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The las t  1 0 year s ha s see n publicatio n o f 
severa l  neura l  model s capabl e o f  performin g con -
cep t  formation ,  associativ e learnin g an d recall , 
and patter n recognition .  A t  th e bas e o f  al l  thes e 
model s i s on e o r  anothe r  rul e fo r  associativ e syn -
apti c modification .  Thu s th e exac t  modificatio n 
rul e seem s t o distinguis h on e mode l  fro m another . 
Certainl y specifyin g suc h a  rul e severel y restrict s 
th e remainin g degree s o f  freedo m lef t  t o th e 
modeler . 

Our  neurophysiologica l  researc h ha s concen -
trate d o n establishin g th e existenc e o f  a t  leas t 
one suc h "synapti c learnin g rule "  and ,  further ,  o n 
specifyin g th e propertie s o f  thi s rul e sufficient -
l y s o tha t  a  differentita l  equatio n describin g th e 
modificatio n rul e coul d b e reasonabl y proposed . 

The simples t  for m o f  th e equatio n I s 
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mj  J  i s th e strengt h o f  th e synaps e forme d b y th e 
afferen t  i  an d th e postsynapti c cel l  j;y .  i s  th e 
net  excitatio n o f  th e j ^ "  postsynapti c cell ;  c  i s 
a positiv e constant ;  Xj ^  i s  th e frequenc y o f  th e 
i'* '  afferen t  whic h b y definitio n i s nonnegative . 
The exac t  for m o f  y  i s no t  know n thoug h i t  doe s 
appea r  t o b e a  nonnegativ e functio n tha t  increase s 
wit h postsynapti c excitatio n an d decrease s wit h 
postsynapti c inhibition .  Ofte n y  i s assume d t o b e 
a linea r  functio n o f  synapti c excitation . 

By performin g th e Indicate d multiplicatio n i t 
i s  see n tha t  th e ter m yc x correspond s t o Hebb' s 
predicte d encodin g o f  correlate d pre -  an d postsyn -
apti c activity .  Th e othe r  ter m (-ym )  i s neede d t o 
accoun t  fo r  th e erasabl e aspec t  o f  thes e synapses . 
Wit h th e linea r  assumptio n fo r  th e siz e o f  y ,  th e 
equatio n predict s a  globall y asymptoticall y stabl e 
solutio n i n whic h th e valu e o f  th e synapse s o n a 
cel l  g o t o th e dominan t  eigenvecto r  o f  th e auto -
correlatio n matri x o f  th e Inputs . 

The initia l  discorver y o f  lon g ter m potenti -
atio n b y Blis s an d L ^ o provide s th e firs t  clea r 
neurophysiologica l  evidenc e fo r  a  cellula r  analo g 
of  memor y storage .  Toda y thi s experimenta l  mode l 
i s a n eve n bette r  analo g sinc e lon g ter m potenti -
atio n i n th e dentat e gyru s o f  th e hippocampu s i s 
known t o b e a n associativ e phenomeno n dependen t 
upon th e correlate d activit y o f  convergen t  ex -
citator y afferents .  Th e combine d co-activit y o f  a 
presynapti c inpu t  an d sufficien t  synapti c excita -
tio n o f  a  postsynapti c cel l  produce s a n Increas e 
of  th e synapti c strengt h o f  th e particula r  synap -
ses Involve d i n thi s co-activity .  Moreover ,  thi s 
potentiatio n i s accompanied ,  a t  othe r  convergin g 
synapses ,  b y th e phenomeno n o f  lon g ter m depres -
sio n a n erasure-lik e proces s tha t  decrease s syn -
apti c strength .  Thos e synapse s whic h ar e conver -
gent  t o a n activate d postsynapti c structur e bu t 
whic h ar e themselve s Inactiv e durin g th e postsyn -
apti c activit y los e synapti c strength . 

The experiment s ar e performe d usin g anesthe -
tize d rats .  Th e respons e studie d i s th e extra -
cellularl y recorde d monosynapti c respons e elicite d 
when th e entorhlna l  corte x i s stimulate d an d th e 
recordin g electrod e i s i n th e dentat e gyru s o f  th e 
hippocampus .  Bot h a  synapti c wavefor m and ,  shoul d 
enoug h synapse s b e active ,  cel l  firin g ar e mea -
sured .  I t  i s  th e synapti c respons e whic h corres -
pond s t o th e synapti c strengt h o f  th e differentia l 
equation .  Thi s synapti c respons e take s plac e al -
most  immediatel y afte r  stimulatio n o f  th e ento -
rhlna l  corte x s o ther e i s n o tim e fof -  disynapti c circuitr y t o confus e th e interpretatio n o f  th e 

respons e w e measure . 
Critica l  t o thes e experiment s i s th e fac t  tita t 

bot h th e lef t  an d righ t  entorhinal  cortice s pro -
jec t  t o bot h th e lef t  an d righ t  dentates .  Thi s 
arrangemen t  allow s th e insertio n o f  tw o quit e dis -
tan t  an d independen t  stimulatin g electrodes .  Thu s 
one electrod e i s use d t o activat e a  smal l  numbe r 
of  synapse s whic h generat e ou r  dependen t  measure . 
The othe r  stimulatin g electrod e i s use d t o contro l 
a ver y larg e numbe r  o f  convergin g excitator y syn -
apses .  Stimulatio n wit h thi s secon d electrod e 
quit e effectivel y fire s th e postsynapti c granul e 
cell s i n th e dentate .  I n mos t  situation s th e tes t 
electrod e doe s no t  activat e enoug h synapse s t o 
fir e thes e cells . 

"Conditioning "  stimulatio n consist s o f  brief , 
hig h frequenc y train s o f  duratio n an d frequenc y 
withi n th e rang e tha t  ha s bee n observe d i n th e en -
torhina l  corte x o f  behavin g rats . 

The initia l  importan t  observatio n i s tha t 
hig h frequenc y conditionin g stimulatio n throug h 
th e tes t  syste m alon e doe s no t  alte r  th e tes t  sys -
te m itself .  However ,  whe n hig h frequenc y condi -
tionin g o f  th e tes t  syste m i s paire d wit h hig h 
frequenc y stimulatio n a t  th e othe r  electrod e 
(whic h i s abl e t o produc e a  powerfu l  postsynapti c 
response) ,  the n lon g ter m potentiatio n obtain s i n 
th e tes t  system .  Tha t  is ,  paire d conditionin g 
throug h bot h stimulatin g electrode s produce s a n 
increase d synapti c respons e whe n th e th e synapti c 
respons e o f  th e wea k tes t  syste m i s measure d alone . 
Importantly ,  hig h frequenc y conditionin g o f  th e 
powerfu l  systo n alon e depresse s th e siz e o f  th e 
synapti c respons e o f  th e wea k tes t  syste m eve n 
thoug h th e powerfu l  syste m throug h whic h th e con -
ditionin g stimulatio n i s delivere d i s itsel f 
potentiated . 

Thes e experiments ,  then ,  sho w tha t  th e power -
fu l  synapti c activatio n i s permissiv e fo r  chang e 
whil e th e exec t  typ e o f  chang e tha t  occur s i s a 
functio n o f  th e actua l  activit y a t  eac h particula r 
synapse . 

Althoug h w e canno t  stimulat e an d recor d fro m 
a singl e synapse ,  th e conclusion s ca n b e ad -
vance d an d define d b y usin g logica l  arguement s an d 
th e natura l  advantage s o f  th e entorhinal-dentat e 
system .  I n particula r  i t  shoul d b e realize d tha t 
becaus e o f  th e totall y bilatera l  natur e o f  thi s 
syste m ther e ar e fou r  response s tha t  ca n b e mea -
sure d whe n recordin g an d stimulatin g bilaterally . 
I n fac t  th e synapse s o f  on e wea k pathwa y ar e to -
tall y  intermingle d wit h th e synapse s o f  th e stron g 
pathwa y whic h provide s th e permissiv e stimulu s an d 
i n additio n ar e themselve s collateral s o f  th e 
stron g pathwa y terminatin g i n th e othe r  dentate . 
Fro m experiment s a s describe d abov e tha t  tak e ad -
vantag e o f  thes e fact s w e dra w thre e conclusions . 
1.  Lon g ter m depressio n occur s a t  a  synaps e tha t 
i s surrounde d b y man y othe r  synapse s tha t  hav e 
simultaneousl y undergon e lon g ter m potentiation . 
Calculation s sho w tha t  on e suc h depresse d synaps e 
centere d withi n a  cubi c micromete r  i s surrounde d 
by 2 0 synapse s tha t  potentiated . 
2.  Potentiatio n an d depressio n ca n b e differen -
tiall y  induce d a t  differen t  synapse s o f  th e sam e 
granul e cell .  Thi s i s deduce d fro m experiment s i n 
whic h electrophysiologica l  convergenc e i s wel l 
demonstrated . 
3.  Potentiation ,  depression ,  o r  n o chang e ca n oc -cur  simultaneuousl y a t  siste r  synapse s o f  on e in -dividua l  afferent . Such conclusion s lea d t o th e furthe r  conclusio n tha t  individua l  synapse s ar e individuall y modu -135 



lated .  I n fac t  b y extrapolatio n w e argu e tha t 
suc h individua l  modulatio n ha s practicall y bee n 
demonstrated .  Fo r  n o matte r  ho w smal l  th e wea k 
response ,  s o lon g a s i t  i s  measureable ,  i t  ca n b e 
potentiate d b y th e prope r  paire d conditioning . 

Concludin g tha t  lon g ter m potentiatio n re -
quire s convergen t  co-activit y give s ris e t o 
severa l  question s includin g "Wha t  i s th e meanin g 
of  co-activity? "  Varyin g th e relativ e tim e tha t 
th e conditionin g stimulation s ar e delivere d 
throug h eac h o f  th e tw o stimulatin g electrodes , 
produce s a  quantitativ e definitio n o f  co-actlv -
Ity .  Usin g conditionin g train s o f  17. 5 mse c dur -
ation ,  simultaneou s (±0.5msec )  conditionin g 
throug h th e tw o stimulatin g electrode s produce s 
th e mos t  potentiatio n o f  th e wea k tes t  system . 
I f  conditionin g o f  th e wea k tes t  syste m follow s 
immediately ,  o r  later ,  conditionin g o f  th e powerfu l 
input ,  the n th e tes t  syste m I s depressed .  I f  th e 
weak syste m i s conditione d an d the n wit h a  dela y 
of  10 0 mse c o r  mor e th e stron g syste m i s condi -
tioned ,  th e tes t  syste m I s depressed .  However ,  i f 
th e wea k syste m i s conditione d an d withi n 2 0 mse c 
of  th e en d o f  thi s conditionin g trai n th e powerfu l 
syste m I s conditioned ,  the n th e wea k tes t  syste m 
i s potentiated .  Thu s co-activit y I s well-define d 
t o a  37. 5 (20+17.5 )  mse c window .  I t  migh t  b e see n 
tha t  th e tempora l  requirement s hav e som e qualita -
tiv e resemblanc e t o classica l  conditioning .  How -
eve r  th e resul t  place s a .  ver y specifi c  contraln c 
on neura l  model s o f  associativ e learning .  I n par -
ticula r  associatio n o f  externa l  event s separate d 
by al l  bu t  th e shortes t  tim e require s th e us e o f 
circuitr y tha t  perform s a s a  dela y line . 

One fina l  issu e concern s th e uni t  o f  postsyn -
apti c integratio n whic h make s a  decisio n abou t  th e 
sufficienc y o f  convergin g stimulatio n an d the n 
goes o n t o permi t  synapti c modification .  Rathe r 
tha n th e cel l  bod y a s Heb b proposes ,  ou r  curren t 
evidenc e Indicate s tha t  individua l  dendriti c  do -
main s o r  branche s ca n functio n independently .  B y 
takin g furthe r  advantag e o f  entorhinal-dentat e an -
atomy .  I t  i s  possibl e t o activat e synapse s o n dif -
feren t  part s o f  th e granul e cel l  dendrite s i n a 
controlle d an d specifi c  manner .  When thi s i s don e 
wit h minimall y sufficien t  postsynapti c responses , 
we fin d tha t  i t  i s  possibl e t o Independentl y po -
tentiat e o r  depres s synapse s i n on e o f  th e tw o 
dendriti c  domains .  A t  hig h Intensities ,  however , 
th e dendriti c  domain s sho w a n interactio n fo r  po -
tentiation . 

I f  thi s independenc e i s th e norma l  function -
in g mode,the n thi s add s substantia l  complexit y 
t o model s o f  th e nervou s system ,  perhap s 
increasin g th e numbe r  o f  functiona l  unit s ten-fold . 
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