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M o d e l s o f  N e u r o m o d u l a t i o n a n d I n f o r m a t i o n p r o c e s s i n g D e f i c i t s 

I N S c h i z o p h r e n i a 

David Servan-Schreiber and Jonathan D. Cohen 

School of Computer Science and Department of Psychology 
Carnegi e Mello n Universit y 

and 
Wester n Psychiatri c Institut e and  Clini c 

Universit y o f  Pittsburg h 

Abstract 

This paper illustrates the use of connectionist models to explore the relationship between biological 
variable s an d cognitiv e deficits .  Th e model s sho w ho w empirica l  observation s abou t  biologica l  an d 
psychologica l  deficit s ca n b e catpure d withi n th e sam e framewor k t o accoun t  fo r  specifi c  aspect s o f 
behavior .  W e presen t  simulatio n model s o f  thre e attentiona l  an d linguisti c task s i n whic h schizophrenic s 
sho w performanc e deficits .  A t  th e cognitiv e level ,  th e model s sugges t  tha t  a  disturbanc e i n th e processin g 
of  contex t  ca n accoun t  fo r  schizophreni c pattern s o f  performanc e i n bot h attentio n an d language-relate d 
tasks .  A t  th e sam e time ,  th e model s incorporat e a  mechanis m fo r  processin g contex t  tha t  ca n b e identifie d 
wit h th e functio n o f  th e prefronta l  cortex ,  an d a  paramete r  tha t  correspond s t o th e effect s o f  dopamin e i n th e 
prefronta l  cortex .  A  disturbanc e i n thi s paramete r  i s sufficien t  t o accoun t  fo r  schizophreni c pattern s o f 
performanc e i n th e thre e cognitiv e task s simulated .  Thus ,  th e model s offe r  a n explanator y mechanis m 
linkin g performanc e deficit s t o a  disturbanc e i n th e processin g o f  contex t  which ,  i n turn ,  i s  attribute d t o a 
reductio n o f  dopaminergi c activit y i n prefronta l  cortex . 

Schizophrenia is marked by a wide variety of behavioral deficits, including disturbances of attention, language 
processin g an d proble m solving .  Schizophreni a i s  als o characterize d b y biologica l  abnormalities ,  includin g 
disturbance s i n specifi c  neurotransmitte r  system s (e.g. ,  dopamin e an d norepinephrine )  an d anatomi c structure s 
(e.g. ,  prefronta l  corte x an d hippocampus) .  Fo r  th e mos t  part ,  however ,  th e behavio r  an d biolog y o f  schizophreni a 
hav e remaine d separat e fields  o f  inquiry .  Despit e a  m o d e m consensu s tha t  informatio n processin g deficit s i n 
schizophreni a ar e th e resul t  o f  underlyin g biologica l  abnormalities ,  fe w effort s hav e bee n m a d e t o specif y exactl y 
h o w thes e phenomen a relat e t o on e another . 

In this pap)er we address this issue by drawing upon the framework of connectionist models. This framewoilc 
provide s theoretica l  concept s tha t  ar e intermediat e betwee n th e detail s o f  neuroscientifi c  observation s an d th e box -
and-arro w diagram s o f  traditiona l  informatio n processin g o r  neuropsychologica l  theories .  W e explor e th e abilit y o f 
connectionis t  model s t o explai n aspect s o f  schizophreni c behavio r  i n term s o f  specifi c  underlyin g biologica l 
disturbances .  A t  th e behaviora l  level ,  th e model s addres s bot h norma l  an d schizophreni c performanc e i n thre e 
experimenta l  tasks :  tw o tha t  ta p attentiona l  performanc e (th e Stroo p tas k an d th e continuou s perfoimanc e lest) ,  an d 
on e tha t  measure s languag e processin g abilitie s ( a lexica l  disambiguatio n task) .  T h e model s us e a  c o m m o n se t  o f 
informatio n processin g mechanisms ,  an d sho w h o w a  numbe r  o f  seemingl y disparat e observation s abou t 
schizophreni c behavio r  ca n al l  b e relate d t o a  singl e functiona l  deficit :  a  disturbanc e i n th e processin g o f  context . 

The models also suggest that this functional deficit may be explained by a specific biological disturbance: a 
reductio n i n th e effect s o f  th e neurotransmitte r  dopamin e i n prefronta l  corte x (PFC) .  First ,  w e s h o w h o w a 
particula r  paramete r  o f  th e model s ca n b e use d t o simulat e th e neuromodulator y effect s o f  dopamin e a t  th e neurona l 
level .  W e the n presen t  th e result s o f  simulation s i n whic h thi s paramete r  i s disturbe d withi n a  modul e correspondin g 
t o th e functio n o f  P F C .  I n eac h o f  th e thre e behaviora l  simulations ,  thi s disturbanc e lead s t o change s i n performanc e 
tha t  quantitativel y matc h thos e observe d fo r  schizophrenic s i n th e correspondin g tasks .  Thes e findings  sugges t  tha t 
a numbe r  o f  th e disturbance s o f  attentio n an d languag e foun d i n schizophreni a m a y al l  result  fro m a  disturbanc e i n 
th e processin g o f  contex t  which ,  i n turn ,  m a y b e explaine d b y a  singl e biologica l  abnormality ,  a  reduction  o f 
dopaminergi c activit y i n P F C . 

The background of the models presented in this paper spans a large and diverse literature concerning cognitive 
deficit s i n schizophrenia ,  th e anatom y an d physiolog y o f  dopamin e systems ,  th e neurophysiolog y an d 

The orde r  o f  authorshi p wa s determine d b y th e tos s o f  a  coin .  Thi s wor k wa s supporte d b y a  N I M H Physicia n Scientis t  Awar d 
(MH00673 )  t o J D C an d a  N I M H Individua l  Fello w Awar d (MH09696 )  t o DSS .  Correspondenc e concernin g thi s pape r  shoul d 
be addresse d t o eithe r  autho r  a t  Carnegi e Mello n University ,  Pittsburgh ,  P A 15213 . 
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neuropsycholog y o f  fronta l  cortex ,  an d th e rol e o f  thes e biologica l  system s i n schizophrenia .  A  fiil l  revie w o f  thes e 
dat a i s beyon d th e scop e o f  thi s communicatio n (se e Cohe n an d Servan-Schreiber ,  1989 ,  fo r  a  mor e comprehensiv e 
review) .  Here ,  w e highligh t  five  empirica l  observation s concemin g informatio n processin g an d biologica l  deficit s i n 
schizophrenia .  Th e purpos e o f  ou r  simulation s i s t o sho w h o w thes e observation s — whic h rang e fro m th e 
biologica l  t o th e cognitiv e leve l  — ca n b e articulate d withi n th e sam e mode l  an d accoun t  fo r  specifi c  aspect s o f 
behavior .  Thes e observation s arc :  1 )  Schizophrenics '  performanc e i n a  variet y o f  cognitiv e task s indicate s a 
decrease d abilit y  t o us e contex t  infomaiio n fo r  selectin g appropriat e behavior .  B y context ,  w e m e a n informatio n 
tha t  i s relevan t  to ,  bu t  i s  no t  par t  o f  th e conten t  o f  a  behaviora l  response .  Thi s ca n b e tas k instruction s o r  specifi c 
previou s stimul i  tha t  determin e correc t  behavior .  2 )  Prefronta l  corte x (PFC )  i s directl y involve d in ,  an d necessar y 
fo r  th e representatio n an d maintenanc e o f  contex t  information .  3 )  Th e norma l  functio n o f  P F C relie s o n th e activit y 
of  th e mesocortica l  dopamin e system .  4 )  Dopamin e ha s a  modulator y effec t  o n th e activit y o f  P F C ,  b y influencin g 
th e responsivity ,  o r  gain ,  o f  cell s i n thi s brai n region ;  an d 5 )  Schizophreni a i s associate d wit h abnormalitie s o f  bot h 
fronta l  corte x an d dopamin e activity . 

Disturbances in the Processing of Context in Schizophrenia 

The Stroop task. This task taps a fundamental attentional phenomenon: the ability to respond to one set of 
stimuli ,  eve n w h e n other ,  mor e compellin g stimul i  ar e available .  Th e paradig m consist s o f  tw o subtasks .  I n one , 
subject s n a m e th e colo r  o f  th e in k i n whic h a  wor d i s printed .  I n th e other ,  subject s rea d th e wor d alou d whil e 
ignorin g in k color .  Norma l  subject s ar e les s abl e t o atten d selectivel y t o color s (i.e. ,  ignor e words )  tha n th e reverse . 
I f  schizophrenic s suffe r  fro m a n attentiona l  defici t  the n thi s effec t  shoul d b e exacerbated ;  tha t  is ,  the y shoul d b e les s 
abl e t o ignor e wor d information ,  an d shoul d sho w a  greate r  interferenc e effect .  Thi s predictio n i s supporte d b y 
studie s o f  schizophreni c performanc e i n th e Stroo p tas k (Abramczy k e t  al. ,  1983 ;  W a p n e r  &  Krus ,  1960) . 
However ,  becaus e a n overal l  slowin g o f  reactio n tim e i s als o observed ,  th e significanc e o f  a n increas e i n 
interferenc e ha s bee n calle d int o question :  Thi s m a y simpl y reflec t  a n unanticipate d effec t  o f  genera l  slowin g o f 
performance ,  rathe r  tha n o f  a  specifi c  attentiona l  deficit .  Thi s issu e ha s no t  bee n resolve d i n th e literature .  Below , 
we wil l  sho w h o w a  simulatio n mode l  o f  thi s tas k ca n hel p distinguis h th e effect s o f  a  genera l  slowin g fro m thos e o f 
a specifi c  attentiona l  deficit . 

Considerations of the Stroop effect typically focus on the role of selecUve attention. However, the processing of 
contex t  i s als o centra l  t o thi s task .  I n orde r  t o respon d t o th e appropriat e dimensio n o f  th e stimulus ,  th e subjec t  mus t 
hol d i n min d th e tas k instruction s fo r  tha t  trial .  Thes e provid e th e necessar y contex t  fo r  interpretin g th e stimulu s an d 
generatin g th e correc t  response .  I n Stroo p experiments ,  trial s ar e typicall y blocke d b y tas k (e.g. ,  al l  colo r  naming , 
or  al l  wor d reading) ,  s o tha t  th e prope r  contex t  i s consistent ,  an d regularl y reinforced .  However ,  i n othe r  attentiona l 
task s — suc h a s th e continuou s performanc e tes t  — thi s i s no t  th e case . 

The Continuous Performance Test. In this task (CPT), subjects are asked to detect a target event among a 
sequenc e o f  briefl y presente d sfimuli ,  an d t o avoi d respondin g t o distracto r  stimuli .  Th e targe t  even t  m a y b e th e 
appearanc e o f  a  singl e stimulu s (e.g ,  detec t  th e lette r  'X *  appearin g i n a  strea m o f  othe r  letters) ,  o r  a  stimulu s 
appearin g i n a  particula r  contex t  (e.g ,  respon d t o 'X '  precede d b y 'A') .  Schizophrenic s (an d ofte n thei r  biologica l 
relatives )  ar e typicall y impaire d i n thei r  abilit y  t o discriminat e betwee n targe t  an d distractor s o n thi s task ,  compare d 
t o norma l  an d paUen t  control s (e.g. ,  Kometsky ,  1972 ;  Nuechterlein ,  1984) .  Thi s defici t  i s  mos t  apparen t  i n 
version s o f  th e tas k tha t  m a k e hig h processin g demands .  Fo r  example ,  i n th e 'CPT-double '  a  targe t  even t  consist s 
of  tw o consecutiv e identica l  letters .  M e m o r y fo r  th e previou s lette r  provide s th e contex t  necessar y t o evaluat e th e 
significanc e o f  th e curren t  letter ;  inabilit y  t o us e thi s contex t  woul d impai r  performance .  Schizophrenic s perfor m 
especiall y poori y i n thi s an d simila r  version s o f  th e task . 

Schizophrenic Language Deficits. Schizophrenics also show poor use of context in language processing. 
Chapman e t  al .  (1964 )  first  demonstrate d thi s i n a  stud y o f  schizophrenics '  interpretatio n o f  lexica l  ambiguities . 
They foun d tha t  schizophrenic s tende d t o interpre t  th e stron g (dominant )  meanin g o f  a  h o m o n y m use d i n a  sentence , 
eve n whe n contex t  suggeste d th e weake r  (subordinate )  meaning .  Fo r  example ,  give n th e sentenc e 'Th e farme r 
neede d a  n e w p e n fo r  hi s cattle, "  schizophrenic s interprete d th e wor d "pen "  t o m e a n writin g implemen t  mor e 
frequentl y tha n contro l  subjects .  The y di d no t  diffe r  fro m contro l  subject s i n th e numbe r  o f  unrelate d meanin g 
response s tha t  wer e m a d e (e.g. ,  interpretin g "pen "  t o mea n "fir e truck") ,  no r  di d the y diffe r  i n th e numbe r  o f  error s 
made whe n th e stron g meanin g wa s correct .  Recently ,  w e teste d th e ide a tha t  schizophrenic s ar e restricte d i n th e 
tempora l  rang e ove r  whic h the y ca n proces s linguisti c contex t  (Cohe n e t  al. ,  1989) .  W e designe d a  lexica l 
ambiguit y task ,  simila r  t o th e on e use d b y Chapma n an d hi s colleagues ,  i n whic h w e coul d manipulat e th e tempora l 
parameter s involved . 

Subjects were presented with sentences made up of two clauses; each clause appeared one at a time on a computer 
screen .  O n e claus e containe d a n ambiguou s wor d i n neutra l  contex t  (e.g. ,  "yo u nee d a  P E N " ) ,  whil e th e othe r 
claus e provide d disambiguatin g contex t  (e.g. ,  "i n orde r  t o kee p chickens "  o r  "i n orde r  t o sig n a  check") .  Clause s 
wer e designe d s o tha t  the y coul d b e presente d i n eithe r  order :  contex t  first  o r  contex t  last .  Th e ambiguit y i n eac h 
sentenc e alway s appeare d i n capita l  letters ,  s o tha t  i t  coul d b e identifie d b y th e subject .  Subject s wer e presente d wit h 
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th e sentence s and ,  followin g each ,  wer e aske d t o interpre t  th e meanin g o f  th e ambiguit y a s i t  wa s use d i n th e 
sentence .  Sentence s wer e distribute d acros s thre e conditions :  a )  wea k meanin g correct ,  contex t  last ;  b )  wea k 
meanin g correct ,  contextyir̂ r ,  c )  stron g meanin g correct ,  contex t  first.  Fo r  example ,  a  give n subjec t  woul d hav e 
see n th e ambiguit y "pen "  i n on e o f  th e thre e followin g conditions ,  an d the n chose n thei r  response  fro m th e lis t  o f 
possibl e meanings : 

(a) you can't keep chickens [clear screen I pause] without a PEN {weak meaning, context first) 
— o r  — 

(b )  withou t  a  PE N [clea r  scree n I  pause ]  yo u can' t  kee p chicken s {wea k meaning ,  contex t  last ) 
— o r  — 

(c )  yo u can' t  sig n a  chec k [clea r  scree n I  pause ]  withou t  a  PE N {stron g meaning ,  contex t  first) 

[clea r  scree n I  pause ] 

The meanin g o f  th e wor d i n capita l  leucr s is : 

a writin g implemen t  a  fence d enclosur e a  kin d o f  truc k 
{stron g meaning )  {wea k meaning )  {unrelate d meaning ] 

The results of this study (shown in Figure 7) corroborated both the Chapmans' original findings, and the 
explanatio n o f  thei r  findings  i n term s o f  a n inabilit y  t o maintai n context .  Thus ,  a s th e Chapman s found , 
schizophrenic s mad e significantl y mor e dominan t  meanin g error s tha n di d control s whe n th e wea k meanin g wa s 
correct .  However ,  thi s onl y occurre d whe n th e contex t  cam e first  (i.e. ,  les s recently  — conditio n B  above) .  Whe n 
contex t  cam e las t  (i.e. ,  mor e recently),  schizophrenic s correctl y chos e th e wea k meaning .  Thi s wa s th e onl y typ e o f 
erro r  tha t  reliably  distinguishe d schizophrenic s fro m controls .  Thes e findings  sugges t  tha t  th e impairmen t  observe d 
i n languag e task s ma y b e simila r  i n natur e t o th e impairment s observe d i n attentiona l  tasks :  a  difficult y i n 
representing  an d maintainin g context . 

PFC, Context, and Dopamine 

Several studies suggest that frontal areas are specifically involved in maintaining context information for the control 
of  action .  Fo r  example ,  a t  th e neurophysiologica l  level ,  Fuste r  (1980 )  an d Goldman-Raki c (1985 )  hav e observe d 
cell s i n P F C tha t  ar e sp>ecifi c  t o a  particula r  stimulu s an d response,  an d tha t  remai n activ e durin g a  dela y betwee n 
these .  The y hav e argue d tha t  neura l  pattern s o f  activit y ar e maintaine d i n P F C whic h encod e th e temporar y 
informatio n neede d t o guid e a  respx)nse .  A t  th e behaviora l  level ,  thes e author s an d Diamon d (e.g. ,  1989 )  hav e als o 
reported  dat a showin g tha t  P F C i s neede d t o perfor m task s involvin g delaye d responses  t o ambiguou s stimuli . 
Diamon d ha s emphasize d tha t  prefronta l  memor y i s required ,  i n particular ,  t o overcom e reflexive  o r  previousl y 
reinforced  response  tendencie s i n orde r  t o mediat e a  contextuall y relevan t  — bu t  otherwis e weake r  — response. 

Furthermore, it has been shown that dopaminergic innervation of PFC is necessary for this brain region to maintain 
contextua l  information .  Experimenta l  lesion s i n animals ,  o r  clinica l  lesion s i n humans ,  t o thi s dopaminergi c suppl y 
can mimi c th e effec t  o f  lesion s t o th e PF C itsel f  o n behaviora l  task s requirin g memor y fo r  contex t  (e.g. ,  Brozosk i  e t 
al. ,  1979) . 

Neuromodulatory Effects of Dopamine 

Several anatomical and physiological observations support the idea that catecholamines such as dopamine and 
norepinephrin e modulat e informatio n processin g i n th e brain .  Dopamin e an d norepinephrin e neuron s originat e i n 
discret e nucle i  localize d i n th e brai n ste m an d thei r  fibers  projec t  radiall y t o severa l  functionall y differen t  area s o f  th e 
C N S.  Th e baselin e firing  rat e o f  thes e neuron s i s lo w an d stable ,  an d th e conductio n velocit y alon g thei r  fibers  i s 
slow .  Thes e characteristic s resul t  i n a  stead y stat e o f  transmitte r  releas e an d relatively  long-lastin g post-synapti c 
effect s tha t  ar e consisten t  wit h a  modulator y role .  Mos t  importantly ,  recen t  evidenc e suggest s tha t  th e effec t  o f 
dopamin e releas e i s no t  t o directl y increas e o r  reduc e th e firing  frequenc y o f  targe t  cell s  (e.g. ,  Chiod o an d Berger , 
1986) .  Rather ,  lik e norepinephrine ,  dopamin e seem s t o modulat e th e respx)ns e propertie s o f  post-synapti c cell s suc h 
tha t  bot h inhibitor y an d excitator y response s t o othe r  afferen t  input s ar e potentiated .  Thi s effec t  ha s bee n describe d 
as a n increas e i n th e 'signal-to-nois e ratio *  o f  th e cells '  behavio r  o r  a n 'enabling '  o f  it s  respons e (e.g. ,  Foot e e t  al. , 
1975) . 

PFC and Dopamine in Schizophrenia 

The behavioral data reviewed earlier concerning schizophrenic performance deficits indicates an insensitivity to 
context ,  an d a  dominan t  respons e tendency .  Thi s i s consisten t  wit h evidenc e tha t  schizophreni a i s associate d wit h 
fronta l  lob e impairment .  Schizophrenic s sho w typica l  fronta l  lob e deficit s o n standar d neuropsychologica l  tests , 
includin g th e Wisconsi n Car d Sor t  Tes t  ( W C S T )  (e.g. ,  Malmo ,  1974 )  an d th e Stroo p tas k (a s describe d above) .  I n 
addition ,  imagin g an d electrophysiologica l  studie s sugges t  a n atroph y an d abnorma l  metabolis m i n th e fronta l  lobe s 
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of  schizophrenic s (e.g. ,  Ingva r  an d Franzen ,  1974) .  Recen t  studie s hav e eve n demonstrate d abnorma l  metabolis m 
i n th e PF C o f  schizophrenic s specificall y durin g perfomianc e o n task s requirin g memor y fo r  contex t  suc h a s th e 
Wisconsi n Car d Sor t  Tas k an d a  varian t  o f  th e C P T (Weinberge r  e t  al. ,  1986 ;  R.M .  Cohe n e t  al. ,  1987) .  Thi s woil c 
confirm s tha t  anatomi c an d physiologica l  deficit s o f  fronta l  corte x ma y indee d b e associate d wit h som e behaviora l 
deficit s observe d i n schizophrenics . 

Frontal lobe dysfunction in schizophrenia fits well with the prevailing neurochemical and psychopharmacological 
dat a concernin g thi s illness .  Th e P F C i s a  primar y projectio n are a fo r  th e mesocortica l  dopamin e system ,  a 
disturbanc e o f  whic h ha s consistentl y bee n implicate d i n schizophreni a (e.g. ,  Meltze r  &  Stahl ,  1976) .  I n vie w o f 
thes e findings,  severa l  author s hav e propose d tha t  reduce d dopaminergi c ton e i n P F C ma y b e associate d wit h 
hypofrontalit y  i n schizophrenia ,  an d ma y b e responsibl e fo r  severa l  o f  th e cognitiv e deficit s tha t  hav e bee n observe d 
(e.g. ,  Weinberge r  &  Herman ,  1988) . 

Summary 

We referred to evidence that schizophrenics inadequately maintain context for the control of action; that the PFC 
play s a  rol e i n maintainin g context ;  tha t  a n intac t  mesocortica l  dopamin e syste m i s necessar y fo r  norma l  P F C 
function ;  an d finally,  tha t  th e mesocortica l  dopamin e syste m i s affecte d i n schizophrenia .  Despit e a  growin g 
recognitio n tha t  thes e observation s ar e related ,  n o theor y ha s ye t  bee n propose d whic h explain s — i n term s o f  causa l 
mechanism s — th e relationshi p betwee n disturbance s i n PF C an d dopamin e o n th e on e hand ,  an d behaviora l  deficit s 
on th e other .  I n th e remainde r  o f  thi s paper ,  w e presen t  a  se t  o f  cormecfionis t  model s tha t  simulat e schizophreni c 
performanc e i n th e task s describe d above . 

Simulation of the Physiological Effects of Dopamine 

In the models, the action of dopamine is simulated as a change in a parameter of the function relating a unit's input to 
i t  activatio n value .  T o d o so ,  w e first  assum e tha t  th e relationshi p betwee n th e inpu t  t o a  neuro n an d th e neuron' s 
frequenc y o f  firing  ca n b e simulate d a s a  non-linea r  functio n relatin g th e ne t  inpu t  o f  a  mode l  uni t  t o it s activatio n 
value .  Physiologica l  experiment s sugges t  tha t  i n biologica l  system s th e shap e o f  thi s functio n i s sigmoid ,  wit h it s 
steepes t  slop e aroun d th e baselin e firing  rat e (e.g. .  Freeman ,  1979) .  Th e sam e experiment s als o indicat e tha t  smal l 
increment s i n excitator y driv e resul t  i n greate r  change s i n firing  frequenc y tha n equivalen t  increment s i n inhibitor y 
input .  Thes e propertie s ca n b e capture d b y th e logisti c functio n wit h a  constan t  negativ e bias : 

^^^•^^^0" = j^g-(gain*net)+bias ^^^^ ^'^'^ ^' ^^'" = ^'^^ 

The potenUating effects of dopamine can be simulated by increasing the 
gai n paramete r  o f  th e logisti c function .  A s Figur e 1  (Gai n =  2.0 ) 
illustrates ,  wit h a  highe r  gai n th e uni t  i s  mor e sensifiv e t o afferen t 
signals ,  whil e it s baselin e firing  rat e (ne t  inpu t  =  0 )  remain s th e same . 
Elsewhere ,  w e hav e show n tha t  suc h a  chang e i n gai n ca n simulat e a  g 
number  o f  differen t  catecholaminergi c effect s a t  bot h th e biologica l  an d 
behaviora l  level s (e.g. ,  Servan-Schreiber ,  Print z &  Cohen ,  1990) . 

fi 

N«t  Inpu t 

I n orde r  t o simulat e th e effec t  o f  a  neuromodulator ,  w e chang e gai n 
equall y  fo r  al l  unit s  i n th e mode l  tha t  ar e assume d t o b e influence d b y tha t 
neuromodulator .  Fo r  example ,  th e mesocortica l  dopamin e syste m ha s 
extensiv e projection s t o prefronta l  cortex .  T o mode l  th e actio n o f 
dopamin e i n thi s brai n area ,  w e chang e th e gai n o f  al l  unit s  i n th e modul e 
correspondin g t o thi s area .  I n th e model s describe d below ,  decrease d * '  igur e 1 
dopamin e activit y i n prefronta l  corte x wa s simulate d b y reducing  th e gai n 
of  unit s i n th e modul e use d t o represen t  an d maintai n context .  I n al l  thre e models ,  simulatio n o f  schizophreni c 
performanc e wa s conducte d b y reducin g gai n fro m a  norma l  valu e o f  1. 0 t o a  lowe r  valu e i n th e rang e 0.6-0.7 . 

Simulation of the Stroop effect 

Elsewhere, we have described a cormectionist model of selective attention that simulates human performance in the 
Stroo p tas k (Cohen ,  Dunba r  &  McClelland ,  i n press) .  I n brief ,  thi s mode l  consist s o f  tw o processin g pathways , 
one fo r  colo r  namin g an d on e fo r  wor d reading  an d a  tas k deman d modul e tha t  ca n selectivel y facilitat e processin g i n 
eithe r  pathwa y (se e Figur e 2 )  Simulation s ar e conducte d b y activatin g inpu t  unit s correspondin g t o stimul i  use d i n 
an actua l  experimen t  (e.g. ,  th e inpu t  uni t  i n th e colo r  namin g pathwa y representin g th e colo r  red)  an d th e appropriat e 
tas k deman d unit .  Activatio n i s the n allowe d t o sprea d throug h th e network .  Thi s lead s t o activatio n o f  th e outpu t 
uni t  correspondin g t o th e appropriat e respons e (e.g. ,  "red") . 
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Thi s simpl e m o d e l  i s  abl e t o simulat e a n impressiv e n u m b e r  o f 
empirica l  p h e n o m e n a associate d wit h th e Stroo p task .  I t  capture s 
th e fou r  basi c effect s (asymmetr y i n spee d o f  processin g betwee n 
w o r d readin g an d colo r  naming ,  th e immuni t y o f  wo r d reading  t o 
th e effect s o f  color ,  th e susceptibilit y  o f  colo r  namin g t o interferenc e 
an d facilitatio n f ro m w o r d s (an d greate r  interferenc e tha n 
facilitation) ,  a s wel l  a s th e influenc e o f  practic e o n interferenc e an d 
facilitatio n effects ,  th e relative  natur e o f  thes e effects ,  respons e se t 
effect s an d stimulu s onse t  asynchron y effect s (se e C o h e n e t  al. ,  i n 
press) . 

This model also exhibits behaviors that make it relevant to 
understandin g schizophreni c disturbance s o f  attention ,  an d thei r 
relationship  t o th e processin g o f  context .  T h e m o d e l  show s h o w 
attentio n ca n b e viewe d a s th e effec t  tha t  contex t  ha s o n selectin g th e 
appropriat e pa thwa y fo r  responding .  Here ,  contex t  i s  provide d b y 
th e tas k instructions .  T h u s ,  w h e n subject s ar e presente d wit h 
conflictin g inpu t  i n t w o dimension s (e.g. ,  th e wo r d G R E E N i n red 
ink) ,  the y respond  t o on e dimensio n an d no t  th e other ,  dependin g u p o n th e contex t  i n wh ic h i t  appear s (i.e. ,  th e 
task :  colo r  n a m i n g o r  w o r d reading) .  I f  fronta l  corte x i s  responsibl e fo r  maintainin g thi s context ,  an d i f 
schizophreni a involve s a  disturbanc e o f  fronta l  lob e function ,  the n w e shoul d b e abl e t o simulat e schizophreni c 
performanc e i n th e Stroo p tas k b y disturbin g processin g i n th e tas k d e m a n d module .  M o r e specifically ,  i f  fronta l 
lob e dysfunctio n i n schizophreni a i s du e t o a  reduction  i n th e activit y o f  it s dopaminergi c input ,  the n w e shoul d b e 
abl e t o simulat e thi s b y reducing  th e gai n o f  unit s i n th e tas k d e m a n d module . 

Figure 3 shows the results of such a simulation, in which the gain of only the task units was reduced; all other units 
wer e unperturbed .  Thi s chang e i n th e contex t  (tas k d e m a n d )  modu l e produce d effect s simila r  t o thos e observe d fo r 
schizophrenics :  a n increas e i n overal l  response  time ,  wit h a  disproportionat e increas e fo r  colo r  namin g interferenc e 
trials .  Thus ,  th e m o d e l  show s tha t  a  lesio n restricted  t o th e mechan is m fo r  processin g contex t  ca n produc e bot h a n 
overal l  degradatio n i n performanc e a s wel l  a s th e expecte d attentiona l  deficit . 

IS O . 

110 , 

Connk: t NarrUn g Ccnfll d 

T h e m o d e l  als o allow s u s t o compar e th e effect s 
o f  thi s specifi c  disturbanc e t o thos e o f  a  m o r e 
genera l  disturbance ,  addressin g a  c o m m o n 
difficult y i n schizophreni a research.  I t  i s  ofte n 
argue d that ,  i n th e presenc e o f  a  genera l 
degradatio n o f  performanc e i n schizophrenic s 
(e.g. ,  overal l  slowin g o f  response),  i t  i s  difficul t 
t o k n o w whethe r  degradatio n i n a  particula r 
experimenta l  conditio n i s du e t o a  specifi c  defici t 
o r  a  m o r e generalize d one .  H o w e v e r ,  thi s 
difficult y arise s primaril y w h e n th e mechan ism s 
fo r  th e deficit s involve d hav e no t  bee n specified . 
T h e m o d e l  provide s u s wit h a  too l  fo r  doin g this . 
A b o v e ,  w e describe d th e m e c h a n i s m fo r  a 
specifi c  attentiona l  defici t  relate d t o disturbance s o f  d o p a m i n e activit y i n P F C .  T o c o m p a r e thi s t o a  m o r e 
generalize d deficit ,  w e induce d overal l  slowin g i n th e mode l  b y decreasin g th e rat e a t  whic h informatio n accumulate s 
fo r  eac h uni t  (cascad e rate) ;  thi s w a s don e fo r  al l  unit s i n th e mode l  (thir d pane l  i n Figur e 3) .  A  lowe r  cascad e rat e 
induce d a n overal l  slowin g o f  response ,  bu t  n o disproportionat e slowin g i n th e interferenc e condition .  I n contrast , 
th e specifi c  disturbanc e i n contex t  representatio n produce d bot h effects .  T h u s ,  th e contex t  hypothesi s provide s a 
bette r  accoun t  fo r  th e dat a tha n a t  leas t  on e typ e o f  generalize d deficit .  W e hav e explore d other s (e.g. ,  a n increas e i n 
th e respons e threshold) ,  wit h simila r  results . 

Word Colo r  Colo i 
Readin g Namin g Conni d 
Empiric*! data 
O Schlioprhanic* 

•  Norma l  contol a 

Wo(d Colo i 
Readin g Namin g 
Cain 
Q Reduced (a6) 

•  Norma l  (1.0 ) 

Cascad e rat a 
^ Reduced (0007) 
^  Norma l  (001 ) 

Figur e 3 

Simulatio n o f  th e Continuou s Performanc e Tes t 

The Stroop model shows how contexmal information and its attentional effects can be represented in a connectionist 
model ,  an d ho w a  specifi c  biologicall y relevan t  disturbanc e i n thi s mechanis m ca n explai n aspect s o f  schizophreni c 
performance .  On e questio n w e migh t  as k is :  H o w genera l  ar e thes e findings?  Here ,  w e exten d th e principle s 
applie d i n th e Stroo p mode l  t o accoun t  fo r  performanc e i n th e CPT . 

As we discussed earlier, schizophrenics show consistent deficits in the CPT. This is particularly true for variants in 
whic h a  deman d i s place d o n memor y fo r  context .  Fo r  example ,  i n th e CPT-double ,  a  targe t  consist s o f  an y 
consecutiv e re-occurrenc e o f  a  lette r  (e.g. ,  a  'B '  immediatel y followin g a  'B') .  Thus ,  subject s mus t  remembe r  th e 
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previou s letter ,  w h i c h p rov ide s th e necessar y contex t  fo r 
respondin g t o th e subsequen t  one .  Schizophrenic s pe r fo r m 
poorl y i n thi s task .  T h i s m a y b e d u e t o a n impa im icn t  i n th e 
processin g o f  contex t  that ,  lik e deficiL s i n th e Stroo p task ,  m i g h t 
b e explaine d b y a  reductio n o f  dopaminerg i c ton e i n prefronta l 
cortex .  I f  thi s i s  so ,  the n w e shoul d b e abl e t o simulat e 
schizophreni c deficit s i n th e C P T - d o u b l e usin g th e s a m e 
manipulat io n use d t o p r o d u c e deficit s i n th e Stroo p task :  a 
reductio n o f  gai n i n th e m o d u l e responsible  fo r  representing  and , 
i n thi s case ,  maintainin g context .  T o tes t  this ,  w e constructe d a 
networ k t o per for m th e C P T - d o u b l e . 

The network consisted of four modules: an input module, an 
intermediat e (associative )  m o d u l e ,  a  lette r  identificatio n m o d u l e 
and a  respons e modul e (se e Figur e 4) .  Th e inpu t  modul e wa s 
used t o represen t  th e visua l  feature s o f  individua l  letters . 
Stimulu s presentatio n wa s simulate d b y activatin g th e inpu t  unit s 
correspondin g t o th e feature s o f  th e stimulu s letter .  Th e networ k wa s traine d t o associat e thes e inpu t  pattern s wit h 
th e correspondin g lette r  unit s i n th e lette r  identificatio n module .  I n addition ,  th e network :  wa s traine d t o activat e th e 
uni t  i n th e respons e modul e wheneve r  a  stimulu s lette r  appeare d twic e o r  mor e i n a  row .  Thi s wa s mad e possibl e b y 
introducin g a  se t  o f  cormection s fro m th e lette r  unit s bac k t o th e intermediat e units .  Thi s allowe d th e networ k t o 
stor e an d us e informatio n abou t  th e previou s a s wel l  a s th e curren t  stimulu s (se e Cohe n &  Servan-Schreiber ,  198 9 
fo r  a  mor e complet e descriptio n o f  trainin g an d processin g i n thi s model) .  Not e tha t  ther e i s a  direc t  analog y 
betwee n th e rol e playe d b y th e lette r  unit s i n thi s model ,  an d th e rol e playe d b y th e tas k deman d unit s  i n th e Stroo p 
model .  Th e representatio n ove r  th e lette r  unit s i n th e C P T mode l  provide d th e contex t  fo r  disambiguatin g th e 
respons e t o a  particula r  patter n o f  input ,  jus t  a s th e tas k deman d unit s di d i n th e Stroo p model .  I n th e C P T model , 
however ,  contex t  wa s determine d b y th e previou s input ,  an d therefor e change d fro m tria l  t o trial . 

F*Mur a Inpu t  Modul e 

Figur e 4 

Followin g training ,  th e networ k wa s abl e t o perfor m ih e 
CPT-doubl e tas k perfectl y fo r  a  se t  o f  2 6 differen t 
stimuli .  T o simulat e th e performanc e o f  norma l  subject s 
— wh o typicall y mis s o n 1 3 % o f  trial s an d fals e alar m o n 
1 % o f  trial s (se e Figur e 5a )  — nois e wa s adde d t o th e ne t 
input ,  wit h th e amoun t  adjuste d t o matc h th e performanc e 
of  th e networ k wit h tha t  o f  huma n subjects .  Th e result s 
of  thi s simulatio n appea r  i n Figur e 5 b (gai n =  1.0) . 
Then ,  t o simulat e schizophreni c performance ,  w e 
disturbe d processin g i n th e lette r  modul e — whic h wa s 
responsibl e fo r  representin g an d maintainin g contex t 

Empirica l  D a U Simulatio n 

Schizophrentc s 
Misse s 
Fds e Alarm s by decreasin g th e gai n o f  thes e unit s b y a n amoun t 

comparabl e t o th e amoun t  use d i n th e Stroo p simulatio n Figur e 5 
(0.66) .  Th e percentag e o f  misse s increase d t o 2 0 % , 
whil e fals e alarm s increase d slightl y  t o 1.1% .  Thes e number s closel y matc h th e result s o f  empirica l  observation s o f 
schizophreni c subjects . 

Although some authors have interpreted schizophrenic performance in the CPT in terms of a deficit in sensory 
processing ,  ou r  mode l  suggest s a n alternativ e hypothesis :  Performanc e deficit s ar e du e t o a  degradatio n i n th e 
memory trac e require d — a s contex t  — fo r  processin g th e curren t  stimulus .  W e assum e tha t  thi s memor y trac e i s 
maintaine d i n prefronta l  cortex ,  an d i s directl y influence d b y change s i n th e dopaminergi c suppl y t o thi s area .  Thi s 
hypothesi s i s consisten t  wit h ou r  accoun t  o f  Stroo p performance ,  an d wit h disturbance s o f  languag e processin g tha t 
we tur n t o next . 

Simulatio n o f  Context-Dependen t  Lexica l  Disambiguatio n 

The language model (Figure 6) incoiporates elements of the two previous simulations. The network was similar to 

th e CP T model .  I t  wa s traine d t o associat e inpu t  pattern s representin g lexica l  stimul i  (e.g. ,  th e wor d PEN )  t o 
pattem s i n tw o outpu t  modules :  a  respons e modul e an d a  discours e module .  Pattern s i n th e respons e modul e 
specifie d th e meanin g o f  th e inpu t  word s (e.g. ,  "writin g implement") ,  whil e th e discours e modul e represented  th e 
topi c o f  th e curren t  sequenc e o f  input s (i.e. ,  th e meanin g o f  th e sentence ,  rathe r  tha n th e meanin g o f  individua l 
words) .  A s i n th e C P T model ,  ther e wer e two-wa y connection s betwee n th e intermediat e modul e an d th e contex t 
(discourse )  module .  Thus ,  onc e a  discours e representatio n ha d bee n activate d b y a n inpu t  pattern ,  i t  coul d b e use d 
t o influenc e th e processin g o f  subsequen t  stimu U i n th e semanfi c module .  Thi s provide d th e mechanis m b y whic h 

contex t  coul d b e use d t o resolv e lexica l  ambiguity . 
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Figur e 6 

The mode l  wa s traine d t o produc e a n outpu t  an d 
discours e representatio n fo r  3 0 differen t  inpu t  words , 

some o f  whic h wer e ambiguous .  I n th e cas e o f 
ambiguou s words ,  th e mode l  wa s traine d t o produc e th e 
response  an d discours e pattern s relate d t o on e meanin g 

(e.g. .  PE N - > "writin g implement "  an d WRITING )  mor e 

tha n th e othe r  (e.g. ,  P E N - ^  "fence d enclosure "  an d 

FARMING).  Thi s asymmetr y o f  trainin g wa s simila r  t o 
tha t  o f  th e Stroo p mode l  (traine d o n word s mor e tha n 
colors) ,  wit h a  comparabl e result:  whe n presente d wit h 
an ambiguou s inpu t  word ,  th e networ k preferentiall y 
activate d th e stron g (mor e frequentl y trained )  respons e 
and discours e representations.  T o permi t  acces s t o th e 
weaker  meaning ,  th e networ k wa s sometime s presente d 

wit h a n ambiguou s wor d a s inpu t  alon g wit h on e o f  it s  associate d discours e representation s (e.g. ,  P E N an d 

FARMING),  an d traine d t o generat e th e appropriat e respons e (i.e. ,  "fence d enclosure") .  Finally ,  th e networ k wa s 
traine d o n a  se t  o f  contex t  words ,  eac h o f  whic h wa s relate d t o on e meanin g a n ambiguity ;  thes e word s (e.g. , 

CHICKEN)  wer e traine d t o produc e thei r  ow n meanin g a s th e response  ("fowl" )  a s wel l  a s a  discours e representatio n 

tha t  wa s identica l  t o th e correspondin g meanin g o f  th e related  ambiguit y (FARMING) .  Th e combine d effect s o f 
thes e trainin g procedure s wa s tha t  whe n a n ambiguou s wor d wa s presente d an d ther e wa s n o representation  activ e 
ove r  th e discours e units ,  th e outpu t  wa s a  blen d o f  th e tw o meanin g o f  th e word ,  wit h element s o f  th e mor e 
frequentl y traine d (dominant )  meanin g bein g mor e activ e tha n th e othe r  (subordinate )  meaning .  However ,  whe n a 
discours e representation  wa s active ,  th e mode l  successfull y disambiguate d th e inpu t  an d activate d onl y th e relevant 
meanin g response. 

We tested the model's ability to simulate — in very simple form — the use of context in natural language 
processing .  Mos t  word s i n Englis h hav e mor e tha n on e meaning ;  therefore ,  languag e processin g relies  o n contex t 
provide d b y prio r  stimul i  t o disambiguat e curren t  ones .  I n th e model ,  thi s wa s achieve d b y constructin g a  discours e 
representation  i n response  t o eac h lexica l  input ,  whic h coul d the n b e use d a s contex t  fo r  processin g subsequen t 
stimuli .  W e teste d th e mode l  fo r  thi s abilit y  b y first  presentin g i t  wit h a  wor d relate d t o on e o f  th e meaning s o f  a n 
ambiguit y (e.g. .  C H I C K E N ) ,  allowin g activatio n t o sprea d throug h th e network ,  the n presentin g th e ambiguit y 
(e.g. ,  P E N )  an d observin g th e output .  Not e that ,  i n thi s case ,  th e mode l  wa s no t  directl y provide d wit h a  discours e 
representation.  Rather ,  i t  ha d t o construc t  thi s fro m th e first  input ,  an d the n us e i t  t o disambiguat e th e second . 
Teste d i n thi s wa y wit h al l  context-word/ambiguous-wor d pair s (e.g. ,  eithe r  C H I C K E N o r  P A P E R followe d b y 
PEN) ,  th e mode l  wa s abl e t o consistentl y generat e th e meanin g response  appropriat e fo r  th e contex t 

To simulate performance in our experiment, the model was presented with pairs of context and ambiguous words 
(representin g th e clause s use d i n th e experiment )  i n eithe r  order .  Followin g eac h pair ,  th e networ k wa s probe d wit h 
th e ambiguou s word ,  simulatin g th e subjects '  proces s o f  remindin g themselve s o f  th e ambiguity ,  an d choosin g it s 
meaning .  A t  eac h tim e ste p o f  processing ,  a  smal l  amoun t  o f  nois e wa s adde d t o th e activatio n o f  ever y unit .  Th e 
amount  o f  nois e wa s adjuste d s o tha t  th e simulatio n produce d a n overal l  erro r  rat e comparabl e t o tha t  o f  contro l 
subjects .  Th e model' s respons e o n eac h tria l  wa s considere d t o b e th e meanin g tha t  wa s mos t  activ e ove r  th e outpu t 
unit s afte r  th e prob e wa s presented .  T o simulat e schizophreni c performance ,  w e introduce d a  disturbanc e analogou s 
t o th e on e i n th e C P T model :  a  reduction  i n gai n o f  unit s i n 
th e contex t  module .  Th e results  o f  thi s simulatio n (show n 
i n Figur e 7 .  alon g wit h th e result s fro m th e empirica l  study ) 
sho w a  stron g resemblanc e t o th e empirica l  data .  The y 
demonstrat e bot h significan t  effects :  a )  i n th e lo w gai n 
mode,  th e simulatio n make s abou t  a s man y mor e dominan t 
respons e error s a s d o th e schizophreni c subjects ;  however , 
b)  a s wit h th e huma n subjects ,  thi s onl y occurre d whe n 
contex t  cam e first.  (Th e numbe r  o f  unrelate d error s — no t 
shown i n Figur e 7  — wa s approximatel y th e sam e i n bot h 
th e lo w gai n an d norma l  gai n mode. )  Th e mode l  provide s a 
clea r  vie w o f  thi s relationshi p betwee n dominan t  respons e 
bia s an d memory .  W h e n gai n i s reduce d i n th e contex t 
module ,  th e representation  o f  contex t  i s  degraded ;  a s a 
consequence ,  i t  i s mor e susceptibl e t o th e cumulativ e effect s 
of  noise .  I f  a  contextua l  representatio n i s use d quickly , 
thes e effect s ar e less ,  an d th e representatio n i s sufficien t  t o 
overcom e a  dominan t  respons e bias .  However ,  i f  tim e 

Figure 7 
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passe s (a s w h e n contex t  i s  presente d first),  th e effect s o f  nois e accumulate ,  an d th e representatio n i s n o longe r 
suon g enoug h t o mediat e th e weake r  o f  tw o competin g responses. 

Conclusion 

The three models we have presented showed how the connectionist framework can be used to link previously 
unrelate d biologica l  an d behaviora l  observations .  Thi s wa s achieve d b y bringin g a  c o m m o n se t  o f  mechanism s t o 
bear  simultaneousl y o n physiologica l  an d psychologica l  phenomena .  Specifically ,  th e model s serve d severa l 
purposes :  a )  the y simulate d quantitativ e aspect s o f  performanc e i n thre e previousl y unrelate d behaviora l  tasks ;  b ) 
the y elucidate d th e role  o f  processin g o f  contex t  i n bot h th e attentiona l  an d linguisti c tasks ;  c )  the y related  processin g 
of  contex t  t o biologica l  processes ;  an d d )  the y showe d h o w a  specfi c disturbanc e a t  th e biologica l  leve l  coul d 
accoun t  fo r  schizophreni c pattern s o f  performance . 
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