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"In expertmenta extending over the paat thirty years, I have been trying to 

trac e conditione d refle x path s throug h th e brai n o r  t o find  th e locu s o f 

specifi c  memor y traces"- -  Kar l  Lashle y 

WTien the essential neural circuit of a memory trace has been defined in suflTicient 

detai l  a s a  biologica l  system ,  i t  become s necessar y t o determin e i f  th e circui t  wil l  i n fac t 

generat e th e phenomen a o f  learnin g an d memor y tha t  i t  i s  presume d t o model .  Eve n i n 

elementar y circuits ,  i t  i s  no t  alway s eviden t  wha t  th e outcom e o f  a  give n se t  o f  stimulu s 

and trainin g condition s wil l  b e a t  a  qualitative-logica l  leve l  o f  analysis .  W e repor t  her e a n 

initia l  attemp t  a t  suc h modeling ,  utilizin g th e genera l  approac h o f  associativ e networ k 

modelin g fro m cognitiv e science .  W e utiliz e th e circui t  o f  th e Aplysi a tha t  exhibit s ele -

mentar y associativ e learnin g a s identifie d b y Kande l  an d associate s (Hawkins ,  Castelluci , 

and Kandel ,  1981 ;  Kande l  an d Schwartz ,  1982;  Carew ,  Hawkins ,  Abrams ,  an d Kandel , 

1985) . 

The immediate goal of our research was to implement a computational model of 

th e basi c Aplysi a circuit .  B y doin g so ,  w e hope d t o arriv e a t  a n appropriat e leve l  o f 

analysi s i n term s o f  th e degre e t o whic h th e biologica l  propertie s o f  th e neuron s i n th e cir -

cui t  ar e describe d tha t  wil l  allo w realisti c characterizatio n o f  th e behavio r  o f  th e circuit . 

Our  long-ter m goa l  i s  t o utiliz e thi s leve l  o f  computationa l  analysi s t o accoun t  fo r  th e 

phenomen a o f  learnin g an d memor y exhibite d b y th e mor e comple x memor y trac e circuit s 

i n th e mammalia n brain ,  particularl y th e cerebella r  circui t  tha t  appear s t o b e th e essentia l 

memory trac e circui t  fo r  th e learnin g o f  discrete ,  adaptiv e behaviora l  response s (McCor -

mic k &  Thompson ,  1984a ,  1984b ;  Clark ,  McCormick ,  Lavon d & ,  Thompson ,  1984 ;  Lavond , 

McCormic k & ,  Thompson ,  1984 ) 

The basic reflex studied in the Aplysia is withdrawal of the siphon, mantle shelf 

and gil l  t o tactil e stimulatio n o f  th e sipho n o r  mantl e shelf .  I f  wea k stimulatio n o f  th e 

sensor y nerve s (CS )  i s followe d b y stron g shoc k t o th e tai l  (US) ,  th e synapti c potentia l  o f 

th e moto r  neuron s t o th e C S i s facilitated .  I f  repeate d paire d trial s ar e given ,  thi s 

enhancemen t  persists ,  yieldin g th e basi c phenomeno n o f  classica l  conditioning ,  a  persistin g 

associativel y induce d increas e i n respons e o f  moto r  neuron s t o th e CS .  Thi s conditionin g 
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depend s criticall y o n th e tim e betwee n presentatio n o f  th e C S an d th e US ,  a s note d above . 

Th e tai l  shoc k U S pathwa y involve s interneuron s whic h ar c though t  t o exer t  th e U S 

presynapti c actio n o n th e sensor y nerv e terminals .  Hawkin s an d Kande l  (1984 )  propos e 

tha t  conditionin g result s fro m th e interpla y o f  habituatio n an d sensitizatio n i n a  manne r 

ver y simila r  t o th e dual-proces s vie w o f  habituatio n suggeste d b y Grove s an d Thompso n 

(1970) . 

Level of Analysis 

Our primary focus in this modeling effort was on the behavioral conditioning data. 

We bega n b y specifyin g th e leve l  o f  descriptio n o f  th e dat a i n whic h w e wer e interested ,  a s 

oppose d t o specifying ,  a  priori ,  wha t  leve l  o f  biologica l  detai l  w e wante d t o includ e i n th e 

model .  Ou r  basi c goa l  wa s t o accoun t  fo r  th e effect s o f  th e tempora l  relation s betwee n 

inpu t  event s (C S an d U S )  o n th e magnitud e o f  outpu t  event s ( M N ) .  I n thi s pape r  w e 

focu s onl y o n short-ter m learnin g an d exclud e longer-ter m effects .  Ou r  strateg y i s t o b e 

onl y a s biologicall y precis e a s necessar y i n orde r  t o explai n th e relevan t  behaviora l 

phenomena .  W e bega n b y startin g wit h th e simples t  possibl e representatio n o f  the  circuit . 

Afte r  implementin g this ,  an d understandin g wha t  behaviora l  phenomen a i t  did—an d di d 

not—accoun t  for ,  w e adde d complexity ,  constraine d b y th e neurobiologica l  data. 

Components of basic model 

The initial circuit is composed of three neurons and three synapses, as represented 

i n Figur e 1(a) .  Th e neuron s include :  a  (t o be )  conditione d stimulus :  (CS) ,  a n uncondi -

tione d stimulu s (US )  an d a  moto r  neuro n ( M N ) .  On e fiber  originate s a t  th e conditione d 

stimulu s an d terminate s a s a  synpas e o n th e moto r  neuro n ( C S — • M N synapse) .  T w o 

fibers  originat e a t  th e unconditione d stimulus ;  on e terminate s a s a  synaps e o n th e moto r 

neuro n ( U S - + M N synapse) ,  an d on e terminate s a s a  synaps e o n th e C S — • MN synaps e 

(US- *  { C S - * M N }  synapse) . 

Neurons are represented continuously by an Activation which ranges from 0 to 1. 

Thi s valu e i s interprete d discretel y durin g eac h tim e cycl e a s a  binar y valu e --fire d o r  no t 

fired — determine d probabilisticall y fro m th e activation .  Synapse s ar e represente d continu -

ousl y b y a  Strength ,  whic h range s fro m 0  t o 1  an d als o ha s a  probabilisti c  interpretation . 

I t  represent s th e probabilit y  o f  a  synapti c termina l  passin g a  "pulse "  t o th e post-synapti c 

neuro n i f  th e pre-synapti c neuro n ha s fired.  Eac h C S synapti c termina l  ha s th e potentia l 

t o b e modifie d i n a  pairin g specifi c  manne r  whic h peak s som e tim e afte r  th e synaps e 

receive s a  pulse .  Th e tim e cours e o f  thi s potentia l  determine s th e possibl e Inter-Stimulus -

Intervals .  A t  thi s leve l  o f  modelin g w e assume d tha t  th e C S synapti c terminal s hav e thi s 

tempora l  informatio n withou t  specifyin g th e chemica l  o r  biologica l  source . 

The simulation begins by reading the input activation levels of the CS and US 

neurons .  Fro m thes e activation s th e state s o f  th e neuron s (e.g .  fire d o r  no t  fired )  ar e pro -

babilisticall y determined .  I f  a n inpu t  neuro n ha s fired,  the n wit h a  probabilit y  determine d 

by th e appropriat e synapti c strengths ,  a  puls e i s receive d b y th e M N .  Thus ,  i f  th e M N 

receive s a  puls e fro m eithe r  inpu t  neuron ,  the n M N Activatio n increase s exponentially , 

proportiona l  t o 1  minu s th e curren t  Activation ,  a t  a  rat e determine d b y th e Activatio n 

Incremen t  Rate .  I f  n o puls e i s receive d b y th e M N ,  it s Activatio n decrease s exponentiall y 

towzu-d s 0 ,  a t  a  rat e determine d b y th e Activatio n Decremen t  Rate .  Ever y tim e a  synapti c 
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termina l  passe s a  pulse ,  the  strengt h o f  tha t  synaps e decrease s exponentiall y  a t  a  rat e 

determine d b y th e Habituatio n Rate .  I f  th e U S — » { C S - » M N}  synapti c termina l  passe d a 

pulse ,  the n wit h probabilit y  CS-Plasticity-Potentia l  (a s determine d b y th e Plasticit y 

Parameter )  i t  wil l  sensitiz e the  C S — • MN proportiona l  t o 1  -  CS.Streagth . 

Simple Aatociative Learning 

The model successfully models the basic associative learning phenomena: In the 

initia l  state ,  th e U S produce s a  larg e amoun t  o f  activit y i n th e M N compare d t o onl y a 

smal l  amoun t  produce d b y th e C S .  Afte r  repeate d presentation s o f  th e C S followe d b y 

th e U S a t  a n optima l  Inter-Stimulu s Interva l  (ISI) ,  th e M N respons e produce d b y th e C S 

increase d significantly .  Followin g th e remova l  o f  th e U S ,  bot h th e C S — • MN strengt h an d 

th e M N activit y durin g presentatio n o f  th e C S deca y bac k t o thei r  initia l  state ,  resultin g 

i n th e behaviora l  phenomen a o f  extinction . 

With simultaneous presentation of CS and US (e.g. ISI^O), little or no learning 

occur s becaus e th e Sensitizatio n Potentia l  o f  th e C S — • MN synaps e i s a t  0  whe n th e U S 

fires.  Wit h a n IS I  tha t  i s  longe r  tha n optimal ,  som e learnin g occurs ,  bu t  les s learnin g tha n 

wit h a n optima l  ISI . 

More Complex Associative Learning 

In addition to simple conditioning, we would like to model the mechanisms respon-

sibl e fo r  differentia l  conditioning ,  secon d orde r  conditioning ,  an d blocking .  I n differentia l 

conditionin g a n anima l  learn s t o respon d specificall y t o on e conditione d stimulu s an d no t 

t o anothe r  unconditione d stimulus .  I n th e Aplysia ,  a  C S + i s presente d t o th e sipho n 

paire d wit h a  U S whil e a n unpaire d C S -  i s presente d t o th e mantl e (o r  vis a versa) .  I n 

second-orde r  conditionin g a  CS i  i s first  conditione d vi a pairin g wit h th e US .  Afte r  thi s 

trainin g i s complete ,  th e CS i  ca n serv e a s a  reinforcin g stimulu s t o conditio n a  ne w 

stimulu s CS2 .  Blockin g i s a  proces s whereb y a n anima l  learn s no t  onl y abou t  th e con -

tiguit y o f  stimuli ,  bu t  als o abou t  thei r  predictiv e contingency .  I f  th e C 5 |  i s  conditione d 

t o predic t  th e U S the n th e additio n o f  a  secon d stimulu s CS2 ,  simultaneou s wit h th e C5| , 

does no t  produc e conditionin g t o th e CS 2 alone . 

Following Haw kin & Kandel (1984) we added a second CS and a Facilitator 

Interneuron-se e Figur e l(b)~whos e behavio r  mimic s th e M N an d whic h sensitize s al l 

C S — • MN synapses .  Give n thes e additions ,  th e circui t  mode l  produce s successfu l  simula -

tion s o f  secon d orde r  conditionin g o f  CS 2 t o CSI ,  bu t  fail s  t o produc e a  blockin g effect . 

To produce blocking, we needed a mechanism to turn off the US's ability to sensi-

tiz e whe n i t  ha s alread y bee n predicte d b y som e C S .  Hawkin s an d Kande l  (1984 )  sugges t 

tha t  th e intemeuro n goe s int o a  refractor y perio d afte r  bein g activated ,  whic h i s longe r 

tha n th e possibl e ISI .  Thi s wa s implemente d computationall y b y creatin g a n additiona l 

variable ,  th e Refractor y State ,  whic h i s se t  t o a  constan t  whe n th e interneuro n activa -

tio n exceed s a  threshol d (. 9 i n th e simulation s shown) ,  an d the n decay s toward s zer o 

accordin g t o a n ogiv e (e.g .  S-shaj)ed )  function .  Th e Refractor y Stat e affect s th e inter -

neuro n b y probabilisticall y governin g th e growt h o f  interneuro n activatio n i n th e followin g 

manner :  i f  an y synaps e passe s a  puls e t o th e intemeuron ,  the n activatio n increase s wit h 

probabilit y  equa l  t o th e lesse r  o f  0  an d 1  minu s th e Refractor y State .  T o produc e th e 
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appropriat e blockin g behavio r  th e deca y o f  th e Refractor y Stat e wa s se t  s o tha t  th e 

refractor y perio d woul d b e longe r  tha n tha n th e potentia l  ISI .  If ,  however ,  th e interneu -

ro n i s i n a  refractor y perio d whe n th e U S fires,  a  direc t  U S — • MN connectio n i s neede d i n 

orde r  t o ge t  a n appropriat e unconditione d response .  Repeate d attempts ,  however ,  t o ge t 

thi s circui t  simulatio n t o produc e blocking ,  faile d t o d o so . 

We were initially convinced that the circuit really should produce blocking. We 

tried ,  withou t  success ,  t o var y al l  th e parameter s i n a n attemp t  t o produc e blocking .  Thi s 

highlight s a  methodologica l  difficult y inheren t  i n th e us e o f  compute r  model s fo r  makin g 

claim s abou t  circuitry :  B y simulatin g a  circuit ,  on e ca n demonstrat e wha t  a  circui t  ca n do , 

but  on e canno t  prove ,  base d solel y o n th e inabilit y  t o simulat e a  desire d behavior ,  tha t 

th e rea l  circui t  i s  unabl e t o produc e thi s behavior .  If ,  however ,  th e insight s gaine d fro m 

th e "hand s on "  experienc e o f  buildin g th e circui t  ca n b e translate d int o a  convincin g logi -

cal  demonstratio n o f  th e circuit' s  informatio n processin g limitations ,  the n a  simulatio n ca n 

contribut e t o makin g a n argumen t  abou t  a  particula r  circuit .  W e outlin e belo w wh y w e 

believ e tha t  th e circui t  simulatio n wil l  no t  produc e blocking . 

The Blocking Paradox 

If the activity of the F. Int determines both the acquisition of new conditioned 

pathway s an d th e retentio n o f  previousl y learne d pathways ,  the n th e F .  In t  must ,  durin g 

th e presentatio n o f  a  "predicted "  U S ,  hav e a  differentia l  effec t  o n th e C S # 1 an d th e C S 

# 2 fo r  i t  t o sensitiz e th e C S # 1 sufficientl y t o retai n th e previousl y learne d associatio n 

but  no t  sensitiz e th e C S # 2 enoug h t o acquir e thi s ne w association .  Th e curren t  formula -

tio n o f  th e blockin g mechanis m i s no t  sufficientl y detaile d t o giv e ris e t o thes e behaviors . 

Thi s i s no t  t o say ,  however ,  tha t  th e curren t  circui t  coul d no t  generat e blocking .  Rather , 

th e interactio n betwee n th e mechanism s fo r  blockin g an d habituatio n i s mor e subtl e tha n 

previousl y realized .  Th e parado x exist s no t  s o muc h i n th e circuit ,  bu t  i n th e curren t  leve l 

of  detai l  a t  whic h th e circuit' s  mechanism s ar e specified ,  a t  leas t  i n ou r  simulation . 

The locus of the paradox lies in the fact that no special mechanism for the decay 

of  a  learne d respons e i s proposed .  Instead ,  followin g th e Grove s an d Thompso n model , 

deca y o f  learne d response s durin g C S alon e trial s i s controlle d b y th e backgroun d 

phenomen a o f  habituation .  Previou s theoretica l  models,  suc h a s Sutto n an d Bart o (1981) , 

hav e misse d thi s parado x because—followin g Rescorl a an d Wagne r  (1972)~the y propos e a n 

activ e proces s whic h extinguishe s th e learne d associatio n durin g C S alon e trials . 

Possible Solutions 

A resolution of this paradox will involve specifying mechanisms of pairing specific 

sensitizitizatio n whic h robustl y predic t  th e blockin g o f  th e C S # 2 an d ye t  a t  th e sam e 

time ,  retai n th e C S # 1 association .  W e conside r  her e tw o alternatives :  th e first  involve s 

modelin g th e curren t  circui t  anatom y a t  a  mor e detaile d level ,  an d th e secon d involve s 

postulatin g additiona l  circuitr y describe d a t  th e curren t  leve l  o f  detail .  W e emphasiz e 

tha t  thes e extension s ar e no t  prediction s fo r  th e Aplysi a circuit ,  rathe r  the y ar e a n 

attemp t  t o understan d th e limitation s o f  th e curren t  circui t  b y explorin g wha t  extension s 

t o th e circui t  might ,  i n theory ,  produc e blocking . 
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I f  bot h retentio n an d acquisitio n ar e governe d b y th e sam e Interneuron—a s Haw -

kin s an d Kande l  suggest—the n th e activit y o f  th e F .  Int ,  durin g th e presentatio n o f  a 

"predicted "  U S ,  mus t  b e sufficien t  t o retai n th e C S # 1 association ,  bu t  insufficien t  t o 

acquir e th e C S # 2 association .  A  learnin g mechanis m whic h require d a  stronge r  puls e t o 

acquir e a n associatio n tha n t o retai n a n associatio n coul d perhap s giv e ris e t o th e desire d 

circui t  behavior .  A n implementatio n o f  thi s mechanis m produce d successfuli ,  bu t  weak , 

blocking . 

An alternate method for differentiating between retention and acquisition is to 

posi t  differen t  neura l  mechanism s governin g retentio n an d acquistion .  Conside r  th e addi -

tio n t o th e circui t  o f  a  secon d interneuro n whic h doe s no t  g o int o a  refractor y perio d (i.e . 

mimic s th e M N )  an d whic h sensitize s proportiona l  t o th e curren t  learne d association .  Thi s 

interneuro n woul d counterac t  th e effec t  o f  th e habituatio n o f  a n alread y learne d associa -

tio n bu t  woul d woul d hav e n o effec t  o n a n unlearne d association .  W e implemente d thi s 

possibilit y  an d th e resultin g circui t  exhibite d a  stron g blockin g effect . 

CONCLUSIONS 

Owr computational model of the basic neural circuit of the Aplyaia, as proposed by 

Kande l  an d colleagues ,  i s sufficien t  t o produc e basi c associativ e learnin g phenomena , 

namel y acquisition ,  extinction ,  differentia l  conditioning ,  an d second-orde r  conditioning . 

Ther e are ,  however ,  problem s wit h th e computationa l  circui t  i n accountin g fo r  blocking . 

Th e mechanism s propose d fo r  blockin g ar e no t  sufficientl y detaile d t o explai n bot h block -

in g an d th e habituatio n (extinction )  o f  learne d responses . 

Our analysis illustrates the complexities that arise in trying to understand a simple 

circui t  involvin g onl y fou r  neuron s tha t  generate s phenomen a o f  associativ e learning .  Ou r 

result s illustrat e th e nee d fo r  computationall y implemente d quantitativ e theorie s o f  neu -

rona l  circui t  function .  I f  th e functionin g o f  eve n thi s simpl e circui t  i s  no t  eviden t  a t  a 

logical-qualitativ e leve l  o f  analysis ,  the n th e mor e comple x circuit s tha t  code ,  stor e an d 

retriev e memorie s i n th e mammilia n brai n wil l  certainl y requir e quantitativ e modeling . 
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