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T h e Borderl in e B e t w e e n Subsymbo l i c an d Symbol i c Processing : 

A Deve lopmenta l  Cognitiv e Neuroscienc e A p p r o a c h 

J.G.Wallace (jgwallace@swiii.edu.au) 
Informatio n Technolog y Institute ,  Swinburn e Universit y o f  Technolog y 

P O B o x 218 .  Hawthorn .  Victori a Australi a 312 2 

K.BIufT (kblufr@swin.edu.au) 

Schoo l  o f  Informatic m Technology ,  Swinburn e Universit y o f  Technolog y 

P O Bo x 218 ,  Hawthorn ,  Victori a Australi a 312 2 

Abstrac t 

Ideas, empirical data and methodologies from a broad range of 
discipline s ar e deploye d i n explorin g th e functiona l  borderlin e 
betwee n subsymboli c an d symboli c processin g i n huma n 
cognition .  Initia l  clarificatio n o f  functiona l  relationship s 
betwee n th e tw o form s o f  representatio n involve s a  brai n 
monitorin g stud y base d o n th e concep t  o f  'semanti c 
transparency. '  Th e searc h fo r  furthe r  clarificatio n focusse s o n 
tw o majcs -  issues ,  th e ontogeneti c an d phylogeneti c origin s o f 
loca l  neura l  area s an d processe s underlyin g formatio n o f  dista l 
associaticHi s betwee n them .  Pursuin g thes e objective s ha s 
prove d t o b e a  challenging ,  interdisciplinar y enterprise .  A 
model  o f  developmen t  o f  loca l  neura l  area s i s presente d whic h 
assign s a  critica l  rol e t o astrocyte s an d thei r  interactio n wit h 
adjacen t  neurons .  A n extensio n t o includ e th e phylogeneti c 
dimension ,  draw s o n th e concep t  o f  'cortica l  inheritance' ,  a 
largel y ignore d aspec t  o f  geneti c theory .  A n accoun t  o f  dista l 
associatio n formatio n involve s co-optio n o f  hippocampa l  plac e 
field s fa r  a  ne w use . 

Introduction 

The goal of the work to be reported is exploration of the 

natur e an d developmen t  o f  th e functiona l  borderlin e 

betwee n n o n ot  subsymboli c processin g an d symboli c 

processin g i n h u m a n cogniticm .  Pursuin g thi s objectiv e ha s 

involve d th e combinatio n o f  ideas ,  empirica l  dat a an d 

researc h methodologie s derive d from  a  broa d rang e o f 

disciplines .  Johnson' s (1997 )  recen t  definitio n o f 

'developmenta l  cognitiv e neuroscience '  capture s m u c h o f 
th e territor y involved .  W e do ,  however ,  rang e mor e widel y 

acros s bot h dcanain s an d level s o f  explanatia i  tha n h e 

consider s appropriate .  Thi s wil l  becom e eviden t  i n th e 
followin g outlin e o f  ou r  wor k t o date . 

I n seekin g initia l  clarificatio n o f  functiona l  relationship s 

betwee n th e tw o form s o f  representatio n w e adopte d 

Smolensky' s (1988 )  ccmcep t  o f  "semanti c transparency '  a s 

an analyti c  tool .  Fo r  ou r  purpose s a  suitabl e definitio n i s 

provide d b y Clar k (1989 )  i n a n extende d discussio n o f 

Smolensky' s views :  " A syste m wil l  b e sai d t o b e 

'semanticall y transparoit '  jus t  i n cas e i t  i s  possibl e t o 

describ e a  nea t  mappin g betwee n a  symboli c (conceptua l 

level )  semanti c descriptio n o f  th e system' s behaviou r  an d 

some "projectible '  semanti c interpretatio n o f  th e internall y 

represente d "objects '  o f  it s forma l  computationa l  activity. " 

(p .  18) .  Thi s definitio n provide s a  theoretica l  basi s fo r  th e 

forma l  descriptio n o f  a  rang e o f  system s varyin g i n thei r 

degre e o f  semanti c transparency .  A t  on e en d o f  th e 

spectru m providin g a n exampl e o f  tota l  semanti c 

transparenc y i s a  classi c symboli c syste m i n whic h al l 

interna l  processin g proceed s b y manipulatio n o f  symbol s 

directl y an d constantl y mappabl e ont o feature s o f  th e 

system' s interactio n wit h it s environment .  A  tota l  absenc e 

of  semanti c transparenc y woul d b e exhibite d b y a 
subsymboli c P D P syste m i n whic h interna l  processin g 

proceede d vi a unit s devoi d o f  constanc y acros s context s an d 

an y identifiabl e mappin g ont o environmenta l  features .  I n 

usin g semanti c transparenc y a s a  mean s o f  assessin g th e 

exten t  t o whic h cognifiv e task s dra w upo n subsymboli c o r 

symboli c processin g th e critica l  variabl e i s  di e contai t  o f 

consciou s awareness .  Th e degre e o f  semanti c transparenc y 
of  a  segmen t  o f  cognitiv e performanc e i s determine d b y th e 

exten t  t o whic h th e cours e and/o r  result s o f  interna l 

processin g ca n registe r  i n consciou s awarenes s a s a  resul t  o f 

mappin g ont o linguisti c symbol s o r  non-Unguisti c symbol s 
suc h a s sensor y images .  T h e exten t  o f  mappin g i s assume d 

t o reflec t  th e degre e o f  correspondenc e betwee n th e grai n o r 

segmentatio n o f  processin g an d th e modularit y o f  linguisti c 

or  sensor y symbols . 

A detaile d accoun t  o f  ou r  empirica l  investigatio n i s 

provide d elsewher e (Wallac e an d Bluff ,  1994) .  Thre e 

quantificatio n task s wer e selecte d o n th e basi s o f  subjects ' 

introspectiv e report s durin g thei r  performance .  Th e first , 

countin g b y ones ,  i s  charactCTise d b y a  hig h degre e o f 

semanti c transparency ;  th e second ,  subitising ,  represent s a 

ver y lo w degre e o f  semanti c transparenc y an d th e third , 
subitisin g an d adding ,  fall s  betwee n th e firs t  an d secon d o n 

th e spectrum .  Stead y stat e visuall y evoke d potentia l  dat a 

( S S V E P)  wer e acquire d from  adul t  subject s engagin g i n 

eac h typ e o f  quantification ,  (Silberstei n e t  al. ,  199 0 a ,  b) . 

Th e result s wer e consisten t  wit h th e distinctiv e an d 

interactiv e natur e o f  th e tw o form s o f  representation . 

Significan t  variatiai s wer e detecte d i n th e activit y leve l  o f 

th e prefronta l  corte x an d th e parieto/tempora l  regio n o f  th e 

right  cerebra l  hemispher e provide d a  fiirthC T sourc e o f 

discrimination . 
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Th e nex t  phas e o f  ou r  wor k involve d adoptio n o f  a 

developmenta l  perspective .  Newel l  (1990 )  attribute s th e 

existenc e o f  a  physica l  symbo l  syste m t o th e fundamenta l 

restrictio n impose d o n th e amoun t  o f  informatio n 

represente d an d processe d i n a  loca l  neura l  are a b y th e 
limite d energ y available .  Symbo l  token s overcom e th e 

restrictio n b y providin g dista l  acces s t o anothe r  loca l  are a 

and furtho -  eno-g y whil e maintainin g th e linkag e necessar y 

fo r  integrate d informatio n processing .  Critica l  t o furthC T 

specificatio n o f  thi s accoun t  o f  th e raigins  o f  symboli c 

processin g i s clarificatio n o f  th e natur e an d capabilitie s o f 

subsymboli c processin g proceedin g withi n a  loca l  neura l 

area .  I n seekin g t o contribut e t o thi s clarificatiw i  w e hav e 

focusse d o n tw o majo r  issues ,  th e ontogeneti c an d 
phylogeneti c origin s o f  loca l  neura l  area s an d th e processe s 

underlyin g formatio n o f  dista l  association s betwee n them . 

Pursuin g thes e objective s ha s prove d t o b e a  challenging , 
interdisciplinar y enterprise . 

Development of Local Neural Areas 

Brain and, more specifically, cortical rhythmic activity 
provide s a  mean s o f  definin g loca l  neura l  processing .  Loca l 
resonance s ar e relativel y hig h frequency  rhythmi c processe s 
i n th e 30-8 0 H z rang e wit h a  spatia l  dimaisio n i n th e 

millimetri c range .  A  majo r  distinctio n betwee n loca l  an d 

lowe r  frequaicy  global/regiona l  resonan t  mode s i s tha t  th e 
loca l  resonan t  mode s ar e no t  coherai t  ove r  distance s o f 
mor e tha n a  fe w millimeters .  H u m a n regiona l  an d globa l 

resonan t  modes ,  i n confrast ,  ar e alway s coheren t  ove r  a 

distanc e o f  centimeters .  I t  i s  suggeste d tha t  cognitiv e 
behaviora l  o r  perceptua l  state s requirin g a  hig h degre e o f 

spatio-tempora j  specificit y i n neocortica l  activatic m ar e onl y 

consisten t  wit h loca l  states ,  (Silberstein ,  1995) .  W e focu s 

on th e loca l  cortica l  neura l  mechanism s a t  th e millimetri c 
leve l  underlyin g th e acquisitio n an d operatio n o f  specifi c 

cognitiv e performance .  Althoug h loca l  acquisitio n ot 
learnin g depend s o n th e functionin g o f  distan t  area s suc h a s 

th e hippocampu s an d th e striatu m thei r  rol e i s relativel y 

globa l  an d complement s th e spatio-tempora l  specific s tha t 

emerg e i n loca l  areas ,  (Wickens ,  1993) . 
Oiu -  approac h deviate s from  th e curren t  nor m b y assignin g 

a critica l  information-processin g rol e t o gli a and ,  mor e 
specifically ,  astrocyte s an d thei r  interaction s wit h neurons . 
Althoug h on e o f  th e tw o majo r  cel l  type s composin g th e 
brain ,  gli a hav e bee n assigne d a n entirel y auxiliar y rol e i n 
whic h the y provid e physical ,  trophi c an d metaboli c suppor t 

t o neurons .  Recently ,  however ,  i t  ha s bee n establishe d that , 
althoug h astrocyte s sho w n o evidenc e o f  th e typ e o f 

elecfrica l  excitabilit y  involve d i n signallin g betwee n 
neurons ,  the y exhibi t  intracellula r  calciu m dynamic s tha t 
provide s a n alternativ e basi s fo r  signallin g betwee n them . 
Finkbeine r  (1992 ,  1993) ,  Smit h (1992 ,  1994 )  an d other s 

have ,  accordingly ,  propose d tha t  astrocyt e network s migh t 
mediat e slo w modulation s o f  neura l  function ,  lik e thos e 
underlyin g arousal ,  selectiv e attention ,  motivationa l  state , 

m o od change ,  learnin g an d memory . 

Our  mode l  o f  th e developmen t  o f  loca l  neura l  area s 

assign s tw o critica l  role s t o astrocytes :  th e formatio n o f 

association s betwee n asfrocyte s a s a  resul t  o f  adjacen t 

neura l  functionin g define s th e dimension s o f  a  loca l  neura l 

area ;  astrocyt e base d mechanism s operat e a  boundar y o r 

barrie r  whic h compartmentalize s a  loca l  neura l  are a i n 

relatio n t o adjacen t  cortica l  areas . 

A detaile d accoun t  o f  th e mode l  an d th e wid e rang e o f 

experimenta l  evidenc e from  whic h i t  i s  derive d i s presente d 

elsewhere ,  (Wallac e an d Bluff ,  199 5 a ,  b ;  1997) .  T h e 

multiplicit y o f  role s playe d b y calciu m (Ca^* )  and , 

specifically ,  fluctuations  i n th e concentratio n o f  free 

intracellula r  Ca^ *  provid e th e framework  o f  th e mode l  an d 

offe r  a  n e w approac h t o th e constructic m an d operatio n o f 

complex ,  neura l  cormectivity . 

Astrocytes ,  unlik e neurcxis ,  ca n onl y communicat e 

directl y wit h othe r  astrocyte s i f  the y ar e inunediatel y 
spatiall y  proximal ,  a s th e communicatio n occur s throug h th e 
med iu m o f  a  ga p junction .  Th e interactio n betwee n 
astrocyte s an d neura l  synapti c activit y i s simulate d a s a  tw o 
ste p process .  A s neura l  activit y proceed s th e coimectio n 

sfroigth s o f  synapse s ar e adjuste d b y a  competitiv e learnin g 

rule .  Occurrenc e o f  adjacen t  synapti c activit y registCT s o n 
specifi c  location s o n th e membran e o f  astrocytes . 
Continuatio n result s i n releas e o f  Ca^ *  from  interna l  store s 
clos e t o th e initia l  o r  trigge r  locatio n an d initiatio n o f  Ca^ * 

wave s traversin g th e intracellula r  space .  T h e wav e directio n 

i s determine d b y th e relativ e level s o f  free  Ca^ * 
concentratio n elsewher e i n th e astrocyt e cytoplasm .  W a v e 
propagatio n beyon d th e initiatin g cel l  t o adjoinin g 

astrocyte s depend s o n co-occurrenc e o f  raise d free  Ca^ * 
level s o n bot h side s o f  a  ga p junction . 

Th e considCTabl e differenc e i n tim e scale s o f  neiua l  an d 

astrocyti c mechanism s i s reflecte d i n adoptio n o f  a  tim e 
windo w representin g th e nimibe r  o f  cycle s o f  neura l 

activatiM i  (an d thu s synapti c strengt h modification )  whic h 

constitut e a  cycl e o f  asu-ocyti c activity .  Ove r  tim e 
consisten t  association s betwee n astrocyte s ar e establishe d 

by repeate d waves .  T h e spatia l  directicx i  o f  associatio n 
chain s i s represente d b y increase s i n th e bas e level s o f 
appropriatel y situate d Ca^ *  store s adjacen t  t o trigge r 
location s an d establishe d ga p junctions .  T h e effec t  o f  th e 

formatio i  o f  asffocyti c associatio n chain s cycle s bac k o n 
neuron s vi a thei r  ga p jimctions .  Thi s result s i n a  ris e i n th e 
intraneurona l  free  Ca^ ^  leve l  an d m a y produc e intemeurona l 
Ca^*  waves .  W h e n th e Ca^ *  leve l  i n a  neuro n reache s a 
threshol d th e plasticit y o f  it s curren t  synapti c connection s i s 

reduce d t o a  leve l  consisten t  wit h long-ter m stabilizatiwi . 

Th e processe s o f  astrocyti c an d neura l  associatio n formatio n 
vi a ga p junction s an d synapti c connectio n stabilizatio n 

interactivel y defin e th e characteristic s o f  functionall y 
significan t  loca l  neura l  areas . 

I n seekin g t o exten d ou r  wor k t o includ e th e phylogeneti c 
dimensio n and ,  mor e specificall y th e intragenerationa l 
learnin g represente d i n loca l  neura l  are a phenotype s w e 

hav e take n inspiratio n from a  controversia l  an d largel y 

ignore d aspec t  o f  geneti c theory .  Sap p (1987 )  provide s th e 
backgroun d t o th e concep t  o f  'cortica l  inheritance' ;  i n thi s 
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contex t  'cortex '  refer s t o th e comple x structure s tha t  m a k e 

up th e cel l  surfac e (skeleto n ot  ectoplasm )  o f  ciliate d 

protozoa .  Geneti c studie s (Sonnebom ,  1970 )  indicat e tha t 

th e basi s fo r  th e structure s seem s t o b e containe d i n th e cel l 

corte x whic h carrie s informatio n fo r  it s gros s organizatio n 

an d transmit s i t  t o progen y independentl y o f  th e genes . 

Structura l  element s o f  th e ciliat e corte x provid e th e 

"scaffolding *  fo r  th e insertio n o f  n e w organelles .  Ciliat e 

geneticist s generall y conclud e tha t  th e locatio n o f  th e 

cortica l  part s i s no t  rando m but ,  a t  th e tim e o f  thei r 

development ,  force s exterio r  t o th e organell e itsel f  dictat e 

thei r  location ,  orientatio n an d number .  Ther e i s n o 

consensu s o n th e natur e o f  th e force s bu t  Hershe y (1970 ) 

link s the m t o ectoplasmi c spatia l  principle s underlyin g cel l 

polarity . 

Th e inheritanc e o f  cel l  organizatio n throug h structura l 

inf(xmatio n maintaine d an d transmitte d b y supr a molecula r 

structure s clearl y represent s a  challeng e t o th e clai m tha t 

biologica l  evolutio n i s solel y th e evolutio n o f  nucleotid e 

sequences .  Th e relevanc e o f  th e ide a o f  cortica l  inhaitanc e 

fo r  ou r  wor k arise s from  th e natur e o f  organelles . 

Periphera l  organelle s consis t  o f  endoplasmi c reticulu m an d 

some mitochondria ,  bot h o f  whic h ac t  a s releasabl e Ca^ * 

stores .  W e ,  thus ,  hav e a  basi s fo r  linkin g loca l  neura l  are a 

phenotype s t o a  genotypi c mechanis m b y mean s o f  th e 

astrocyti c Ca^ *  store s spatiall y  adjacen t  t o trigg a location s 

an d establishe d ga p juncticm s sinc e the y provid e a n 

architectura l  trac e o f  loca l  neura l  area s arisin g from 

intragenoatiraia l  learning . 

fri  seekin g t o incorporat e th e ide a o f  cortica l  inheritanc e 

int o ou r  modellin g w e hav e bee n influence d b y th e 

dwninan t  neuroanatomica l  vie w tha t  th e majorit y o f 

cerebra l  cortica l  tissu e i s largel y equipoten t  earl y i n 

epigenesis .  Evidence ,  suc h a s tha t  reviewe d b y Johnso n 

(1997) ,  however ,  suggest s a  mor e probabilisti c  epigeneti c 

vie w i n whic h certai n cortica l  area s hav e a  detaile d 

architectur e slightl y differen t  from  th e basi c neura l  structur e 
c o m m on t o th e COTtex .  Thi s make s tha n th e mos t  efficien t 

at  processin g certai n type s o f  input .  I t  i s  possibl e fo r  othe r 

area s t o carr y ou t  simila r  processin g bu t  no t  s o efficiently . 
We tak e thi s vie w a s ou r  poin t  o f  departure . 

I n seekin g t o translat e astrocyti c Ca^ *  stor e trace s o f  loca l 

neura l  are a architectur e int o a  genotypi c for m suitabl e a s a 
basi s fo r  th e nex t  goieratio n o f  a  neura l  networ k w e ar e 

currentl y explorin g th e effectivenes s o f  a  topologica l  rathe r 

tha n biologica l  ^proach .  Discret e poin t  position s 

distribute d i n spac e ca n b e characterise d usin g a 

representationa l  networ k calle d a  minima l  spannin g tre e 

( M S T ) .  Th e M S T techniqu e aim s t o quantif y spatia l  do t 

pattern s b y revealin g hidde n nearest-neighbou r  correlations . 

I t  ha s recentl y bee n applie d i n a  broa d rang e o f  researc h 
area s bu t  ha s receive d relativel y littl e attentio n i n th e 

biosciences ,  (Jone s e t  al. ,  1996) .  h i  ou r  cas e th e location s o f 

th e Ca^ *  stwe s definin g loca l  area s provid e th e spatia l  do t 

patter n from  whic h gaiotype s ar e dwive d reflectin g 

intragenerationa l  learning . 

A n increasin g amoun t  o f  biologica l  evidenc e support s th e 

plausibilit y  o f  th e typ e o f  clos e relationshi p propose d 

betwee n astrocyte s an d neuron s i n th e initia l  wirin g o f  th e 

cortex .  Astrocyte s pla y a  critica l  rol e i n detominin g th e 

intra-neurona l  Ca^ *  concentratio n leve l  controllin g th e 

directio n an d continuit y o f  neura l  growt h i n th e pre- ,  peri -

and post-nata l  period ,  (Kate r  an d Shibara ,  1994 ;  Kate r  an d 
Lipton ,  1995) .  Studie s involvin g Ca^ *  imagin g o f  cortica l 

slice s from  embryoni c an d immediatel y post-nata l  rat s an d 

mic e revea l  spontaneou s wave s o f  increase d Ca^ *  spreadin g 

throug h cluster s o f  neuron s (Charle s c t  al. ,  1996 ;  Yust e e t 

al. ,  1995) .  Wave s di d no t  propagat e t o distan t  neuron s o r  t o 

neighbourin g neurona l  clusters ,  eve n whe n ther e wer e 

clearl y visibl e processe s betwee n th e tw o clusters .  I n som e 

case s neura l  Ca^ *  wave s wer e associate d wit h intercellula r 

wave s i n neighbourin g glia l  cells .  Cluster s showe d a  single , 

consisten t  trigge r  cel l  o r  sit e o f  initiatio n o f  intercellula r 

Ca^*  wave s whic h propagate d ove r  group s o f  1 0 t o 20 0 

cells . 
Result s suppor t  a  mode l  i n whic h a  domai n start s b y th e 

activatiCT i  o f  on e o r  a  fe w trigge r  cell s tha t  subsequentl y 

activat e th e res t  o f  th e cell s throug h ga p junctions . 

Spontaneou s coactivatio n o f  neuron s throug h ga p junction s 

i s increasingl y recognise d a s a  genera l  propert y o f 

developin g circuit s i n th e mammal ia n C N S .  Nonsynapti c 

interaction s throug h ga p junction s m a y b e a  mor e reliabl e 

mechanis m fo r  interaction s amcxi g developin g cortica l 

neuron s tha n conventiona l  synapti c transmission .  Critica l 

ga p junction s ar e primaril y locate d o n dendrites .  Spatia l 

cel l  couplin g pattern s vi a ga p junction s ofte n resembl e 
fiitur e synapti c connectio n pattern s leadin g t o th e hypothesi s 

tha t  group s o f  ga p junctio n couple d cell s represent s 

functiona l  cel l  assemblie s tha t  guid e formatio n o f  synapti c 

connection s an d serv e a s a  scaffol d o r  blueprin t  fo r 

columna r  structur e durin g development ,  (Kandle r  an d Katz , 

1995) .  Finally ,  i t  ha s bee n propose d tha t  th e restrictio n o f 

th e sprea d o f  coactivatio n whic h provide s domain s wit h 

distinc t  border s n w y b e attributabl e t o filtering  o f  th e 
activatio n signa l  whe n passin g throug h ga p junctions . 

Learning of Distal Cortical Associations 

The development and operation of distal cortical 

connection s hav e stimulate d varie d approaches .  Shastr i  an d 

Ajjanagadd e (1993) ,  fo r  example ,  rel y o n synchronou s 

oscillation s a s a n operationa l  mean s o f  achievin g 
integration .  Learnin g i s triggere d b y synchronou s activatio n 

rathe r  tha n th e co-activatio n familia r  i n connectionis t 
networks .  Thi s highlight s th e fundamoita l  technica l 

proble m o f  distinguishin g spuriou s co-varianc e o f  widel y 

separate d loca l  neura l  area s from  genuine ,  share d relevanc e 

t o a  specifi c  contex t  i n cognitiv e fimctioning. 

Our  approac h t o establishin g dista l  associatiwi s betwee n 

loca l  cortica l  area s ha s m u c h i n conmio n wit h Singe r 

(1994) .  SynchronizatiO T o f  response s o f  spatiall y  separate d 

loca l  cortica l  area s wit h zero-phas e la g i s adopte d a s th e 

definitio n o f  association .  Simulatio n studie s confir m tha t 

synchron y ca n b e establishe d withou t  phas e la g b y 

reciproca l  connection s eve n i f  the y hav e slo w an d variabl e 
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conductio n velocities .  Thi s possibilit y  doe s no t  exclud e 

c o m m on inpu t  t o loca l  ccfftica l  area s a s a  contributo r  t o th e 

establishmen t  o f  synchronization .  I t  seem s highl y probabl e 

tha t  c o m m o n inpu t  from  bifurcatin g cortico-cortica l 

projection s o r  divergin g sub-cortical-cortica l  projection s 
wil l  b e necessar y fo r  th e developmen t  o f  co-ordinate d 

tempora l  pattern s o f  respons e betwee n widel y separate d 

loca l  areas .  W e adop t  synchronou s modulatio n o f  th e 

excitabilit y  o f  loca l  area s a s a  mean s o f  influencin g th e 

probabilit y  o f  the m engagin g i n synchronou s firing.  TTi e 

sourc e o f  th e modulatio n i s a  propose d mechanis m fo r 

resolvin g th e problem s pose d b y cortica l  separatio n o f  loca l 

area s an d th e determinatio n o f  thei r  shared ,  specifi c 

COTtextua l  relevance .  Th e mechanis m i s base d o n cortico -

hippocampa l  intCTactio n an d involve s bot h cortico-cortica l 

and sub-cortical-cortica l  connections . 

Stud y o f  th e hippocampu s ha s yielde d a  rang e o f  view s o n 
it s function ,  (McClelland ,  1995) .  Ou r  mechanis m add s t o 

th e rang e b y requirin g pri w recruitmen t  o f  hippocampa l 
neura l  structure s t o n e w function s throug h evolution . 

Burges s e t  al .  (1994 )  provid e a n accoun t  o f  th e structure s 
concerne d an d thei r  functio n i n th e rat .  Extracellula r 

recording s o f  pyramida l  cell s i n freely  movin g rat s sho w 

tha t  mos t  cell s i n hippocampa l  region s C A l  an d C A 3 ar e 
•place '  cell s whic h (MU y fir e whe n th e ra t  i s  i n a  particula r 
portira i  o f  it s  environment .  Burges s a t  al .  (1994 )  conside r 
plac e cell s i n term s o f  thei r  receptiv e fields  an d sugges t  h o w 

plac e cel l  firing fields  o r  'plac e fields'  ar e constructed . 
Regio n C A l  provide s m a n y plac e fields  eac h restricte d t o a 
portio n o f  th e envirwunent .  Extracellula r  recordin g dat a 

indicat e tha t  les s tha n 5 % o f  plac e cell s hav e multipl e plac e 

fields  an d tha t  plac e fields  ar e single ,  peaked ,  smoot h 

functions .  Plac e cell s ar e controlle d b y sensor y cue s from 
differen t  modalities .  I t  i s  believe d tha t  th e sensor y input s 

come from  th e entorhina l  corte x whic h ha s acces s t o 
multimoda l  sensor y information . 

Our  mechanis m involve s th e assumptio n that ,  i n huma n 

cognition ,  loca l  cortica l  area s ca n b e substitute d fo r  sensor y 

inpu t  from  portion s o f  th e environmai t  an d vi a entorhina l 

corte x becom e represente d a s plac e fields  i n th e 
hippocampus .  I t  i s  indisputabl e tha t  co-optio n o f  pre -

existin g feature s int o n e w feature s ha s occurre d durin g th e 

cours e o f  evolution ,  (Raff ,  1996) .  Ou r  proposa l  conform s t o 
th e definitic n o f  'co-option '  i n tha t  preexistin g stracture s 
whic h perfor m a  particula r  functio n ar e presume d t o b e 

enliste d fo r  a  n e w us e tha t  i s selectivel y advantageou s i n 

evoluticmar y terms . 
The natur e o f  th e representation s o f  cortica l  structur e 

availabl e t o th e hippocampa l  syste m i s problematic . 
Consensu s favour s a  for m o f  attenuate d representation .  I n 

our  model ,  spars e connection s from  cortica l  loca l  regions , 
vi a layer s 2  an d 3 ,  connec t  t o entorhina l  corte x i n a 
fiinctionally  simila r  manna -  t o environmental ,  sensor y 

inputs .  Thes e connection s ar e reciproca l  an d impermanoi t 
sinc e th e flexibility  require d fo r  th e developmen t  o f  n e w 
envirCTunen t  representation s is ,  also ,  necessar y fo r 
constructio n o f  a  sequenc e o f  dista l  cortica l  associations . 

Eac h cortica l  loca l  regicH i  ( C L R )  currentl y represente d i n 

th e hippocampa l  syste m i s connecte d t o a  cel l  (EC )  i n th e 

entorhina l  layer .  Th e laye r  o f  plac e cell s (PCs )  i n 

hippocampa l  are a C A l  i s arrange d i n plac e fields  (PFs) . 

Eac h E C ha s a  reciproca l  connectio n wit h P C s from  0. 5 PFs . 

Excitatio n o f  C L R s produce s competitiv e learnin g i n PFs . 

Acceptabl e resolutio n o f  competitiv e learnin g i s define d a s 

emergenc e o f  a  m i n i m u m o f  tw o activ e PCs . 

Our  approac h t o establishin g shared ,  specifi c  contextua l 

relevanc e involve s furthe x connection s t o P C s i n PFs .  Thes e 

represen t  inpu t  t o th e hippocampa l  syste m from 

motivational/emotiona l  activit y i n th e brainstem .  TTi e 

structur e o f  th e hippocampa l  syste m a s a  whol e feature s a 

fimctional  subdivisio n from  inpu t  t o outpu t  i n a  larg e 

number  o f  lamellae .  Thi s i s exemplifie d i n th e moss y fibre 

connection s betwee n th e dentat e gyru s an d C A 3 pyramida l 

cell s an d th e Schaffe r  collateral s connectin g th e pyramida l 

cell s o f  C A 3 wit h thos e o f  C A l .  I n ou r  mode l  individua l 
lamella e betwee n th e dentat e gyru s an d C A 3 represen t 

motivational/emotiona l  elemoit s (MEs) .  T h e architectur e 

an d operatio n o f  connectivit y betwee n th e M E laye r  an d 
C A3 plac e cell s organise d i n M E fields  ( M E F s )  i s identica l 

t o th e EC-P F arrangement s alread y described .  Th e sam e 

competitiv e learnin g proces s operate s i n M E F s . 
Feedforwar d connection s from  th e C A 3 laye r  t o C A l 

plac e cell s represen t  resolve d M E F s .  Eac h M E F ha s 
connection s wit h P C s from  0. 5 PFs .  Critica l  t o establishin g 

share d contextua l  relevanc e i s th e requiremen t  tha t 
acceptabl e resolutio n o f  competitiv e learnin g i n an y P F 

involve s inclusia i  o f  a t  leas t  on e M E F connecte d P C i n th e 
activ e group . 

Cortica l  activit y an d motivational/emoticHia l  activit y 

procee d o n differen t  tim e scales .  Detectio n o f  appropriat e 

association s i n ou r  mode l  i s achieve d b y adoptio n o f  th e 

same intwactiv e proces s betwee n astrocyte s an d neuron s 

involve d i n th e identificatic m an d stabilizatio n o f  loca l 
neura l  areas .  Thi s produce s loca l  aggregatio n o f  th e effec t 

of  E C - P C inpu t  t o brin g thi s aspec t  o f  P F competitiv e 
learnin g resolutio n int o tempora l  lin e witt i  th e 

neuromodulatio n rat e o f  M E processes .  Resolutio n result s 
i n a  200H z burs t  whic h reache s appropriat e cortica l  loca l 

region s vi a reciproca l  P C - E C an d E C -  loca l  regio n 

connection s (Yline n e t  al. ,  1995) .  Arriva l  o f  a  20 0 H z burs t 

provide s synchronou s modulatio n o f  th e excitabilit y  o f 
appropriat e loca l  area s an d advance s th e proces s o f 

establishin g reciproca l  connection s acros s th e spac e 

separatin g them .  Th e performanc e characteristic s o f  thi s 
architectur e ar e bein g explore d throug h implementatio n o f  a 
computaticaia l  model . 

Conclusion 

To date our attempts to explain the nature of the fimctional 
relaticHishi p betwee n subsymboli c an d symboli c processin g 

i n huma n cognitio n hav e involve d wor k o n a  variet y o f 
level s rangin g from  comple x cognitiv e performanc e t o 

intracellula r  mechanisms .  W e hav e employe d a  divers e 
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rang e o f  discipline s includin g neuropsychology , 

neuroanatomy ,  neurophysiology ,  molecula r  biochemistr y 

and genetics .  A  rang e o f  methodologie s an d technique s ha s 

bee n use d a s heterogeneou s a s brai n monitoring ,  compute r 

modellin g an d confoca l  scannin g microscopy . 

I n general ,  ou r  result s suppor t  th e vie w o f  Norma n (1991 ) 

on th e natur e o f  th e borderlin e betwee n subsymboli c an d 

symboli c processing .  Th e complexit y an d informatio n 

processin g powe r  represente d i n th e intracellula r 

mechanism s o f  astrocyte s an d neuron s an d i n neural-glia l 

intaactio n i n loca l  area s suggest s tha t  muc h specifi c 

cognitiv e processin g ca n occu r  withou t  th e nee d fo r  symbo l 
token s t o provid e dista l  acces s t o othe r  loca l  areas .  Th e 

principl e tha t  th e unit s i n th e physica l  symbo l  syste m refe r 

t o relativel y elaborat e loca l  subsymboli c processin g area s 
m ay assis t  i n explainin g th e effectivenes s o f  symboli c 

processin g i n spit e o f  th e constraint s o f  slowness ,  serialit y 
and limite d memor y siz e imj)ose d b y it s dependenc e o n 

neura l  networks .  Ou r  curren t  wor k i s focusse d o n proxima l 

and dista l  relaiicm s betwee n loca l  area s an d th e emergenc e 

of  mor e aggregate d representatiwi s underlyin g developmen t 

of  non-linguisti c symbol s suc h a s sensor y image s an d 

linguisti c symbols . 
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