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A N E U R A L S I M U L A T I O N O F 

C L A S S I C AL C O N D I T I O N I N G I N A P L Y S I A 

Howard N. Henry 

Informatio n an d Compute r  Scienc e Departmen t 

Universit y o f  Californi a — Irvin e 

Psychological research into behavioral conditioning of animals is some of the most 

advance d wor k o n learnin g available .  M a n y biologist s studyin g learning ,  o n th e othe r  hand , 

hav e focuse d o n th e processe s causin g change s i n th e strengt h o f  th e synapti c connection s 

betwee n neurons ,  an d thei r  researc h i s mos t  advance d i n invertebrate s suc h a s Aplysia . 

Relatin g th e observabl e behavio r  an d th e cellula r  processe s woul d hel p th e overal l 

understandin g o f  learning .  Recently ,  th e cellula r  mechanism s fo r  habituation ,  sensitization , 

and classica l  conditionin g hav e bee n postulate d fo r  th e defensiv e withdrawa l  refle x i n 

Aplysi a (Hawkin s &  Kandel ,  1984) . 

I t  woul d b e usefu l  t o tes t  thes e mechanism s t o establis h th e constrainin g limit s o n th e 

learnin g the y control .  Simulatin g a  mode l  o f  neura l  mechanism s i s ideall y suite d t o th e 

task ,  sinc e i t  allow s a  wid e rang e o f  controlle d interna l  configuration s t o b e teste d unde r 

a wid e rang e o f  controlle d externa l  condition s i n a  shor t  time . 

Already ,  a  neura l  simulatio n o f  thi s refle x ha s identifie d a  proble m i n producin g "block -

ing "  ,  i n whic h a n establishe d associatio n betwee n stimul i  prevent s formatio n o f  a n associ -

atio n wit h a  ne w stimulu s (Gluc k &  Thompson ,  1986) .  Anothe r  neura l  mode l  ha s show n 

th e implication s o f  blockin g an d conditione d inhibitio n o n anima l  processin g o f  stimul i 

durin g classica l  conditionin g experiment s (Bart o &  Sutton ,  1985) . 

Thi s pape r  explore s learnin g b y a  refle x i n Aplysi a i n respons e t o variation s i n contin -

genc y i n classica l  conditionin g presentations ,  usin g a  neura l  simulatio n model .  Th e mai n 

finding  i s tha t  th e learnin g i s extremel y sensitiv e t o eve n ver y smal l  change s i n parameter s 

suc h a s th e rat e o f  decremen t  o f  synapti c strengt h wit h habituation . 

THE DEFENSIVE WITHDRAWAL REFLEX IN APLYSIA 

I n mollusk s suc h a s Aplysia ,  a  respirator y chambe r  (mantl e cavity )  contain s th e gil l  an d 

i s covere d b y a  protectiv e shee t  (mantl e shelf )  tha t  terminate s i n a  fleshy  spou t  (siphon) . 

The gill ,  mantl e shelf ,  an d sipho n al l  contrac t  vigorousl y an d withdra w int o th e mantl e 

cavit y whe n th e sipho n o r  mantl e shel f  i s stimulate d b y touch . 

Thre e form s o f  learnin g hav e bee n demonstrate d i n thi s reflex :  habituation ,  sensi -

tization ,  an d classica l  conditionin g (Hawkin s &  Kandel ,  1984) .  Habituatio n involve s a 

depressio n o f  neurotransmitte r  releas e a t  th e synapse s tha t  th e sensor y neuron s mak e o n 

th e moto r  neuron s an d interneurons .  Sensitizatio n i s cause d b y a n increas e i n neurotrans -

mitte r  releas e a t  th e sam e synapses ,  produce d b y a  facilitato r  neuro n tha t  terminate s o n 

or  nea r  thes e synapses ;  stimulatin g th e tai l  initiate s thi s presynapti c facilitation . 

661 



H E N RY 

Facil -
itator y 
Inter -

neuro n 

Moto r 
Neuro n 

V 

y 

Figur e 1 .  Simulate d defensiv e withdrawa l  refle x circuit ,  afte r  Hawkin s &  Kande l  (1984) . 

In classical conditioning, the sensory neurons of the CS path fire just before the facil-

itato r  neuro n o f  th e U S pathwa y become s active .  Th e facilitato r  neuro n produce s muc h 

mor e enhancemen t  o f  a  recently-activ e synapse ,  a n effec t  terme d a n activity-dependen t 

amplificatio n o f  presynapti c facilitation .  Thi s enhancemen t  i s maximize d whe n th e C S 

precede s th e onse t  o f  th e U S b y 0. 5 seconds . 

Th e neurons ,  synapses ,  an d presynapse s involve d i n learnin g b y thi s refle x ar e illus -

trate d i n th e circui t  o f  Figur e 1  (Hawkin s &  Kandel ,  1984) .  Thi s circui t  i s  a  simplificatio n 

of  th e actua l  neuroanatom y (Care w e t  al. ,  1984 ;  Hawkin s e t  al. ,  1981a) ,  bu t  i s  sufficien t 

t o demonstrat e th e learnin g i n th e neura l  simulation . 

THE NEURAL SIMULATION MODEL 

Th e inpu t  t o th e neura l  simulatio n mode l  include s a  descriptio n o f  th e circui t  t o b e 

simulate d i n term s o f  it s  neurons ,  synapses ,  an d presynapses ,  followe d b y th e timin g o f 

ever y externa l  stimulatio n o f  a  neuro n fo r  th e cours e o f  th e simulation .  Th e syste m output s 

th e firing  frequenc y o f  eac h neuro n an d th e weigh t  o f  eac h synaps e a t  specifie d times . 

Ever y quarter-secon d simulatio n cycle ,  th e simulatio n check s fo r  frequenc y change s i n 

th e inpu t  file.  The n i t  compute s th e firing  frequenc y fo r  eac h neuro n fro m th e frequencie s 

of  it s  inpu t  neuron s i n th e precedin g cycl e an d th e weight s o f  th e synapse s betwee n th e 

inpu t  neuron s an d thi s neuron .  Finall y i t  update s th e weigh t  o f  eac h synaps e fo r  fou r 

possibl e impacts : 

1.  Habituatio n 

2.  Recover y fro m habituatio n 

3.  Sensitizatio n an d conditionin g rais e th e weigh t  o f  a  synaps e tha t  hei s a  presynaps e fro m 

a rapidly-firin g facilitato r  neuron . 
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4. Conditioning additionally requires recent firing of the neuron leading to the synapse. 

Thi s recen t  activit y  i s maintaine d betwee n cycle s i n a  synapti c plasticit y valu e fo r  eax: h 

synapse . 

LEARNING IN ANIMALS 

A classica l  conditionin g experimen t  m a y b e describe d i n term s o f  fou r  distinc t  "con -

tingenc y conditions "  o r  "presentatio n conditions" ,  eac h representin g som e combinatio n o f 

CS an d U S presentation s (Grange r  &  Schlimmer ,  1986) : 

1.  Perfec t  Pairings ,  containin g C S -  U S pair s an d non-event s (havin g neithe r  C S no r  U S ) ; 

2.  Partia l  Reinforcement ,  combinin g C S -  U S pairs ,  spuriou s C S — events ,  an d non -

events ; 

3.  Partia l  Warning ,  wit h C S -  U S pairs ,  spuriou s — U S events ,  an d non-events ;  an d 

4.  Composite ,  havin g al l  fou r  type s o f  events . 

Al l  o f  thes e condition s als o implicitl y  contai n contex t  cues ,  whic h ar e stimul i  othe r  tha n 

th e C S an d th e U S tha t  remai n constan t  throughou t  th e trials . 

Fro m experiment s coverin g variou s presentatio n conditions ,  Rescorl a (1968 )  formulate d 

a precis e constrain t  describin g thos e condition s tha t  enabl e o r  preven t  classica l  conditionin g 

i n mammals :  fo r  excitator y conditionin g t o occur ,  P { U S \ C S )  >  P { U S \ C S ) .  I n term s 

of  th e presentatio n conditions ,  thi s constrain t  mean s tha t  ther e shoul d b e n o significan t 

excitator y conditionin g fo r  th e Composit e condition ,  muc h learnin g fo r  th e Perfec t  Pairing s 

case ,  an d som e positiv e conditionin g fo r  th e Partia l  Reinforcemen t  an d Partia l  Warnin g 

contingencie s (Grange r  &  Schlimmer ,  1986) .  I n othe r  words ,  th e fou r  presentation s shoul d 

be ordere d 8i s follows : 

Perfect Pairings > Partial Warning « Partial Reinforcement > 0 « Composite. 

Rescorla's contingency constraint is still widely held by researchers in the field of condi-

tionin g (e.g. ,  Colwil l  &  Rescorla ,  1986) , 

SIMULATIONS 

The simulation s generall y produc e a n increas e i n th e strengt h o f  th e synaps e connectin g 

th e C S + neuro n t o th e moto r  neuro n tha t  cause s th e withdrawa l  actio n o f  th e reflex .  On e 

measur e o f  thi s chang e i n strengt h i s th e relativ e associativ e strength ,  give n b y (it;—0.5)/0.5 , 

wher e w  i s th e final  synapti c strengt h an d 0. 5 i s th e initia l  synapti c strength . 

The first  simulatio n modele d a  frequently-cite d differentia l  conditionin g experimen t  i n 

Aplysia .  Th e withdrawa l  refle x i n Aplysi a ca n b e differentiall y  conditione d b y pairin g a 

tai l  shoc k reinforcin g U S wit h stimulatio n o f  eithe r  th e sipho n o r  mantl e shelf ,  an d leavin g 

stimulatio n o f  th e othe r  unreinforced .  The n stimulatio n o f  th e sit e paire d wit h th e U S (th e 

C S +)  produce s greate r  respons e tha n th e unpaire d locatio n (th e CS-) .  I n th e experimen t 

t o b e simulate d (Care w e t  al. ,  1984 ;  Hawkin s e t  al. ,  1983 ;  Hawkin s &  Kandel ,  1984) , 
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Tabl e 1 

% o f  Trial s Spurious : 

Perfec t  Pairing s 

Partia l  Warnin g 

Partia l  Reinforcemen t 

Composit e 

0 % 

+0.4 4 

20 % 4 0 % 6 0 % 8 0 % Avg .  Ran k Constrain t 

+0.2 2 

+0.3 2 

+0.2 8 

+0.2 2 

+0.2 2 

+0.1 6 

+0.1 6 

+0.1 4 

+0.0 4 

+0.1 6 

+0.0 4 

0.0 0 

1 

2- 3 tie d 

2- 3 tie d 

4 

1 

2- 3 tie d 

2- 3 tie d 

4 

one grou p o f  2 0 Aplysi a wer e give n five  trial s o f  norma l  differentia l  conditionin g wit h a 

five-minute  intertria l  interval ,  whil e a  secon d grou p o f  2 0 wer e give n th e sam e trainin g 

bu t  wit h five  additiona l  US' s inserte d betwee n th e paire d trials .  Th e first  grou p showe d 

significan t  learnin g whe n tested ,  whil e th e secon d grou p di d not .  Unlik e th e experimen t 

bu t  lik e th e prediction s o f  Rescorla' s contingenc y constraint ,  th e simulate d secon d grou p 

di d lear n th e associatio n betwee n C S + an d th e U S ,  thoug h no t  a s wel l  a s th e first  grou p 

withou t  spuriou s US's ;  th e relativ e eissociativ e strengt h o f  th e first  (Perfec t  Pairings )  grou p 

w£LS +0.44 ,  whil e tha t  o f  th e secon d (2 0 percen t  Partia l  Warning )  grou p wa s +0.22 .  (Th e 

presentatio n conditio n percentag e refer s t o th e proportio n o f  spurious ,  unpaire d trials ; 

bot h figures  assum e a  Habituatio n Rat e equivalen t  t o 5 0 percen t  pe r  trial ,  a  rat e tha t  wil l 

be teste d later. ) 

The second set of simulations attempted to determine whether the learning by the 

circui t  i n thi s experimental  situatio n conforme d t o Rescorla' s contingenc y constraint .  T o 

tes t  thi s require d simulation s ove r  a  rang e (0 ,  20 ,  40 ,  60 ,  an d 8 0 percen t  spuriou s trials , 

totalin g 1 3 cases )  o f  th e fou r  presentatio n condition s t o identif y th e relativ e amoun t  o f 

learnin g unde r  th e contingencies .  I f  learnin g adhere d t o th e constraint ,  the n performanc e 

unde r  th e fou r  condition s woul d follo w th e prescribe d relationshi p give n earlier : 

Perfect Pairings > Partial Warning « Partial Reinforcement > 0 « Composite. 

The relative associative strengths for the 13 cases (at the assumed 50 percent Habituation 

Rate )  ar e roughl y consisten t  wit h thi s ordering ,  a s show n i n Tabl e 1 .  Rank s o f  th e result s 

of  th e fou r  set s o f  presentatio n condition s ( 1 =  Highest )  ar e als o compare d t o th e orderin g 

of  Rescorla' s contingenc y constrain t  i n Tabl e 1 . 

The third set of simulations systematically explored the effect of variations in the Ha-

bituatio n Rat e o n th e results .  A n analysi s o f  th e differentia l  conditionin g experimen t  as -

sumed habituatio n a t  a  rat e equivalen t  t o a  5 0 percen t  decreas e wit h eac h U S presentatio n 

(Hawkin s &  Kandel ,  1984 ,  p .  387) .  Bu t  neurophysiologica l  measurement s o f  habituatio n 

i n thi s circuit' s  synapse s averag e 3. 9 percen t  pe r  0. 1 Hz .  neuro n firing  (Hawkin s e t  al. , 

1981b) ,  equivalen t  t o a  2 5 percen t  decreas e wit h eac h U S presentatio n fo r  thi s experiment . 

So i n additio n t o th e result s reporte d a t  th e 5 0 percen t  Habituatio n Rate ,  Figur e 2  give s 
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2 0 % O F T R I A L S U N P A I R E D 

+1.0- , 

+0.8 -

+0.6 -

+0.4 -

+0.2 -

-0.2 -

-0.4- J 

1 0 % Hab . 
2 0 % Hab . 
2 5 % Hab . 

3 0 % Hab . 

4 0 % Hab . 

5 0 % Hab . 

6 0 % Hab . 
8 0 % Hab . 

P P P W P R M X 

4 0 % O F T R I A L S U N P A I R E D 

1 0 % Hab . 

2 0 % Hab . 

2 5 % Hab . 

3 0 % Hab . 

4 0 % Hab . 

5 0 % Hab . 

6 0 % Hab . 
7 0 % Hab . 

8 0 % Hab . 

M X 

+ 1.0 -

+0.8 -

+0.6 -

+0.4 -

+0.2 -

-0.2 -

-0.4 -

6 0 % O F T R I A L S U N P A I R E D 

1 0 % Hab . 

2 0 % Hab . 

2 5 % Hab . 

30% Hab. 

4 0 % Hab . 

5 0 % Hab . 
6 0 % Hab . 

-  7 0 % Hab . 

+1.0- , 

+0.8 -

+0.6 -

+0.4 -

+0.2 -

-0.2 -

-0. 4 J 

8 0 % Hab . 

M X 

8 0 % O F T R I A L S U N P A I R E D 

1 0 % Hab . 

•  2 0 % Hab . 

25% Hab. 

3 0 % Hab . 

4 0 % Hab . 

5 0 % Hab . 
6 0 % Hab . 
7 0 % Hab . 

8 0 % Hab . 

M X 

+1.0 -

+0.8 -
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+0.4 -

+0 .2 -

-0.2 -

-0.4- 1 
P W P R 

Figur e 2 .  Eac h grap h give s th e relativ e associativ e strength s fo r  on e o f  th e fou r  percentage s o f  spuriou s 

trials .  Eac h grap h contain s nin e curve s o f  fou r  point s each ,  on e curv e pe r  Habituatio n Rate .  Th e fou r  value s 

on eac h curv e relat e t o th e fou r  presentatio n conditions ,  whic h ar e situate d besid e eac h othe r  acros s a  graph , 

and ar e o f  equa l  level s o f  intensit y (percentag e o f  spuriou s trials) .  Th e Perfec t  Pairing s (PP )  conditio n 

i s a t  th e left ,  th e Composit e ( M X )  conditio n i s a t  th e right ,  an d th e Partia l  Warnin g ( P W )  an d Partia l 

Reinforcemen t  (PR )  condition s ar e i n between .  Thi s orderin g acros s th e grap h i s th e sam e a s tha t  require d 

fo r  Rescorla' s contingenc y constraint ,  s o adherenc e t o th e constrain t  i s  indicate d b y a  curve' s downwar d slope . 

(Th e slop e o f  th e curv e betwee n th e tw o middl e point s nee d no t  fall ,  sinc e thes e tw o presentatio n condition s 

shoul d b e approximatel y equivalent. )  Conformit y wit h th e constrain t  als o require s tha t  th e Composit e valu e 

be nea r  o r  belo w zero ,  an d tha t  th e Partia l  Warnin g an d Partia l  Reinforcemen t  point s b e slightl y positive . 
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Table 2 

Habituation Perfect Partial Partial Composite 

Rat e Pairing s Warnin g Reinforcemen t 

10 

20 

25 

30 

40 

50 

60 

70 

80 

Constrain t 

Predictio n 

3 

2 

1 

1 

1 

3- 4 tie d 

3- 4 tie d 

3 

2- 3 tie d 

2 

2 

2 

2- 3 tie d 

4 

4 

2 

2 

2 

2- 3 tie d 

3- 4 tie d 

3- 4 tie d 

4 

2- 3 tie d 

2 

3 

3- 4 tie d 

3- 4 tie d 

4 

4 

3- 4 tie d 

3- 4 tie d 

3 

4 

result s fo r  th e 2 5 percen t  rat e an d severa l  intermediat e an d nearb y rate s s o tha t  th e sen -

sitivit y o f  thi s paramete r  settin g ca n b e gauged .  Thes e result s ar e summarize d b y Tabl e 

2' s ranking s o f  th e fou r  presentatio n condition s fo r  eac h o f  th e nin e Habituatio n Rates . 

DISCUSSION 

These results indicate that the simulated performance of the circuit is highly sensi-

tiv e t o th e Habituatio n Rate .  Learnin g i s to o eas y unde r  to o m a n y condition s a t  lo w 

Habituatio n Rates ,  an d to o har d unde r  to o m a n y condition s a t  hig h Habituatio n Rates . 

Conditionin g conform s t o Rescorla' s contingenc y constrain t  onl y a t  a  Habituatio n Rat e 

approximatin g a  5 0 percen t  decreas e pe r  U S presentation .  Bu t  a s indicate d earlier ,  ha -

bituatio n recorde d i n cell s o f  th e refle x i n Aplysi a average s th e equivalen t  o f  a  2 5 percen t 

rate .  Ther e ar e fou r  possibl e explanation s fo r  thi s discrepancy : 

1. It is possible that the combination of parameter settings for the simulation is not 

appropriat e fo r  th e experimenta l  conditio n bein g simulated .  Ther e i s likel y t o b e a n 

interactio n amon g th e learnin g rate s an d th e timin g an d intensitie s (firin g frequencies ) 

of  th e stimul i  i n th e experimenta l  situation .  Whil e al l  thes e setting s hav e bee n obtaine d 

fro m experimenta l  measurement s an d exper t  assumption s discusse d earlier ,  th e variou s 

value s wer e ccis t  i n severa l  distinc t  contexts ,  instea d o f  a  singl e unifie d experiment . 

Thu s eac h individua l  valu e m a y b e vali d fo r  it s  situation ,  bu t  togethe r  the y m a y b e 

incompatibl e fo r  th e experimen t  bein g simulated .  Neurophysiologica l  measurement s 

unde r  unifyin g experimenta l  condition s woul d hel p tes t  thi s possibility ,  a s woul d neura l 

simulation s tha t  systematicall y var y th e value s o f  eac h paramete r  t o tes t  interactio n 

effects . 

2. It is possible that the neural simulator incorporates assumptions that do not accurately 

reflec t  th e processin g o f  th e neuron s i n th e circuit . 
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3. It is possible that the small circuit isolated for the simulation is not sufficient for re-

producin g th e quantitativ e contingenc y result s o f  classica l  conditioning ,  thoug h i t  i s 

enoug h fo r  demonstratin g som e o f  th e mor e qualitativ e effect s (e.g. ,  Gluc k &  T h o m p -

son ,  1986) .  I n tha t  case ,  on e o f  th e mor e elaborat e circuit s identifie d fo r  th e defensiv e 

withdrawa l  refle x i n Aplysi a (Hawkin s e t  al. ,  1981a ;  Care w e t  al. ,  1984 )  m a y b e ade -

quate . 

4.  Th e Rescorl a contingenc y constrain t  i s  base d upo n mammal ia n conditionin g results . 

I t  i s  possibl e tha t  learnin g i n Aplysi a doe s no t  adher e t o th e sam e constraints . 

Furthe r  wor k i s neede d t o determin e whic h o f  thes e fou r  possibilitie s bes t  explain s th e dis -

crepanc y betwee n thos e Habituatio n Rate s producin g learnin g unde r  Rescorla' s condition s 

and thos e rate s tha t  hav e bee n measure d i n Aplysia . 

CONCLUSIONS 

Thes e simulation s hav e attempte d t o establis h whethe r  thi s circui t  i s  capabl e o f  m a m-

malia n conditioning ,  b y testin g it s adherenc e t o Rescorla' s contingenc y constraint .  Th e 

simulation s hav e show n th e sensitivit y o f  learnin g t o neurophysiologica l  measures ,  partic -

ularl y th e Habituatio n Rate .  I t  migh t  b e tha t  synapti c weigh t  chang e rate s an d neura l 

firing  frequencie s wil l  nee d t o b e completel y specifie d befor e th e performanc e o f  a  circui t 

can b e full y determined . 

I t  appear s tha t  neura l  simulation s woul d benefi t  fro m mor e extensiv e an d detaile d 

neurophysiologica l  measurement s fo r  settin g th e value s o f  th e synapti c strengt h learnin g 

rates ,  an d th e i n viv o firing  frequencie s resultin g fro m stimulatio n b y C S ,  U S ,  an d contex t 

stimuli .  Makin g thes e variou s measurement s unde r  unifie d experimenta l  condition s woul d 

increas e th e confidenc e i n prediction s mad e fro m simulatin g thei r  interactions . 

I n addition ,  i t  woul d b e usefu l  t o us e neura l  simulatio n t o systematicall y explor e th e 

spac e o f  join t  paramete r  values .  Thi s woul d permi t  identificatio n o f  thos e combination s 

tha t  replicate d physica l  experiment s an d thos e tha t  produce d result s consisten t  wit h th e 

mammalia n contingenc y constraint .  Findin g th e parameter s mos t  sensitiv e i n determinin g 

performanc e woul d hel p prioritiz e th e neurophysiologica l  measurement s needed . 
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