierarchy , 
reversin g th e origina l  relatio n exhibite d i n Figur e 1 .  Ou r 
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explanatio n i s tha t  sinc e th e stimulu s siz e i s halfe d compare d t o Fig.l ,  th e previou s IR F interactio n i n th e R 2 
receptiv e field  ar e convene d int o a n E R F interactio n whic h strengthen s overal l  responses .  Thi s E R F interactio n i s 
particularl y manifeste d b y stimulu s h .  Not e tha t  th e R 3 inhibitio n i n A T neuron s i s relativel y smalle r  tha n th e 
excitatio n fro m S P cells ,  an d thu s canno t  preven t  stimulu s h  fro m inducin g a  stron g A T response .  Thi s mode l 
discover y lead s u s t o postulat e tha t  th e effec t  o f  do t  an d stripe d patter n i s relativ e t o stimulu s siz e i n patter n 
discrimination .  Furthermor e i n term s o f  multipl e stimulu s effect ,  thi s predictio n suggest s tha t  i f  multipl e stimul i  li e 
clos e t o eac h othe r  the y ten d t o cooperat e t o for m a  stronge r  respons e tha n an y on e o f  them ,  otherwis e i f  th e stimul i 
Ue fa r  fro m eac h othe r  the y ten d t o compet e an d conterac t  eac h other' s response . 

I n thi s mode l  o f  patter n discriminatio n bot h on-channe l  an d off-channe l  effect s ar e considere d important .  W e 
hav e teste d th e sam e stimulu s pattern s a s i n Fig. l  bu t  reverse d th e contrast-direction ,  i.e .  whit e stimul i  movin g 
agains t  a  blac k backgroun d (w/b) .  A  ne w dishabituatio n hierarch y i s foun d i n ou r  simulation ,  a s show n i n Figur e 7 . 
The respons e o f  R 2 cell s wit h w/ b i s th e sam e a s wit h b/w ,  bu t  no w R 3 cell s sho w a  trailin g edg e preference .  Thes e 
prediction s hav e t o b e teste d experimentally . 
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