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A b s t r a c t 

We propose a computational theory of hippocampal-

syste m functio n i n mediatin g stimulu s representation 

i n associativ e learning .  A  ccMinectionis t  mode l  base d 

o n thi s theor y i s describe d here ,  i n whic h th e hippo -

campal  syste m develc^ s ne w an d adaptiv e stimulu s 

repesentation s whic h ar e predictive ,  distributed ,  an d 

compressed :  othe r  cortica l  an d cerebella r  module s ar e 

presume d t o us e thes e hippocampa l  representations  t o 

recod e thei r  o w n stimulu s representations.  Thi s com -

putatioia l  theor y ca n bee n see n a s a n extensio n 

and/o r  refinement  o f  severa l  prio r  characterization s o f 

hippocampa l  functioo .  includin g theorie s o f  chunking , 

stimulu s selection ,  cue-configuration ,  an d contextua l 

coding .  Th e theor y doe s no t  addres s tempora l  aspect s 

of  hippocampa l  function .  SimulaticMi s o f  th e intac t 

and lesione d mode l  provid e a n accoun t  o f  dat a o n 

divers e effect s o f  hippocampal-regio n lesions ,  includ -

in g simpl e discriminatio n learning ,  sensor y precondi -

tiooing .  reversal  training ,  laten t  inhibition ,  contextua l 

shifts ,  an d ccMifigura l  learning .  Potentia l  implication s 

of  thi s theo y fo r  imderstandin g h u m a n declarativ e 

m e m o y,  temp<M'a l  {X'ocessing .  an d neura l  mechanism s 

ar e briefl y discussed . 

In t roduc t io n 

The hippocampus and adjacent axtical regions in the 

media l  tempora l  lob e hav e lon g bee n implicate d t n 

learnin g an d m e m c n y vi a lesio n dat a i n bot h human s 

(Scovill e & .  Millner ,  1957 ;  Squire ,  1987 )  an d animal s 

(Mishkin ,  1982 ;  Squir e an d Zola-Morgan ,  1983) . 

Whil e ther e i s  genera l  agreemen t  tha t  dii s  region 

play s a n essentia l  rol e i n m a n y aspect s o f  learnin g 

and m e m o r y ,  ther e i s littl e consensu s a s t o th e precis e 

specificatio n o f  thi s role .  O n e approac h ha s bee n t o 

see k t o defin e th e clas s o f  learnin g an d m e m o r y task s 

whic h requir e a n intac t  hippocampa l  region.  Squir e 

(1987 )  emphasize s di e critica l  rol e o f  thi s brai n region 

fo r  th e formatio n o f  explici t  declarativ e memorie s i n 

humans.  Studie s o f  lowe r  (non-primate )  mammal s 

hav e focusse d o n place-learnin g an d spatia l  navigatio n 

as task s whic h require  a n intac t  hippocampa l  region 

(Morris ,  e t  al. ,  1982 ;  O'Keef e an d Nadel ,  1978 ; 

McNaughto n &  Nadel ,  1990) . 

Another approach to functional theories of 

hippocampal-regio n processin g ha s bee n t o character -

iz e a n underlyin g information-processin g rol e fo r  th e 

hippocampa l  regio n an d the n see k t o deriv e a  wide r 

rang e o f  task-specifi c  deficits .  T w o broa d classe s o f 

hippocampal-base d deficit s hav e bee n characterized : 

thos e dealin g wit h tempora l  processin g an d thos e con -

cerne d wit h modifyin g stimulu s representations.  W e 

ar e concerne d her e solel y wit h di e latter ,  representa-

tional ,  prqiertie s o f  hippocampal-regio i  function . 

Thus ,  i n th e analysi s t o follow ,  w e wil l  conside r  onl y 

trial-leve l  propertie s o f  associativ e learning . 

Several different representational theories of 

hippocampal-regio n functio n hav e bee n proposed . 

Wickelgrc n (1979 )  suggeste d tha t  th e hippocampu s 

participate s i n a  proces s whereb y th e componen t 

feature s withi n a  stimulu s patter n ar e recognize d a s 

co-occurrin g element s an d thu s com e t o b e treate d a s 

a unitar y whol e o r  "chunk. "  Other s hav e viewe d th e 

hippocampal-regio n a s a n attentiona l  contro l  mechan -

is m whic h alter s stimulu s selectio n throug h a  proces s 

of  inhibitin g orientin g o r  attentiona l  responses  t o 

irrelevan t  cue s (Dougla s &  Pribram .  1966 ;  Schmaju k 

&.  Moore .  1985) .  Mcx e recendy .  Wickelgren' s 

"chunking "  ide a ha s bee n extende d an d elaborate d b y 

Sutherian d an d Rud y (1989 )  w h o propose d tha t  th e 

hippocampu s provide s th e neura l  basi s fo r  th e acquisi -

tio n an d stwag e o f  configura l  events ,  whil e othe r 

brai n system s stor e onl y direc t  cue-outcom e associa -

tions .  A  related  characterizatio n o f  hippocampal -

functio n suggest s tha t  i t  i s  bes t  understoo d a s provid -
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in g a  "contextua l  tag "  fe  associativ e learnin g (Nade l 

& Willner .  1989- .  Winocur .  e t  al. .  1987 ;  Hirxh . 

1974) .  Eichenbau m an d colleague s hav e als o 

emphasize d th e representationa l  rol e o f  hippocampa l 

function ,  particularl y i n th e flexible  us e o f  conjunctiv e 

association s i n nove l  situation s (Eichenbau m &  Buck -

ingham .  1991) . 

These characterizations of hippocampal-lesion 

deficit s ca n al l  qualitativel y describ e subset s o f  di e 

empirica l  data .  W h a t  i s  lacking ,  however ,  i s  a  clea r 

mechanisti c inteipietatio n o f  hippocampal-iegio n 

functio n whic h ca n b e formall y an d rigorously  teste d 

agains t  a  broa d rang e o f  empirica l  data .  Computa -

tional  model s o f  abstrac t  connectionis t  networic s offe r 

one possibl e approac h fo r  explorin g candidat e func -

tional  role s o f  th e hippocampa l  system .  Model s 

develope d a t  thi s abstrac t  leve l  d o no t  directl y yiel d a 

physiologica l  understandin g o f  circuit-leve l  processin g 

i n th e hippocampa l  region ;  nevertheless ,  thes e model s 

may sugges t  h o w effect s o f  hippocampal-regio n 

lesion s migh t  emerg e fro m a n imderlyin g processin g 

functio n whic h i s localize d i n th e hippocampa l  region . 

By developin g a  connectionis t  theor y o f  hippocampa l 

processin g i n conditioning ,  w e seek ,  i n th e wor k t o b e 

describe d here ,  t o addres s th e question :  I s ther e a  sim -

pl e underlyin g computationa l  functio n whic h ca n 

deriv e di e representational ,  processe s subserve d b y th e 

hippocampa l  syste m i n associativ e learning ? 

C o r t i c a l - H i p p o c a m p a l  M o d e l 

We begin with the single key idea that the representa-

tional  functio n o f  di e hippocampa l  syste m ca n b e 

approximate d b y a  simpl e networ k architecture ,  calle d 

a predictiv e autoencoder .  Thi s typ e o f  networ k 

develop s nove l  an d flexible  representation s wit h Uire e 

ke y properties :  die y ar e distributed ,  predictiv e (o f 

futur e sensor y inputs) ,  an d compresse d (i.e. ,  reduce d 

i n siz e b y compressin g statistica l  redundancies) .  I n 

our  model ,  di e hippocampa l  modul e i s conceptualize d 

as a  predictiv e autoencodin g networic .  whic h learn s 

sensory-sensoi y mapping s throug h a  narro w hidde n 

layer ,  a s show n i n Rgur e 1  (ci. .  Hinton ,  1989) .  A s a 

result ,  th e narro w hidde n laye r  i s force d t o discove r  a 

representatio n whic h compresse s regularitie s an d 

irrelevan t  stimul i  whil e allocatin g mor e resource s t o 

predictiv e stimuli .  Othe r  learnin g "modules "  suc h a s 

cerebella r  an d cerebra l  cortice s (on e suc h modul e i s 

show n i n Figur e 1 )  ar e restricte d t o lear n simpl e asso -

ciation s vi a procedure s suc h a s di e Rescorla-Wagne r 

rul e (RescOTl a &  Wagner .  1972) .  If ,  however ,  a 

linea r  recombinatio n o f  di e hippocampa l  module' s 

Ex te rna l 

f e e d b a c k 

S - R 

learn in g 

S-R 

learn in g 

C o r t i c a l  M o d u l e 

C R 

H i p p o c a m p a l  M o d u l e 

Inpu t  -  S  ( t  +  1  ) 

F e e d b a c / M u l t i -

laye r 

l e a r n i n g 

Inpu t  -  S  (t ) 

Figur e 1 .  Th e intac t  cortico-hippocampa l  model .  Learnin g i n th e hippocampa l  modul e (o n right )  mediate s th e 

developmen t  o f  nove l  stimulu s representation s i n cerebra l  an d cerebella r  module s (on e show n o n left) .  Th e hippo -

campal  modul e ha s th e capacit y fo r  multi-laye r  learning ,  whic h result s i n a  nove l  recodin g (o r  re-representation )  o f 

it s stimulu s inputs .  Th e cortica l  modul e i s restricte d t o usin g onl y (single-layer )  S- R learning ,  e.g. ,  th e I M S rul e o f 

Widro w &  Hof f  (1960) .  Hippocampal-lesio n experiment s ar e modele d b y removin g th e hippocampa l  module .  Thi s 

result s i n th e botto m laye r  o f  th e cortica l  modul e remainin g fixed  (e.g. ,  wit h non-modifiabl e weights) .  Th e uppe r 

laye r  o f  th e cortica l  module ,  however ,  ca n stil l  b e traine d t o lear n base d o n th e fixed  recodin g o f  th e cortica l  input s 
whic h occur s i n th e cortica l  botto m layer .  Learnin g withou t  th e hippocampa l  modul e i s thu s limite d t o discrimina -

tion s whic h ca n b e solve d withou t  learnin g a  ne w stimulu s representation . 

391 



hidde n laye r  i s provide d a s feedbac k t o th e cortica l 

modul e hidde n layer ,  th e cortica l  modul e ca n us e it s 

simpl e learnin g rule s t o m a p from  sensor y input s t o 

thi s representatic m an d firom  th e representatio n t o out -

puts ,  allowin g i t  t o lear n comple x associations .  Thi s 

i s ou r  connectionis t  conceptualizatio n o f  normal . 

intac t  cortico-hippocampa l  interactio n i n associativ e 

learning . 

Within this framework, a hippocampal lesion 

i s characterize d b y removin g th e hippocampa l 

module .  Thi s ha s th e effec t  o f  eliminatin g th e hippo -

campal  feedbac k whic h th e cortica l  modul e woul d 

otherwis e us e t o construc t  hidde n laye r  representa -

tions .  W h e n th e hiiqxx:ampal-syste m modul e i s s o 

lesioned .  th e lowe r  laye r  o f  cortica l  modul e weight s 

remain s fixed,  an d th e syste m learn s associativ e 

stimulus-respons e (S-R )  relationship s base d o n thi s 

fixed  encodin g (representation )  o f  th e stimulu s inputs . 

I n comparison ,  th e intac t  syste m learn s th e sam e S- R 

relationships ,  bu t  doe s s o base d o n a  flexible  an d dis -

tribute d re-codin g o f  th e stimulu s input s whic h reflec t 

bot h predictiv e S- R relationship s a s wel l  a s sensory -

senscx y correlations .  Fo r  example ,  simpl e discrimina -

tion  learnin g (A+/B- )  i s  largel y unaffecte d o r  eve n 

facilitate d afte r  hippocampa l  lesio n (Schmalt z & 

Theios .  1972 ;  Ek:henbaum .  e t  al. .  1988) .  A s show n 

i n Figur e 2A .  bod i  th e intac t  an d th e lesione d networ k 

model s ca n solv e a  simpl e discriminatio n task .  Furth -

ermore ,  tiie  lesione d networ k show s som e facilitation . 

Thi s occur s becaus e th e initia l  representatio n i s 

siifficien t  t o lear n th e task ,  wherea s i n th e intac t 

model ,  thi s initiall y  sufficien t  representatio n i s altere d 

by hippocampa l  influence ,  retardin g learning . 

App l ica t ion s t o D a t a 

We turn now to examining the behavior of the 

cortico-hippocampa l  mode l  i n severa l  othe r  ke y para -

digms .  Thes e simulation s wi U illustrat e b o w th e 

model  instantiate s o r  refine s aspect s o f  fou r  prio r 
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F i gu r e 2 .  Simulation s o f  intac t  a n d lesione d cortico-hippocampa l  mode l .  ( A )  S imp l e Discrimination. -  Trainin g t o 

A + / B - .  Lesione d m o d e l  learn s s o m e w h a t  faste r  a s intac t  m o d e l  m u s t  first  lear n a  n e w representatio n i n th e hippo -

c a m p a l  m o d u l e a n d the n transfe r  thi s representatio n t o cortica l  module .  (B )  Sensor y Preconditioning ;  Pre -

exposur e t o a  non-reinforce d A B -  c o m p o u n d followe d b y trainin g t o A + .  Intac t  a n d lesione d system s ar e simila r 

throug h first  tw o phases ,  bu t  onl y intac t  syste m s h o w s transfe r  o f  respons e w h e n teste d wit h B  i n thir d phase .  ( Q 

Mul t ip l e Reversals ;  Trainin g o n A + / B - ,  fol lowe d b y reversa l  A - I B + ,  the n A + I B - ,  etc .  Intac t  syste m show s a  pro -

gressiv e decreas e i n th e n u m b e r  o f  trial s require d t o lear n eac h discrimination ;  lesione d syste m ha s difficult y wit h al l 

bu t  th e first  discrimination .  ( D )  Laten t  Inhibition ;  Non-reinforce d A -  trainin g followe d b y A + training .  Intac t  bu t 

no t  lesione d syste m impaire d o n A + learnin g c o m p a r e d wit h contro l  conditio n o f  pre-trainin g t o anothe r  cu e {e.g. , 

C+) . 
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infonnadon-processin g theorie s o f  hippocampal -

syste m function :  chunking ,  stimulus-selection ,  cue -

amfigmaticx i  an d contextua l  labeling . 

C h u n k i n g 

As suggested by Wickelgren (1979). the model incw-

pc^ate s a  "chunking "  mechanis m throug h th e sensor y 

compressio n whic h occur s i n th e hii^xx;ampal-syste m 

modul e t o stati c an d co-occurrin g (mos t  clearl y redun -

dant )  features ,  includin g th e context .  Thi s i s see n i n 

sensor y preconditioiiing .  wher e a n anima l  i s first 

pre-expose d t o a n unieinfoice d A B stimulu s com -

pound ,  an d the n give n A-t -  training .  I n a  final  trainin g 

phase ,  tb e anima l  show s partia l  transfe r  o f  tiie  learne d 

respons e t o stimulu s cu e B .  Por t  &  Patterso n (1984 ) 

demonstrate d tha t  th e hippocampal-regio n i s necessar y 

io r  sensor y piecmditioning .  Figur e 2 B show s tha t 

our  mode l  i s consisten t  wit h dii s  resul t  TTi e intac t 

syste m build s a n interna l  recodin g durin g pre -

exposur e t o A B -  trainin g whic h "chunks "  A  an d B 

together .  Thi s chunke d representatio n persist s durin g 

th e A-t -  training .  Therefore ,  som e o f  th e A-t -  associa -

tion  transfer s t o B  diroug h a  proces s aki n t o a n 

acquire d fcH m o f  stimulu s generalizati(xi . 

Stimulu s Selectio n 

The(xies of stimulus selection in classical c(Hiditi(Ni-

in g ca n b e differentiate d int o tw o classes :  thos e base d 

on a  modulatio n o f  th e reinforcin g valu e o f  Ui e 

unconditione d stimulu s (e.g. .  Rescorl a &  Wagner . 

1972 )  an d tiiose  whic h presum e a n attentiona l  o r 

salienc e modulatio n o f  sensor y input s (e.g. .  Pearc e & 
Hall .  1980 ;  Mackintosh ,  1975) .  Ou r  hinxKampal -

syste m mode l  incorporate s bot h form s o f  stimulu s 

selection .  Reinforcemen t  modulatio n i s localize d i n 

th e cerebella r  an d cerebra l  cortices ,  whil e sensw y 
modulatic m localize d i n th e hippocampa l  region .  Thi s 

mappin g i s consisten t  wit h result s indicatin g tha t 

behavio r  whic h ar e uniquel y explaine d b y sensor y 

modulatira i  (e.g. .  reversa l  facilitation ,  laten t  inhibi -

tion)  sho w di e cleares t  deficit s afte r  hippocampa l 

lesirai .  I n comparison ,  stimulu s selectio n behavio r 

whic h ca n b e uniquel y explaine d b y reinfocemen t 

modulatio n (e.g. ,  conditione d inhibition )  sho w n o hip -
pocampal  deficit .  Phenomen a whic h ca n b e explaine d 

by bot h mechanism s (an d henc e ar e assume d i n ou r 

theor y t o b e multipl y determine d acros s severa l  brai n 

regirais )  hav e resulte d i n inconclusiv e ( x partia l 

deficit s (e.g. .  blockin g an d overshadowing) .  W e focu s 

no w o a th e tw o phenomen a whic h w e e}q)ec t  t o sho w 

cleares t  hippocampa l  dependence . 

In reversal learning, an animal is first trained 

on a  simpl e A-f/B -  discriminati(» .  Thi s i s the n fol -

lowe d b y reversa l  trainin g o n A-/B-f .  Thes e tw o 

discrimination s ar e the n repeatedl y reversed .  Norma l 

intac t  animal s show n a  progressiv e facilitatio n i n 

learnin g th e ne w discriminations :  i n contrast .  H L 

animal s sho w a n impairmen t  (Berge r  &  O r .  1983) . 

As illustrate d i n Figur e 2C .  th e intac t  cortico -

hippocampa l  syste m show s a  progressiv e decreas e i n 

th e numbe r  o f  trial s require d t o lear n eac h reversa l  -

reflectin g th e fac t  dia t  th e hippocampal-module' s dis -

tribute d stimulu s recodin g devote s mor e an d mor e 

resources  t o di e relevant  cues .  TTi e lesione d system . 

wit h n o suc h mechanis m fo r  stimulu s selection ,  mus t 

first  "unlearn "  previou s discrimination s befor e startin g 

a£res h t o lear n eac h n e w reversal. 

Latent inhibition, first described by Lubow 

(1973) .  i s  a n especiall y importan t  "marker "  o f  hippo -
campal  processin g becaus e th e hippocampal-damage d 

animal s sho w increase d respondii ^  i n a  transfe r  task . 

W h en animal s ar e first  give n A -  (unreinfraced )  trials . 

and the n switche d t o A-t -  (reinforced )  training ,  thei r 

acquisitio n o f  A-t -  i s  impaire d relative  t o animal s wit h 

n o A -  pre-training .  Erro'-corrBCtin g model s suc h a s 

di e RescOTla-Wagne r  (1972 )  mode l  an d erro r  backpro -

pagatio n netwwk s (Rumelhart .  e t  al .  1986 )  fai l  t o 

predic t  laten t  inhibition ,  becaus e the y expec t  n o learn -

in g durin g th e (endless )  A -  trainin g phase .  I n ou r 

model ,  however ,  sensory-sensor y learnin g doe s tak e 

plac e durin g A -  pre-training .  Th e hippocampa l 

modul e learn s t o "chunk "  A  togethe r  wit h di e contex t 

becaus e neithe r  i s predictiv e o f  th e U S w  o f  an y 

othe r  significan t  even t  Later ,  i n A-t -  training ,  th e 

representation  o f  A  mus t  b e "de-chunked "  fro m th e 

contex t  befor e learnin g ca n occu r  (Figur e 2 D ) .  Solo -
•UHi  an d Moor e (1975 )  showe d tha t  laten t  inhibitio n 

i s absen t  i n H L animals ,  an d Figur e 2 D show s tha t  i t 

i s  absen t  i n th e lesione d syste m a s well . 

Cue-Configuratio n 

Sutherland and Rudy's (1989) cue-configuration 

theor y propose s dia t  th e hippocampu s i s necessar y fo r 

th e acquisiticx i  an d retention  o f  configura l  associa -

tions.  Ou r  OHtico-hippocampa l  mode l  implie s a  simi -

la r  hippocampa l  mvolvemen t  i n configura l  learning : 

OHifigura l  task s wil l  typk;all y entai l  a  stimulu s recod -

in g necessitatin g a n intac t  hippocampus .  Simulatio n 

results  (no t  show n here )  demonstrat e a  lesione d sys -

te m defici t  fo r  configura l  task s suc h a s negativ e pat -
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temin g (A+/B+/AB-) . 

Contextua l  Labelin g 

Our model can also be viewed as an instantiation of 

theorie s suggestin g a  ke y rol e fo r  th e hippocampu s i n 

developin g a  "contextua l  tag "  fo r  stimulus-respons e 

association s (Hirsh .  1974 ;  Nade l  &  WUhier .  1989 . 

Winocur .  e t  al. ,  1987) .  Hippocampal-lesione d 

animal s ar e ofte n show n t o hav e difficult y encodin g 

context .  Give n trainin g wit h A + i n on e context ,  nor -

mal  intac t  animal s sho w a  decrease d respons e whe n 

teste d wit h A  i n a  ne w context ;  H L animal s sho w n o 

suc h decreas e (Pfcnic k &  Solomon .  1991) .  Likewis e 

(simulation s no t  shown) ,  th e intac t  cortico -

hippocampa l  mode l  show s a  decrease d respons e i f 

ccntextua l  cue s ar e changed ;  th e lesione d mode l 

shows n o suc h deficit .  I n th e intac t  model ,  th e con -

textua l  cue s whic h co-occu r  wit h A  becom e par t  o f 

tha t  stimulus' s representation ;  whe n A  i s show n i n a 

differen t  context ,  th e representatio n i s les s strongl y 

activate d tha n usual ,  an d th e respons e strengt h drops . 

S u m m a r y a n d Discussio n 

The model we have presented here shows how a 

specifi c  networ k architectur e ca n for m compressed . 

predictive ,  an d distribute d representations  o f  stimuli , 

whic h ar e mad e availabl e t o othe r  learnin g system s 

(suc h a s th e cerebellu m an d cerebra l  cortex) .  Thi s 

model  incorpcx-ate s an d refines  aspect s o f  man y prior . 

qualitativ e informatioo-processin g theorie s o f  hippo -

canq>a l  functirai ,  includin g chunkin g (Wickelgren . 

1979) ,  stimulu s selectiM i  Rescwl a &  Wagner .  1972 ; 

Pearc e &  Hall .  1980 ;  Mackintosh .  1975) .  contextua l 

labelin g (Hirsh .  1974 ;  Nade l  &  WiUner .  1989 )  an d 

cue-configuratio n (Sutherlan d &  Rudy ,  1989) .  Ou r 

thcOT y als o relates  t o othe r  behavior s sensitiv e t o hip -

pocampa l  damage .  Fo r  example ,  severa l  task-specifi c 

theorie s o f  hiiqxx:ampal-regio n functio n hav e note d 

th e impairmen t  o f  H L animal s i n spatia l  navigatio n 

(O'Keef e &  Nadel .  1978) .  I n ou r  comectionis t 

cortico-hippocampa l  model ,  plac e learnin g coul d b e 

anothe r  kin d o f  representational  learning ;  th e hippo -

campus woul d b e resp<Hisible  fcH -  mappin g from a  par -

tia l  vie w o f  a n environmen t  int o a  ful l  representation 

of  a  place .  Linea r  autoassociato r  model s o f  th e hip -

pocampu s (e.g. .  McNaughton .  1989 ;  RoUs .  1990 ) 

hav e previousl y bee n proposed .  A  predictiv e autoen -

coder .  use d her e a s a  conceptualizatio n o f  th e 

hippocampal-system .  generalize s th e propertie s o f  a 

linea r  autoassociator . 

I n it s curren t  form ,  th e mode l  doe s no t  addres s 

hippocampa l  mediatio n o f  tempora l  an d sequentia l 

processing ,  functiona l  role s implie d b y th e failur e o f 

hippocampal-damage d animal s a t  conditionin g wit h 

lon g IS I  delay s o r  trac e conditionin g (Moyer .  e t  al . 

1990) .  Thes e additiona l  tempora l  role s ma y eithe r  b e 

interprete d a s requirin g refinements  o f  th e sam e 

mechanism s propose d here ,  o r  the y ma y b e localize d 

withi n differen t  brain s structure s i n th e media l  tem -

pora l  lobe .  Futur e effort s wil l  b e neede d t o bette r 

understan d th e interactio n betwee n tempora l  an d 

representational  processin g i n th e hippocampal-regio n 

and th e precis e neurobiologica l  locu s (o r  loci )  an d 

physiologica l  characteristic s o f  thes e tw o functions . 
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