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Abstrac t 

Recent  Positro n Emissio n Tomograph y (PET )  an d othe r 
studie s hav e produce d detaile d informatio n abou t  th e 
area s o f  th e brai n involve d i n wor d associatio n tasks , 
thei r  functiona l  role s i n learnin g wor d associations ,  an d 
th e change s i n activit y i n thes e area s durin g learning . 
We presen t  a  dynami c neuron d mode l  tha t  replicate s 
observe d huma n cognitiv e behavio r  i n learnin g wor d as -
sociation s whil e satisfyin g salien t  neuroanatomica l  an d 
neuropsychologica l  constraints .  Th e mode l  capture s th e 
observe d dynamic s o f  cortico-thalamo-basa l  ganglioni c 
loops . 

Introduction 

Althoug h "practic e make s perfect "  ha s bee n a  long -
standin g dictu m o f  skil l  learning ,  i t  i s onl y recentl y tha t 
some ligh t  ha s bee n she d o n th e brai n mechanism s in -
volve d i n th e learnin g o f  skill s  wit h practice .  B y com -
binin g informatio n abou t  th e functiona l  anatom y o f  th e 
brai n obtaine d throug h Positro n Emissio n Tomograph y 
(PET )  wit h othe r  anatomica l  an d physiologica l  data ,  re -
searcher s hav e bee n abl e t o piec e togethe r  a  mor e com -
plet e pictur e o f  th e brai n mechanism s involve d i n learn -
in g specifi c  cognitiv e an d moto r  task s (e.g. ,  (Raichl e 
et  al. ,  1994 ;  Wis e k  Houk ,  1994)) .  This ,  i n turn ,  ha s 
facilitate d th e constructio n o f  realisti c model s o f  thes e 
brai n mechanisms . 

Our  focu s i n thi s pape r  i s o n modelin g th e brai n mech -
anism s involve d i n iterativ e verba l  respons e selectio n 
task s whil e satisfyin g know n anatomica l  an d functiona l 
constraints .  W e presen t  a  heterogenou s dynami c neu -
rona l  mode l  tha t  integrate s divers e area s o f  th e brai n a t 
a system s level .  Ou r  mode l  replicate s bot h th e high-leve l 
cognitiv e behavio r  an d th e micro-leve l  neuroanatomica l 
characteristic s o f  th e divers e brai n circuit s involved . 

Human cognitiv e behavio r  i n iterate d verba l  respons e 
selectio n task s i s a  simple ,  ye t  interesting ,  exampl e o f 
learnin g wit h practice .  Whe n subject s ar e aske d t o re -
spond ,  fo r  example ,  wit h appropriat e verb s fo r  a  visuall y 
presente d lis t  o f  nouns ,  repeate d presentatio n o f  th e lis t 
initiall y  elicit s varyin g response s t o eac h noun ,  bu t  wit h 
practice ,  stereotypi c response s develop .  Practice d re -
sponse s als o ar e produce d faste r  tha n thos e i n th e naiv e 
condition .  I n additio n t o thes e basi c characteristics ,  ver -
bal  respons e selectio n als o show s dependenc e o n severa l 
cognitiv e variables ,  which ,  whe n manipulated ,  ca n giv e 
ris e t o priming ,  masking ,  interference ,  an d othe r  cogni -
tiv e phenomena . 

Rela te d Resea rc h 

I n a  recen t  se t  o f  studies ,  Raichl e e t  al .  (1994 )  an d other s 
used P E T scan s t o examin e th e difference s i n th e func -
tiona l  anatom y o f  th e brai n durin g naiv e an d practice d 
performanc e o f  verba l  respons e selection .  P E T scan s 
over  repeate d presentation s showe d a  shif t  i n brai n ac -
tivit y fro m th e anterio r  cingulate ,  th e lef t  prefronta l  an d 
lef t  posterio r  tempora l  cortices ,  an d th e righ t  cerebella r 
hemispher e i n th e naiv e conditio n t o th e sylvian-insula r 
corte x bilaterall y an d th e lef t  media l  extrastriat e cor -
te x afte r  practice .  Introductio n o f  a  nove l  stimulu s afte r 
practic e reactivate d th e region s activ e i n th e naiv e con -
dition .  Raichl e e t  al .  (1994 )  conclude d tha t  tw o dis -
tinc t  brai n circuit s wer e employe d i n verba l  respons e 
generation ,  on e fo r  controlle d selectio n o f  response s an d 
th e othe r  fo r  th e productio n o f  learne d o r  automati c re -
sponses . 

Complementary to the broad overview provided by 
th e above-mentione d P E T studie s o f  th e functionalit y 
of  th e brai n area s involve d i n respons e selection ,  mor e 
focuse d studie s hav e yielde d fairl y detaile d informatio n 
abou t  th e neuroanatom y an d neurophysiolog y o f  th e ar -
eas involved .  Fo r  example ,  whil e cortica l  area s i n genera l 
represen t  informatio n regardin g th e interna l  stat e o f  th e 
organis m o r  th e externa l  stat e o f  th e environmen t  (e.g. , 
(Mountcastle ,  1978)) ,  ther e i s evidenc e t o sugges t  tha t 
th e cingulat e corte x specificall y represent s informatio n 
pertainin g t o th e tas k tha t  i s currentl y bein g performe d 
(Pard o e t  al. ,  1990 ;  Vog t  e t  al. ,  1992) .  Similarly ,  i t  i s 
suggeste d tha t  th e sylvian-insula r  corte x serve s a s a n 
associativ e stor e fo r  learne d response s t o stimul i  (Mit z 
et  al. ,  1991 ;  Raichl e e t  al. ,  1994) . 

Finally, the volume edited by Houk et al. (Houk et al., 
1995 )  (se e also ,  Hou k an d Wis e (Hou k &  Wise ,  1993) ) 
present s considerabl e evidenc e t o indicat e tha t  th e basa l 
gangli a ar e involve d i n th e selectio n an d latchin g o f  rel -
evan t  aspect s o f  th e curren t  cortica l  stat e i n a  task -
dependen t  fashion .  Thi s volum e als o describe s th e pro -
jection s betwee n area s o f  th e cortex ,  th e basa l  ganglia , 
and th e thalamu s i n detail .  I n devisin g ou r  model ,  whic h 
i s base d o n th e modula r  architectur e describe d b y Hou k 
and Wis e (Hou k &  Wise ,  1993) ,  w e hav e adhere d t o th e 
above-mentione d an d othe r  know n anatomica l  an d func -
tiona l  constraints . 
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Neura l  Modelin g o f  Verba l  Respons e 

Selectio n 

Althoug h verba l  respons e selectio n i s a  high-leve l  cogni -
tiv e behavior ,  ou r  mode l  i s  implemente d a t  a  neuro n leve l 
i n orde r  t o enabl e u s t o incorporat e ou r  knowledg e o f  th e 
neurophysiolog y o f  th e brai n area s participatin g i n th e 
task .  W e hav e use d lumpe d model s o f  th e neuron s i n ou r 
implementation ,  primaril y becaus e littl e i s know n abou t 
th e impac t  o f  sub-neurona l  dynamic s o n th e high-leve l 
cognitiv e behavior .  However ,  on e o f  ou r  goal s i s t o de -
termin e th e appropriat e leve l  o f  detai l  neede d t o mode l 
al l  th e relevan t  aspect s o f  verba l  respons e selectio n i n 
humans. 

The mos t  importan t  featur e o f  ou r  mode l  i s tha t  i t 
incorporate s th e dynamica l  characteristic s o f  th e brai n 
circuit s involved .  Thi s allow s u s t o replicat e th e tem -
pora l  characteristic s o f  th e observe d cognitiv e behavior , 
whic h i s essentia l  fo r  an y meaningfu l  stud y o f  th e phe -
nomenon o f  learning .  I t  wil l  als o enabl e u s t o compar e 
th e dynami c behavio r  o f  th e mode l  i n simulation s wit h 
th e tempora l  characteristic s o f  neurona l  activation s re -
veale d b y E R P data . 

Description of the Model 

The architectur e use d fo r  ou r  preliminar y mode l  i s de -
picte d i n Figur e 1 .  A  primar y featur e o f  thi s architectur e 
i s th e presenc e o f  tw o processin g streams .  Th e controlle d 
strea m consist s o f  th e cingulat e cortex ,  th e cortica l  mod -
ule s representin g th e inpu t  words ,  th e fronta l  cortex ,  th e 
basa l  ganglia ,  an d th e thalamus .  Ther e i s als o a n auto -
mati c stream ,  whic h consist s o f  th e sylvian-insula r  cor -
tex .  I n th e P E T studies ,  thes e wer e th e area s whos e 
excitatio n differe d significantl y i n th e naiv e an d prac -
tice d performanc e o f  th e respons e selectio n tas k (e.g. , 
(Raichl e e t  al. ,  1994)) .  Bot h thes e stream s receiv e com -
m on input s fro m th e sensor y area s an d sen d output s t o 
th e moto r  areas . 

The cortica l  module s representin g th e anterio r  cin -
gulat e an d th e sensor y an d languag e area s ar e orga -
nize d a s column s o f  neuron s tha t  correspon d t o corti -
cal  columns ,  eac h functionin g a s a  relativel y coheren t 
informatio n processin g uni t  a s discusse d b y Mountcas -
tl e (1978) .  Eac h cortica l  modul e form s a  distribute d 
representatio n o f  som e interna l  stat e o f  th e organis m o r 
externa l  stat e o f  th e environment .  Cortico-cortica l  in -
terconnection s forme d throug h Hebbia n learnin g (Hebb , 
1949 )  mak e i t  possibl e fo r  th e cortica l  module s t o develo p 
robus t  representations . 

The representation s use d clearl y hav e a  significan t  im -
pac t  o n th e functionin g o f  a  model .  I n th e curren t  model , 
we use d a  distribute d representatio n ove r  th e sensor y 
and languag e cortica l  module s t o encod e stimulu s words , 
wit h eac h modul e denotin g a  "feature "  o r  "category "  o f 
word s (e.g. ,  "colors "  o r  "verbs") .  Th e rational e fo r  thi s 
representatio n i s  presente d i n th e nex t  section .  Thes e 
cortica l  representation s ar e inpu t  t o th e basa l  ganglia , 
th e sylvian-insula r  cortex ,  an d th e fronta l  cortex .  Addi -
tionally ,  th e cingulat e modul e store s a  representatio n o f 
th e tas k (e.g. ,  "generat e a  colo r  response") ,  an d provide s 
i t  t o th e basa l  gangli a an d th e sylvian-insula r  cortex . 

We postulat e tha t  ther e woul d b e a  projectio n fro m th e 
cingulat e t o th e cerebellu m a s wel l  an d thi s wil l  b e im -
plemente d i n futur e wor k a s describe d i n th e discussio n 
section . 

Phasi c activit y i n th e sensory/languag e cortica l  m o d -
ule s i s passe d o n t o th e fronta l  corte x throug h direc t  pro -
jection s a s show n i n Figur e 1 .  I n addition ,  th e fronta l 
corte x als o ha s highl y specifi c  reciproca l  projection s wit h 
th e thalamus ,  resultin g i n loca l  cortico-thalami c loop s 
that ,  whe n active ,  m a y sustai n activit y i n fronta l  corte x 
neuron s (Hou k &  Wise ,  1993) .  Thes e loop s coul d b e ac -
tivate d throug h selectiv e disinhibitio n b y th e basa l  gan -
gli a (fo r  review ,  se e (Chevalie r  &  Deniau ,  1990)) ,  whic h 
act s a s a  pattern-recognize r  a s suggeste d b y Hou k an d 
Wis e (Hou k &  Wise ,  1993) .  W e hav e modele d thes e in -
teraction s o f  th e fronta l  cortex ,  th e thalamu s an d th e 
basa l  ganglia ,  whic h togethe r  for m th e controlle d re -
spons e pathway .  Base d o n input s fro m th e cortica l  mod -
ule s an d th e cingulate ,  th e basa l  gangli a selectivel y dis -
inhibi t  th e fronta l  cortex-thalamu s loop s correspondin g 
t o th e wor d feature s appropriat e fo r  th e task ,  resultin g 
i n sustaine d activatio n o f  thes e feature s i n th e fronta l 
cortex .  Thu s th e outpu t  o f  th e controlle d circui t  i s  a n 
appropriat e wor d represente d b y th e tonicall y selecte d 
feature s i n th e fronta l  cortex . 

I n paralle l  wit h th e controlle d circuit ,  th e sylvian -
insula r  corte x module ,  whic h form s th e automati c cir -
cuit ,  produce s a  respons e associate d wit h th e cortica l  in -
puts .  Becaus e o f  a  lac k o f  concret e anatomica l  evidenc e 
at  thi s point ,  w e simpl y modele d th e insula r  learnin g a s 
a linea r  associativ e network .  Althoug h thi s i s no t  biolog -
icall y faithful ,  i t  doe s hav e th e propert y o f  incrementall y 
learnin g th e correc t  outpu t  respons e base d o n example s 
give n b y th e performanc e o f  th e controlle d pathwa y an d 
thu s allow s u s t o observ e th e overal l  dynamic s o f  th e 
model .  Dependin g upo n previou s experience ,  th e re -
spons e give n b y th e associativ e networ k simulatin g th e 
sylvian-insula r  corte x m a y no t  b e appropriat e fo r  th e 
specifie d task .  Therefor e ther e i s a  nee d fo r  decidin g 
whic h respons e generatio n circui t  t o rel y on .  A s men -
tione d i n th e discussion ,  w e hypothesiz e tha t  thi s rol e i s 
playe d b y th e cerebellum ,  whic h woul d inhibi t  th e inap -
propriat e response . 

I n th e curren t  implementation ,  learnin g o f  synapti c 
weight s take s plac e i n th e intra -  an d inter-cortica l  mod -
ul e connections ,  an d i n th e sylvian-insula r  cortex .  Al -
thoug h th e othe r  connection s ar e currentl y hard-wired , 
we pla n t o incorporat e learnin g i n bot h th e cerebellu m 
an d th e basa l  gangli a i n orde r  t o replicat e th e develop -
ment  o f  thei r  patter n matchin g abilities .  Considerabl e 
evidenc e regardin g th e presenc e o f  trainin g signal s an d 
thei r  operatio n i n thes e area s i s alread y availabl e t o guid e 
thi s work . 

Representation of words 

Our  us e o f  a  distribute d representatio n ove r  th e sen -
sor y an d languag e cortica l  modula r  arra y (Wis e & 
Houk ,  1994 )  t o encod e stimul i  i s  inspire d b y th e func -
tiona l  anatom y o f  th e corte x (e.g. ,  (Mountcastle ,  1978 ; 
Asanuma,  1975)) .  Th e genera l  organizatio n o f  cortica l 
circuit s appear s t o b e i n th e for m o f  a  distribute d se t 
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Anterio r 
Cingulat e 
Corte x ' 

Cortica l 
Module s 

Fronto-Thalamo-Basa l  Ganglioni c Loo p 
Striata l  Thalamu s Lef t 
Spin y Reciproca l  Prefronta l 
Cell s monosynapti c Corte x 

•  :llo r 
.Dlslnhiblllon̂ ^  projeciion s 

Controlle d pathwa y 

Task s 

Associativ e memor y word s 

Sylvia n 
Insula r 
Corte x 

Articulator y 
outpu t 

Automati c pathwa y 

F igur e 1 :  T h e architectur e o f  th e verba l  respons e selectio n m o d e l . 

o f  functionall y specifi c  region s o r  c o l u m n s interactivel y 
involve d i n th e execut io n o f  a  g ive n task .  E a c h function -
all y specifi c  regio n extract s f r o m it s  input s highe r  leve l 
i n fo rmat io n regard in g a  particula r  aspec t  o f  th e task . 

S h a r i n g o f  processe d in fo rmat io n t h r o u g h reciproca l 
cortico-cortica l  projection s b e t w e e n region s enable s in -
f o r m a t i o n extracte d i n o n e regio n t o influenc e th e pro -
cessin g o f  i n fo rma t i o n i n othe r  region s concerne d w i t h 
th e execut io n o f  th e task .  Cortica l  organizat io n i n 
column s wit h reciproca l  projection s betwee n column s 
has bee n observed ,  fo r  example ,  i n th e primar y an d sec -
ondar y visua l  area s (Mountcastle ,  1978) ,  a s wel l  a s i n 
th e moto r  corte x (Asanuma ,  1975) . 

T h e cortica l  modula r  arra y (Wis e &  Houk ,  1994 )  i n 
our  implementatio n correspond s t o th e loca l  informa -
tio n processin g region s o f  th e cortex ,  wit h eac h modul e 
concerne d wit h th e representatio n o f  a  "feature "  o r  "cat -
egory "  o f  words .  Fo r  example ,  a  modul e migh t  represen t 
a colo r  o r  color s associate d wit h th e stimulu s word ,  o r 
th e fac t  tha t  i t  i s  a  verb .  A s a  result ,  eac h wor d i s 
represente d a s a  distribute d activatio n o f  th e feature s 
associate d wit h tha t  word . 

Currently ,  th e nomina l  leve l  o f  thi s distribute d acti -
vatio n i s predetermine d fo r  eac h stimulu s wor d i n ou r 
model .  Th e level s o f  activatio n ar e give n i n Tabl e 1 . 
Thus ,  presentatio n o f  a  stimulu s wor d i s effecte d b y 
addin g th e activation s indicate d i n th e tabl e t o th e cor -
respondin g neuron s i n th e cortica l  modules .  I f  n o valu e 
i s specifie d i n th e tabl e fo r  a  neuron ,  it s activit y i s no t 
changed . 

For  example ,  whe n th e stimulu s " A P P L E "  i s pre -
sented ,  (amon g others )  th e activation s o f  th e neuron s 
representin g " E A T "  ar e increase d b y 0. 5 an d thos e o f  th e 
neuron s representin g " S W E E T "  b y 0.7 ,  whil e th e acti -
vation s o f  th e neuron s representin g " P E T " ,  fo r  instance , 
ar e no t  change d a t  all .  Thes e change s i n activatio n val -
ues wer e selecte d t o reflec t  th e degre e o f  associatio n be -
twee n th e stimulu s an d th e correspondin g word .  Thus , 
fo r  instance ,  whil e " A P P L E "  i s highl y associate d wit h 
bot h " R E D "  (1.0 )  an d " F R U I T "  (1.0) ,  i t  i s  associate d 

t o a  lesse r  exten t  wit h " E A T "  (0.5) ,  an d no t  a t  al l  wit h 
" B L A C K "  (0.0) . 

T wo factor s influenc e th e tempora l  dynamic s o f  thes e 
distribute d activations .  First ,  shunting-typ e latera l  inhi -
bitio n (e.g. ,  (Pinter ,  1983) )  a m o n g th e neuron s i n a  cor -
tica l  modul e result s i n a  winner-take-al l  typ e selectio n o f 
th e featur e represente d b y tha t  module .  Modelin g neu -
ron s a s leak y integrator s wit h shunting-typ e inhibitio n 
lead s t o dynami c interaction s betwee n th e ne w activit y 
due t o presentatio n o f  a  stimulu s an d th e previousl y ex -
istin g activit y  o f  neuron s i n a  module .  Thes e interaction s 
pla y a  significan t  rol e i n determinin g wha t  i s represente d 
i n eac h module :  previou s stron g activit y  o f  othe r  feature s 
migh t  inhibi t  wea k ne w activit y o f  a  feature ,  resultin g 
i n suppressio n o f  a  featur e i n th e predetermine d repre -
sentatio n o f  th e stimulu s word .  Alternatively ,  previou s 
activatio n o f  th e sam e featur e migh t  lea d t o primin g o f 
th e ne w feature ,  increasin g it s prominenc e i n th e repre -
sentation . 

I n contras t  t o this ,  th e cortica l  module s attemp t  t o 
maintai n a  coheren t  se t  o f  feature s i n a  representatio n 
by filling  i n missin g feature s tha t  wer e ofte n activ e i n th e 
pas t  i n conjunctio n wit h thos e tha t  ar e currentl y active . 
Thi s i s accomplishe d b y mutuall y excitator y projection s 
betwee n module s i n th e cortica l  modula r  arra y whos e 
strength s ar e determine d vi a Hebbia n learnin g (Hebb , 
1949) .  Du e t o th e dynami c natur e o f  th e representatio n 
of  stimulu s words ,  presentin g th e sam e wor d i n differen t 
historica l  context s ca n elici t  differen t  response s du e t o 
primin g effects ,  muc h a s i n th e cas e o f  h u m a n subjects . 

Simulation Results 

I n thi s section ,  w e presen t  simulatio n result s tha t  demon -
strat e th e feature s o f  ou r  model .  Fo r  thes e simulations , 
we selecte d a  lis t  o f  2 0 word s t o represen t  i n ou r  model . 
Of  these ,  si x wer e use d a s stimuli ,  whil e th e response s 
coul d b e selecte d fro m al l  20 .  Th e response s wer e classi -
fied  int o fou r  groups ,  namely ,  stimuli ,  colo r  names ,  verbs , 
an d miscellaneous .  A  separat e cortica l  modul e wa s use d 
t o represen t  word s i n eac h group .  I n Tabl e 1 ,  w e presen t 
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Tabl e 1 :  Representatio n o f  th e stimulu s word s i n th e preliminar y mode l  a s activation s o f  cortica l  modula r  arra y 
neuron s representin g th e feature s tha t  compris e potentia l  responses . 

Stimulu s 

Potentia l  Response s 
A P P LE 
BANANA 
GRAPE 
CAT 
DOG 
MOUSE 
BLACK 
BROWN 
RED 
YELLOW 
BUY 
EAT 
FALL 
RUN 
HOUSE 
FRUIT 
PET 
SWEET 
SOUR 
TREE 

APPLE 

1.0 

1.0 

0.9 
0.5 
0.8 

1.0 

0.7 
0.5 
0.4 

BANANA 

1.0 

1.0 
0.9 
0.2 
0.8 

0.8 

0.4 
0.1 
0.1 

GRAPE 

1.0 
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th e (predetermined )  activation s o f  th e word s i n eac h sen -
sory/languag e cortica l  modul e whe n eac h o f  th e stimulu s 
word s i s presented . 

The mode l  capture s th e dynamic s o f  cortico-thalamo -
basa l  ganglioni c loop s suggeste d b y Hou k an d Wis e 
(1993 )  base d o n neurophysiologica l  evidenc e gathere d 
by severa l  researcher s (e.g. ,  (Chevalie r  &  Deniau ,  1990 ; 
Faste r  &  Alexander ,  1973 ;  Goldman-Raki c &  Friedman , 
1991)) .  A n exampl e o f  thi s i s  presente d i n Figur e 2 . 
The firs t  plo t  show s th e activit y o f  fronta l  corte x neu -
ron s whe n n o tas k i s specified .  A s ca n b e seen ,  th e initia l 
activit y o f  th e neuron s du e t o stimulu s wor d presentatio n 
decay s wit h time .  W h e n a  " C O L O R "  tas k i s specified , 
th e activit y o f  neuron s representin g a  colo r  associate d 
wit h th e stimulu s wor d i s  sustaine d throug h selectiv e 
activatio n o f  th e correspondin g loops ,  whil e th e activ -
it y o f  th e othe r  neuron s decay s away .  Similarly ,  whe n 
a " V E R B "  tas k i s  specified ,  activit y o f  neuron s repre -
sentin g action s associate d wit h th e stimulu s wor d get s 
selectivel y sustained . 

As reporte d b y Raichl e e t  al .  (1994) ,  th e media n re -
spons e time s o f  h u m a n subject s decrease s significantl y 
over  successiv e block s o f  presentatio n o f  th e sam e se t  o f 
stimuli .  I f  a  nove l  stimulu s se t  i s  presente d immediatel y 
followin g thes e repeate d blocks ,  th e respons e tim e re -
turn s t o abou t  th e sam e leve l  a s i n th e naiv e conditio n 
fo r  th e origina l  stimulu s set .  W e ra n a  simila r  experimen t 
wit h ou r  system .  W e presente d thre e stimuli ,  A P P L E , 
D O G,  an d M O U S E,  fo r  1 0 successiv e blocks ,  followe d b y 
10 mor e block s with  th e stimul i  B A N A N A,  G R A P E,  an d 
C A T.  A s illustrate d i n Figur e 3 ,  th e respons e tim e o f  th e 
syste m als o decrease d wit h repeate d presentation s o f  th e 
same stimulu s se t  fo r  1 0 blocks .  Moreover ,  a s wit h hu -
man subjects ,  presentatio n o f  a  nove l  stimulu s se t  cause d 

a significan t  increas e i n th e respons e time ,  whic h furthe r 
repetition s cause d t o decrease . 

Discussion 

Th e result s give n i n th e las t  sectio n indicat e tha t  a  mode l 
whic h i s base d upo n th e anatomica l  an d functiona l  fea -
ture s o f  th e area s o f  th e brai n observe d t o participat e 
i n learnin g wor d associatio n task s doe s indee d exhibi t 
th e cognitiv e behaviou r  observe d i n humans .  Th e mode l 
raise s m a n y importan t  question s whic h sugges t  severa l 
direction s fo r  futur e research .  T w o majo r  issue s ar e dis -
cusse d below . 

A primar y issu e fo r  investigatio n i s th e existenc e o f 
dua l  (controlle d an d automatic )  pathway s fo r  verba l  re -
spons e selection .  Althoug h th e P E T dat a fro m Raichl e 
et  al.' s  stud y (1994 )  support s suc h a  model ,  additiona l 
functiona l  evidenc e obtaine d usin g alternativ e method s 
suc h a s even t  relate d potential s ( E R P )  i s neede d t o con -
firm  o r  refut e th e conclusion s o f  th e P E T study . 

A n importan t  aspec t  requirin g stud y i s th e functiona l 
rol e o f  th e cerebellum .  A s mentione d above ,  increase d 
righ t  cerebella r  activit y ha s bee n observe d i n th e naiv e 
conditio n o f  th e wor d associatio n task .  W e hypothe -
siz e tha t  th e cerebellu m facilitate s verba l  respons e selec -
tio n i n tw o importan t  ways :  i t  arbitrate s betwee n th e 
controlle d an d th e automati c circuits ,  an d i t  facilitate s 
learnin g i n th e automati c pathway .  Thi s hypothesi s i s 
base d o n dat a fro m Fei z e t  al .  (Fei z e t  al. ,  1992) ,  w h o 
foun d tha t  damag e t o th e righ t  cerebella r  hemispher e o f 
a h u m a n subjec t  du e t o a  strok e resulte d th e patient' s 
inabilit y  t o selec t  appropriat e wor d associatio n response s 
t o word s a s wel l  a s hi s abilit y t o lear n a t  thi s task .  W e 
ar e i n th e proces s o f  incorporatin g thi s functio n o f  th e 
cerebellu m i n ou r  model . 
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4 6 
Time 

Figur e 2 :  Exampl e o f  selectio n o f  a n appropriat e respons e fo r  differen t  task s b y th e controlle d circuit .  Th e colo r  an d 
ver b tas k plot s ar e activation s o f  neuron s i n th e cingulat e corte x representin g thos e tasks .  Th e respons e activation s 
(e.g. ,  " R E D " ,  " B U Y " ,  " T R E E " )  ar e o f  neuron s i n th e prefronta l  cortex . 
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Figur e 3 :  Learnin g verba l  responses .  Stimul i  switche d fro m (APPLE ,  D O G,  M O U S E)  t o (BANANA ,  G R A P E,  CAT ) 
i n bloc k 11 . 
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