
E xtend ing M odels o f H ippocam pal F unction in

A nim al C on d ition ing to H um an A m nesia

M ark A . G luck and B randon R . E rm ita

R utgers U niversity , U SA

L indsay M . O liver

G lasgow C aledon ian University, UK

C atherine E . M yers

R utgers U niversity , U SA

A lthough m ost ana ly se s o f am nesia have focu sed on the lo ss of exp lic it d ecla ra tiv e

and ep isod ic m em orie s fo llow ing hippocam pa l-reg ion dam age, con s ide rab le

in sights in to am nesia can a lso be rea lised by s tudying hippocam pa l function in

sim p le procedura l, o r h abit-based , a ssoc ia tive lea rning tasks . A lthough m any

sim p le fo rm s o f a sso c ia tiv e lea rning a re un im paired by hippocam pa l d am age , m o re

com p lex tasks w hich requ ire sen s itiv ity to un reinfo rced s tim uli, con figuration s o f

m u ltip le st im u li, o r con tex tua l info rm a tion a re im pa ired by hippocam pa l d am age .

In seve ra l recent papers w e have developed a com pu tationa l theo ry o f h ippocam pa l

function w h ich argues tha t th is bra in region plays a c ritica l role in the fo rm a tion o f

new st im u lus rep resen tation s du ring lea rning (G luck & M yers, 1993 , 1995 ; M yers

& G luck, 1996; M yers , G luck , & G range r, 1995) . W e have app lied this theory to a

broad range o f em pirica l d a ta from stud ies of c lassica l cond ition ing in bo th in tac t

and h ippocam pal-le sioned an im als, and the m ode l co rrec tly accounts fo r these

da ta. T he c lassica l cond ition ing paradigm can be adapted fo r u se in hum ans, and

sim ila r re su lts fo r acqu is ition a re obta ined in both norm a l and h ippocam pal-

dam aged hum ans. M ore recently , w e have begun to add re ss an im po rtant se t o f

catego ry learning stud ies in bo th no rm a ls and hippocam pa l-d am aged am nesics .

T his w o rk in teg ra tes expe rim en ta l s tudie s of am nesic ca tegory learning (K now lton ,

Squ ire, & G luck , 1994) w ith theo re tica l accoun ts o f a sso c ia tiv e lea rn ing , and

bu ild s on p rev iou sly estab lish ed behav iou ra l corre sp ondences be tw een anim a l

cond itioning and hum an ca tegory learn ing (G luck & B ow er, 1988a ). O u r w ork to
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da te illu st ra tes som e in itial prog re ss tow ard s a m ore integrative understand ing o f

h ippocam pal func tion in both an im a l and hum an lea rn ing , w hich m ay be u se fu l in

gu id ing fur the r em pirical and th eo re tica l re se a rch in hum an m em ory and am nesia .

1. INTRO DU CTION

In several recent papers, w e have argued tha t the h ippocam pal reg ion p lays an

essen tial ro le in the form ation of novel stim ulus representa tions in the form ation

of new assoc iations and m em ories (G luck & M yers, 1993 , 1995; M yers &

G luck , 1996 ; M yers e t al., 1995a). A s show n in F ig . 1 .1 , the hippocam pal reg ion

com prises a group of struc tures loca ted deep w ithin the brain , and inc ludes the

h ippocam pus itse lf as well as the nearby den tate gyrus , sub icu lum , and

en torh ina l cortex. T he ou term ost of these struc tures, the en to rhinal co rtex ,

rece ives h igh ly processed in form ation from the en tire spec trum of sensory

m oda lities, as w ell as from m ultim oda l cortical assoc ia tion areas. In form ation

flows in a rough ly un idirec tional fash ion from the en to rh ina l co rtex to the

denta te gyrus, to h ippocam pus, to the sub iculum , and back to the ento rhinal

FIG. 1.1 . Schem a tic o f m a jor in fo rm at ion flo w p a th w ay s in th e h ipp ocam p a l re g io n . H ig h ly

p ro ce ssed , m u ltim od al in pu ts en te r en torh ina l cor tex , an d p roceed in a la rg e ly u n id i re ction a l p athw ay

thro u gh the h ipp o ca m p a l fo rm a tion (d en ta te g yrus , h ipp o ca m p a l fi e ld s C A 3 an d C A 1 an d sub icu lu m )

b e fo r e re tu rn ing to en to rh ina l cort ex and th en ce b ack to th e sam e co rtic a l a re a s w h er e th ey a ro se .

T he re is a lso a b i -d i re ct io na l pa thw ay th ro ug h th e fo rn ix co nn ec tin g th e h ip p ocam p us w i th

su bco rti ca l a re a s su ch a s th e sep ta l n uc le i . M an y o th er co nn ec tio ns ex is t in ad d ition to the m a jo r on e s

sh ow n he re .
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cortex before retu rn ing to the sam e sensory areas w here it orig ina lly a rose. In

add ition to th is basic pathw ay , the re a re a la rge num ber of d irec t connec tions

betw een the structu res o f the reg ion . T he h ippocam pus has ano ther inpu t and

outpu t pa thw ay th rough the fo rn ix, a fibre bundle connec ting it w ith subcortical

struc tu res (e.g . basa l forebra in) w hich m odulate h ippocam pal func tion ing .

D am age to the h ippocam pal reg ion in hum ans produces a charac teristic

an te ro grade am nes ia syndrom e, s trong ly im pairing the lea rn ing of new

inform ation (Squ ire , 1987). Hum an hippocam pal dam age can resu lt from a

variety of e tio logies, rang ing from ischem ia , v ira l encephalitis, and aneurysm /

em bolism to the arteries that vascu larise the hippocam pal reg ion . Dam age to

o ther re lated structu res, such as the basal forebra in , can a lso resu lt in an am nesic

syndrom e w hich shares fea tures w ith hippocam pal am nesia, p resum ably because

such dam age ind irec tly in terferes w ith norm al h ippocam pal-region processing

(see M yers e t a l., 1996).

The an terograde am nesia tha t fo llow s hum an hippocam pal-reg ion dam age is

generally characte rised by an inability to acquire new ep isod ic or decla rative

inform ation , the k ind of info rm ation abou t indiv idua l events and experiences

tha t is accessib le to consc ious con trol. These pa tients m ay a lso show som e

degree of re trograde am nesia , o r d isrup tion of prev ious ly acqu ired info rm ation ,

but th is is usually lim ited to info rm ation acqu ired shortly befo re the traum a, and

tends to lessen in a tim e-graded fash ion for older info rm ation (R ibot, 1982 ;

Squ ire , 1987).

In con trast to ep isod ic or decla rative m em ories tha t a re often acqu ired in a

sing le exposure, o ther k inds of m em ory are increm entally acqu ired over m any

exposures. T hese types of m em ory are not necessarily accessib le to consc ious

reco llec tion , and often involve learn ing skills o r p rocedures rather than facts

(Squ ire , 1987). T h is d issoc ia tion be tw een ep isod ic m em ory and procedural

m em ory is o ften sum m arised as a d ifference be tw een ``know ing tha t’ ’ and

``kn o w ing h ow ’ ’ . M an y s im ple fo rm s o f p roc e du ra l m e m ory surv ive

h ippocam pal-reg ion dam age relatively in tac t. T he an im al lea rn ing litera ture is

fu ll o f stud ies show ing how anim als w ith h ippocam pal-reg ion dam age can show

norm al acqu isition of a varie ty of tasks such as the acqu isition of c lassica lly

cond itioned responses to a sing le stim ulus (Akase , A lkon , & D isterhoft, 1989 ;

Schm ajuk , 1994; So lom on, 1977 ; So lom on & M oore , 1975), the ab ility to choose

the nove l o f a pa ir o f ob jects w here one object was seen im m ediately before (Z o la-

M organ & Squire, 1992) sim ple d isc rim ina tions of sing ly presented odour stim uli

in an operan t task (E ichenbaum , Fagan , M athews, & Cohen, 1988), and lea rn ing

to nav igate to an escape p la tform w hen sta rted from a constant loca tion in a pool

(E ichenbaum , O tto , W ible , & Piper, 1991). S im ilarly , hum an hippocam pal-

dam aged am nesics a re no t im pa ired at lea rn ing a cond itioned m otor-re flex

response (D aum , C hannon, & C anavan , 1989; Gabrieli e t al., 1995 ; W oodruff-

Pak , 1993), lea rn ing sim ple c lassifica tion tasks (Know lton et a l., 1994), o r

lea rn ing new m otor skills such as m irro r d raw ing (Cohen, 1984). A ll o f these
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spared tasks can be so lved by increm ental fo rm ation of hab its o r tendenc ies,

w ithou t requ iring ep isod ic m em ories o f any indiv idua l learn ing tria l.

T here a re , how ever, o ther tasks that seem superfic ia lly to be just as

p rocedural o r im plic it a s those no ted here , but w hich are im pa ired after

h ippocam pal-reg ion dam age. For exam ple , a lth ough the acquisition of a

c la ss ic a l ly c o nd i t io n e d re sp o n se to a s in g le C S is n o t im p a ire d b y

h ippocam pal-reg ion dam age , there m ay be severe im pairm en ts in classica l-

cond ition ing tasks tha t requ ire lea rning abou t unre info rced stim uli (K aye &

Pearce , 1987; So lom on & M oore , 1975), configurations or com bina tions of

stim uli (Su therland & R udy , 1989), con tex tua l info rm ation (H irsh, 1974), or

re la tionsh ips that span short de lays (E ichenbaum , O tto , & Cohen , 1994; M oyer,

D eyo , & D iste rhoft, 1990; Port, R om ano & Patterson, 1986; R awlins, 1985;

Z o la-M organ & Squire , 1992). These find ings im ply that the h ippocam pal-

reg ion does indeed partic ipa te in in form ation processing during apparen tly

procedural tasks, although this partic ipa tion m ay no t necessarily be eviden t from

study ing w hether an im als o r p eop le canÐ or canno tÐ acq u ire a sim ple

assoc ia tive response .

In G luck and M yers (1993) w e presen ted a com puta tional m odel of

h ippocam pal-reg ion function in associa tive learn ing, w hich suggests tha t the

h ippocam pal reg ion is involved in the form ation of new stim ulus represen tations

during norm al procedural learn ing. L earning tha t depends on new represen ta-

tions is expected to be h ippocam pal-dependent, w hereas learn ing that can m ake

use of p re-ex isting represen tations m ay be h ippocam pal-independen t. Sec tion 2

of this paper p resen ts this m ode l. W e have app lied th is m ode l to a broad range of

em pirica l da ta from stud ies o f c lassical cond itioning in intact and h ippocam pal-

lesioned an im als, as d iscussed in Sec tion 3 , and the m ode l correc tly accoun ts for

these data . A dd itiona lly , the c lassica l condition ing paradigm can be adapted for

use in hum ans, and sim ilar results fo r acqu isition tra in ing appear to be ob tained

in bo th norm al and hippocam pal-dam aged am nesic hum ans, m uch as in an im als

during cond ition ing . F ina lly , in Sec tion 4, w e no te that the m ode l can be easily

ex tended to address an exam ple of p robab ilistic ca tegory lea rning in bo th

norm als and hippocam pal-dam aged am nesics.

2. STIM ULU S REPRESEN TATION AND
HIPPOCAMPAL FUNCTION

M any prev ious charac terisations of h ippocam pal-reg ion func tion in an im al

learn ing have been proposed w hich are task -cen tred : no ting that a particu lar

c lass o f task is h ippocam pal-dependen t, and then seeking to charac terise the

h ippocam pus as a processor tha t im plem ents that kind of func tion . These task-

centred descrip tions have im plica ted the h ippocam pal reg ion in spa tia l learn ing

(O ’ K eefe & N ade l, 1978), con textua l processing (H irsh , 1974 ; N adel & W illne r,

1 980), config ura l lea rn ing (Su therland & R udy , 1989) , and m o re . T h e
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h ippocam pal reg ion a lso appears to be invo lved in tem poral processing such as

sequence lea rning (Buzsaki, 1989), response tim ing (A kase e t a l., 1989; M oyer

e t al., 1990) and inte rm ed iate-term m em ory (E ichenbaum et a l., 1994 ; O lton ,

1983 ; R aw lins, 1985 ; Z ola -M organ, Squ ire, & A m aral, 1989).

Instead of a task -spec ific charac te risa tion of hippocam pal function , it m ay be

possib le to try and describe an info rm ation-p rocessing ro le fo r the h ippocam pal

reg ion , and, from th is, derive a w ider range of task -spec ific defic its w hich arise

from in terfering w ith th is info rm ation-processing func tion . For exam ple , it has

been proposed tha t the hippocam pal reg ion is invo lved in the flexib le use of

lea rned info rm ation in nove l situations (E ichenbaum & Buckingham , 1990 ;

E ichenbaum , C ohen , O tto, & W ible , 1992); a ttentiona l con tro l th rough a process

of inh ibiting responses to irrelevan t cues (D ouglas & Pribram , 1966 ; Schm ajuk

& M oore , 1985); and prov iding ``con tex tua l tags’ ’ to learned info rm ation

(Pen ick & Solom on , 1991 ; W inocur, R aw lins, & G ray, 1987).

In our work , w e have focused on a pu ta tive ro le fo r the hippocam pal region in

fo rm ing new stim ulus representa tions to assist lea rn ing. Th is sugges tion bu ilds

on m any of the earlier info rm ation-processing characte risa tions of h ippocam pal-

reg ion func tion listed previous ly , and also on the psycho log ica l idea of stim ulus

represen ta tions (A nderson , 1977; Jam es, 1896 ; Shepard , 1958). The em phasis on

represen ta tion in psycho log ical m ode lling has been particu larly sa lien t in recen t

years as sim ple ru le-based m odels o f cognitive func tion have given w ay to

connec tion ist m ode ls tha t em phasise how assoc ia tive ne tworks re-represen t

stim uli w ithin a m ulti-layer ne tw ork (H anson & Burr, 1990 ; R um elhar t, H inton ,

& W illiam s, 1986). T hese connec tionist ne tw orks are genera lly assum ed to

im plem ent abstrac t characte risa tions of underly ing neura l p rocesses, prov id ing a

fram ework for expressing theories abou t bo th anim al lea rning (B arto & Sutton,

1982 ; K ehoe , 1988 ; Schm ajuk & D iC arlo , 1990) and hum an learn ing and

m em ory (G luck & B ow er, 1988a ; K ruschke , 1992 ; Shanks & G luck , 1994 ;

M cC le lland , M cN augh ton , & O ’ R eilly , 1994).

In the rem ainder o f th is sec tion , w e w ill b rie fly rev iew the idea of stim ulus

represen ta tion w ith in the fram ew ork of connec tion ist m ode ls, and then present

our ow n com puta tiona l m odel o f h ippocam pal-reg ion function in lea rn ing .

Connectionist M odels of Representation and
Learning

W ith in a typ ica l connec tion ist ne tw ork (F ig . 2 .1 ), the inte rna l stim ulus

represen ta tion is characte rised as a pattern of ac tivations over a se t o f ``h idden

nodes’ ’ wh ich recode a stim ulus inpu t. T hese h idden nodes represen t the

netw ork’ s inte rna l represen ta tion of the stim ulus pa tte rn, and are roughly

ana logous to w hat psycho log ists refe r to as a psycho logical rep resen ta tion (or

the ``psycho logica l space ’ ’ ), a s d istinct from a sensory representa tion w hich

prim arily reflects the physical qualitie s o f the stim ulus input (Shepard , 1958).
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T he h idden layer ac tiva tions depend on weigh ted connec tions betw een the inpu t

and h idden layers, and thus changes to this low er layer o f weigh ts are equ ivalent

to chang ing the stim ulus representa tion . T he h idden layer ac tiva tions feed

th rough w eigh ted connec tions to an ou tpu t layer, and the ou tpu t layer activation

de term ines the behav ioura l response of the system . T he ne tw ork is trained by

adap ting the w eigh ts in bo th layers un til the system genera tes the desired outpu t

in response to a g iven input.

T he connec tion ist netw ork in F ig. 2.1 can be tra ined to g ive the desired outpu t

to each of a set o f different inpu ts. H ow easily (qu ick ly) th is is done depends in

part on the hidden layer represen tations. For exam ple , suppose tha t a particu lar

input pattern genera tes the h idden layer ac tivations schem atised in the top of F ig .

2 .2A . In order to learn the correct response to the first pattern , a se t o f w eights w ill

evolve m app ing that hidden layer representa tion to the correc t outpu t ac tiva tions.

N ow suppose a second inpu t pa tte rn genera tes the hidden layer activa tions

schem atised a t the bo ttom of F ig . 2 .2A . N ote that the activa tion pattern at the top

of F ig . 2 .2A has considerab le overlap (sim ilarity ) w ith the pattern a t the bo ttom of

F ig . 2 .2A . Th is im plies tha t the netw ork in F ig . 2 .1 w ill tend to genera lise from

one pattern to the o ther o r, in other w ords, it w ill genera te outpu t to the second

pa tte rn tha t is sim ila r to w hat is lea rned fo r the first pattern . If the desired outputs

fo r the tw o patterns are the sam e, then this genera lisa tion w ill be he lp ful; if the

desired ou tpu ts for the tw o pa tterns a re d iffe rent, th is generalisation w ill cause

unw anted inte rference and h inder the m apping of these sim ila r rep resen ta tions to

d ifferen t outpu ts. In con trast, two inpu t pa tte rns tha t evoke very d ifferent h idden

layer ac tivations (as show n in F ig. 2 .2B) w ill engender far less genera lisa tion ,

resu lting in m ore facilita tion fo r lea rn ing d ifferen t ou tputs to these tw o pa tterns,

bu t less fac ilita tion fo r learn ing the sam e output to bo th.

FIG. 2 .1. A m ulti- laye r n e tw o rk , w i th a ``h idd en ’ ’ o r in te rm ed ia te lay e r o f c e lls b e tw een th e in p u t

an d ou tp u t c e ll lay er, a n d w e igh ted con nec tion s be tw ee n lay e rs. T h e h id den lay e r a c tiv a tion s

re p re sen t a re -c od in g o r r e-r ep re sen ta tion of th e in pu ts . T h e ou tp u t la ye r a c tiv a tio n s a re in te rp r et ed a s

the b ehav io ura l re spo n se . A l l con nec t ion w e ig h ts a re adap tive .
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In th is w ay , lea rn ing the correc t responses to a se t of inpu t patterns can be

affec ted grea tly by changes in stim ulus representa tions. The exact de tails o f

these representa tions a re , in genera l, less im portan t than the vary ing degree of

sim ilarity o r overlap betw een represen tations of different inpu t patterns.

The Cortico-hippocam pal M odel

Th e core idea of G luck and M yers’ (1993) theory of cortico-h ippocam pal

func tion is tha t the h ippocam pal reg ion fac ilita tes lea rn ing by construc ting

inte rnal stim ulus represen tations tha t a re b iased in tw o w ays. T he first bias,

redundancy com pression , is a tendency to m ake m ore sim ilar the represen ta tions

of stim uli that co -occur or are to be assoc iated w ith sim ilar outpu ts; this b ias

ensures h igh generalisation be tw een these stim uli. The secon d b ias, pred ictive

d ifferen tiation , is a tendency to d iffe ren tiate , o r m ake less sim ila r, the

represen ta tions of stim uli tha t a re to be m apped to d iffe ren t ou tpu ts; th is b ias

decreases genera lisa tion be tw een such stim uli. T hese tw o biases to com press

and d ifferen tiate are partially opposing, and m ay often inte rac t in com plex w ays,

depend ing on stim ulus±stim ulus rela tionsh ips w ith in the tra in ing environm ent.

H ippocam pal Processing . H ow can th is postu lated represen tationa l ro le for

h ippocam pal-reg ion function be im plem ented? G luck and M yers (1993) show

FIG . 2.2 . Sch em a t ic of a ct iv a tio ns ev ok ed in the h idd en lay e r n od e s of a con nec tion is t n e tw o rk

such a s the on e sho w n in F ig . 2 .1 , b y pre sen ta tio n of fou r d iff ere n t inp u t p a tte rn s . T he se a c tiv ity

p at te rn s co n st itu te s tim ulus re p re sen ta tions in th e ne tw o rk . (A ) If th e h id d en-l ay e r re p res en ta tio ns

evo k ed by tw o in pu t pa t te rn s a re v e ry s im ila r, it w ill b e d iffi c u l t to tra in th e n e tw o rk to re spo n d

d iffe re n t ly to e a ch . (B ) I f th e re p re sen ta tions ev o ked a re ve ry d iss im ila r, it w il l b e e a sie r to m ap each

to a d iffe re n t re spo n se . C o nv e rsely , gen e ra lisa tion b e tw een in p u ts is a ided b y s im ila rity in

re p res en ta tion an d m ad e d if fic u l t b y d iffe re n tia ted re pre sen ta t ion s .
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how a sim ple connectionist architectu re g ives rise to just these sorts of

rep resen ta tions. They m ode l hippocam pal-reg ion processing as a pred ictive

au toencoder (H inton , 1989), as show n in F ig. 2 .3 . A pred ic tive au toencoder

m aps inpu t activations through a h idden layer to tw o c lasses of outpu ts: a

reconstruc tion of the inpu t pa tte rn as w ell as a predic tion fo r c lassifying the

input pa ttern . Such a netw ork m ay be trained v ia the error backpropagation

learn ing a lgorithm (Parker, 1985 ; R um elhart e t a l., 1986 ; W erbos, 1974); th is

a lgorithm allow s deve lopm ent o f represen ta tions across the in terna l layer of

nodes tha t com press redundancies w hile em phasising pred ictive info rm ationÐ

exac tly as requ ired by our theory . The de tails of the learn ing procedure are not

particu larly c ritica l in that m any a lte rnative lea rn ing procedures are equally ab le

to accom plish the required represen ta tional changes (see M yers et a l., 1995a , for

fu rthe r discussion of th is po int).

In tac t C ortico -hippocam pal Processing . T his h ippocam pal-reg ion netw ork

is assum ed to inte rac t w ith o ther cortica l regions w hich are the sites o f long-term

sto rage . One such netw ork is show n in the intact m odel o f F ig . 2.4A . T he cortical

ne tw ork on the left in Fig . 2 .4A represen ts a h igh ly sim plified m ode l o f som e

aspec ts o f long-term m em ory in cerebra l and cerebella r co rtices. T h is netw ork

takes the stim ulus inpu t, and m aps it th rough w eigh ted connections to a h idden

node layer and then to an ou tput node ; the ac tiva tion of th is ou tpu t node is

in terp reted as the system ’ s behavioural response to the input. Th is cortical

ne tw ork adap ts its weigh ted connec tion strengths accord ing to the L M S learn ing

a lgorithm (W idrow & H off, 1960), w hich is re la ted to psycho log ica l desc rip tions

FIG. 2.3 . A p re d ic tive au to en cod e r n e tw o rk , l ik e tha t a ssum ed in th e co rti c o-h ipp ocam p a l m o d el to

re p re sen t h ip po cam pa l-re g ion p roce ss in g . T h is n e tw o rk m ap s inp u ts th ro u gh a h idd en n od e lay e r to

o u tpu ts th at lea rn to re con s tru c t the inp u t p a tte rn a s w e l l a s c la ssi fy ing th e inp u t. T o accom p lish th is ,

re p re sen ta t ion s a re d eve lo p ed in th e h idd en n o de laye r w h ich co m pre ss re du n danc ie s in th e in p u t

w h ile m a in ta in ing an d diffe re n tia ting en ou gh p red ic t iv e in fo rm a tio n to a l lo w g ene ra tion of the

d e s ire d o u tpu ts .
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of learn ing (G luck & B ow er, 1988a ; Rescorla & W agner, 1972 ; Su tton & B arto ,

1981) and a lso to b io log ica l m echan ism s of p lastic ity such as LT P (B liss & Lom o,

1973 ; Levy, Brasse l & M oore , 1983 ; S tanton & Sejnow ski, 1989).

The h ippocam pal-reg ion au toencoder, and a sim pler m ulti-layer ne twork

represen ting a cortical m odule, a re com bined in to the intact m ode l shown in F ig.

2 .4A . W ith in th is two-part m ode l of in tac t co rtico-h ipp ocam pal p rocessing , new

represen ta tions a re deve loped first in the h ippocam pal reg ion and then

increm entally transferred, th roughout the learn ing process, to the in terna l-layer

nodes of cortica l (or ce rebe llar) netw orks. The LM S rule calcula tes the error at a

node as the d iffe rence betw een the desired and ac tual ou tpu t a t tha t node , and

d istributes th is e rro r am ong the w eigh ts feed ing into the node. For the ou tpu t

layer node in the cortical netw ork, the desired ou tpu t is sim ply a pred iction of

the U S arriva l, and, thus, the LM S rule can be used to tra in the upper layer o f

w eigh ts in the cortical ne twork . H ow ever, the desired outpu t is no t ex terna lly

defined fo r the in terna l layer nodes of the cortica l ne tw ork .

H ow ever, the activations of the in ternal layer o f the h ippocam pal-reg ion

netw ork can be used as the desired ac tivations fo r correspond ing in terna l layer

nodes in the cortica l ne tw ork . Thus, a second app lica tion of the L M S ru le can be

used to train the low er layer of cortica l w e igh ts. O ver tim e, the in terna l layer o f

the cortical ne tw ork w ill com e to m irror the represen tations developed in the

h ippocam pal ne tworkÐ even though the cortica l ne twork alone, using the LM S

algorithm , w ould be incapab le of devising these represen ta tions. W e note that it

is no t necessary fo r there to be a one-to -one m apping betw een the in terna l-layer

nodes of the h ippocam pal-reg ion and cortical ne tw orks; the cortica l ne twork

FIG . 2.4. T he cor tico -h ipp ocam pa l m o de l (G luck & M y e rs , 19 9 3). (A ) T he in tac t sys tem is

a ssu m ed to in c lu de a p re d ic tiv e au toen cod e r, re pr es en tin g h ipp ocam p a l-re g io n pro ce ssing , th a t

con s tru c ts n ew stim u lu s re pr es en ta tion s in its h idd en laye r w h ich a re b ia sed to co m pre ss

re d un dan c ie s w hi le d iff ere n tiat ing pre d ic tive inform a tio n . T he se s t im ulus re pre sen ta tion s a re

a cqu ire d by lo ng -te rm sto ra ge s ite s in th e cort ex , re p re sen ted a s a m ul ti-la ye r ne tw ork w hich lea rn s

to p re d ic t U S a rriv a l. T h e cort ic a l n e tw o rk u se s th e R e scor la -W agn e r ru le to m ap fro m inp u ts to the

h ip po cam p a l-m ediat ed in te rn al re p re sen ta tio n s, an d ag a in to m ap fro m the in te rna l lay e r to o u tpu t

a c tiv a tion s . (B ) H ipp o ca m p a l-re g ion le s io n is a ssum ed to d isab le th e h ip po cam pa l n e tw o rk , in w hich

ca ses the cor tica l n etw ork can n o lon ge r a cq u i re n ew in te rn al re p re sen tat ion s , b u t c an acqu ire new

b eh av iou ra l re sp on se s ba sed o n its p re -e x ist ing (a nd n ow fix ed) in te rn a l re p re sen ta tio ns .
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nodes can be m apped to a fixed , rand om linear recom b ina tion of the

h ippocam pal netw ork activations, and th is w ill m ain tain m ost o f the re levan t

in form ation, especia lly if the cortical h idden layer is larger than the h ippocam pal

h idden layer.

L earn ing in the h ippocam pal-reg ion ne tw ork , and in both layers o f the long-

te rm m em ory cortica l ne tw ork , is assum ed to proceed increm enta lly and in

parallel. A t th is tim e , w e have no t m ade any attem pt to c larify the rela tive speeds

of lea rning in the tw o ne tworks, nor the tim e course of transfe r of in form ation

fro m on e n e tw ork to th e o the r; how eve r, th is ge nera l tw o -co m po nen t

a rch itec ture fo r learn ing w ould certa in ly a llow for a conso lidation period

during w hich in form ation is slow ly transferred from hippocam pal-region to

long-te rm m em ory (see A lvarez & Squire , 1994 ; M cCle lland e t a l., 1994; M urre ,

1994; Squ ire , 1987 ; W inocur, 1990).

A lthough it is im portan t to understand the aggrega te functiona l role of the

h ippocam pal reg ion, ultim ate ly w e w ould like to know how the proposed

behav ioura l processes m ap onto m ore de ta iled anatom ical struc tu res. O f

particu lar im portance is the parahippocam pal region , com prising en torh ina l,

pe rirh ina l, and parah ippocam pal cortices; these struc tures are the prim ary sites

th rough w hich sensory in form ation bo th ente rs and leaves the h ippocam pal

fo rm ation . La ter, in the D iscussion section , w e w ill b rie fly no te m ore recent

w ork by M yers, G luck, and Granger (1995) which suggests how Gluck and

M yers’ (1993) aggregate h ippocam pal reg ion m igh t be d istributed am ong

h ippocam pal and parah ippocam pal reg ions. O ther m ore recen t w ork of ours

(M yers, E rm ita, H arris, H asselm o, So lom on, & G luck, 1996) ex tends the m odel

to incorporate subcortical inpu ts, spec ifica lly the cho line rgic inpu ts from the

se p tu m . F o r the m o m e n t, h ow e v er , th is a g gre ga te ch ara c te risa t ion of

h ippocam pal-reg ion func tion w ill su ffice for describ ing the re levan t m app ings

from anim al lea rn ing to hum an am nesia.

H ippocampal-lesioned P rocessing. The lesioned m ode l show n in F ig. 2.4B

represen ts the processing tha t rem ains a fter to tal rem ova l of all h ippocam pal-

reg ion m ediated processes. In this case , the cortica l m odules a re assum ed to be

unab le to acqu ire new representa tions, a lthough they can still lea rn new

behav ioura l responses based on the ir p re -ex isting (and now fixed) stim ulus

represen ta tions. O ur lesioned m ode l the refore pred icts that h ippocam pal-reg ion

dam age w ill be m ost dele terious to those tasks that requ ire new stim ulus

represen ta tions, bu t less eviden t in those tasks fo r w hich pre-ex isting or random

stim ulus representa tions suffice.

A s described in the nex t sec tion , the G luck and M yers’ m ode l o f F ig. 2 .4 can

be app lied to classical cond ition ing , and cap tu res m any of the trial-leve l aspects

o f the behav iour o f in tac t and hippocam pal-lesioned anim als. L ate r, in Section 4 ,

w e will illu strate how the m ode l can also be app lied to som e aspects o f norm al

and am nesic hum an learn ing .
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3. APPLICATION OF MO DEL TO CLASSICAL
CONDITION ING

Classical Conditioning

C lassica l Pav lovian cond ition ing is one of the sim plest fo rm s of assoc iative

lea rn ing : a prev iously neu tral cue (the conditioned stim ulus or C S) is repeated ly

paired w ith a response-evok ing cue (the uncond itioned stim ulus or U S) and

com es itse lf to evoke an an tic ipa to ry response (the cond itioned response or C R ).

S ince Pav lov ’ s sem ina l stud ies, a lm ost 80 years o f detailed behav ioura l stud ies

and theore tica l ana lyses of c lassical condition ing have been accum ula ted . T here

now exist severa l de tailed m athem atical and com putational m ode ls for c lassical

cond ition ing w hich illustra te how a w ide range of cond ition ing behav iours cou ld

em erg e from a sm all se t o f underly ing pro cessing and represen ta tio nal

assum ptions (M ack intosh, 1983; Pearce & H all, 1980 ; Rescorla & W agner,

1972 ; Su therland & M ackintosh, 1971). N o form of an im al o r hum an lea rn ing

has been be tter charac terised, o r m ore successfu lly m ode lled , than c lassical

cond ition ing . These behav ioura l m ode ls p rov ide an im portant sta rting po in t for

understand ing and charac terising what is m issing or d iffe ren t in h ippocam pal

les ioned anim als.

Pav lov ian cond ition ing techn iques have been app lied to several natu ral

ref lexes inc lud ing sa liva tion , knee- jerking , galvan ic sk in response , and heart ra te

cond ition ing . T he m ost popu la r and w idely adop ted prepara tion has been the

eyeb link re flex generated in response to an aversive cornea l airpuff o r

paraorbita l shock (F ig . 3 .1A ). If the airpuff or shock U S is reliab ly preceded

by a tone or ligh t CS , sub jec ts lea rn to genera te a pro tective eyeblink to the C S,

and tim e the ir blinks so tha t the eye is m ax im ally c losed a t the tim e of expec ted

U S arriva l (F ig. 3 .1B ; G orm ezano , Kehoe, & M arsha ll, 1983). E yeb link

cond ition ing has been stud ied m ost ex tensive ly in rabb its, bu t a lso in frogs, ra ts,

cats, and dogs. T he neura l circu its underly ing the m am m alian eyeblink response

have been de linea ted in grea test detail in the rabbit (Thom pson , 1986 , 1990),

suggesting tha t the long-te rm storage of CS±U S assoc ia tions occurs in the

cerebellar co rtex and underly ing nuc lei. Cerebe llar lesion perm anen tly abo lishes

new conditioned eyeblink lea rning in an im als (C lark , M cC orm ick , Lavond , &

Th om pson , 1984; G lickstein , H ard im an , & Y eo, 1983).

H ippocam pal lesion , how ever, does no t im pa ir the acqu isition of sim ple

delay-condition ing in anim als (A kase et al., 1989 ; Berger & O rr, 1983; Port &

Patterson , 1984 ; Schm altz & Theios, 1972 ; So lom on & M oore , 1975). H ow ever,

during lea rn ing of the cond itioned response, hippocam pal activ ity does change ,

as indicated through neurophysio log ica l record ings (B erger, R ina ld i, W eisz &

Th om pson , 1983 ; D isterhoft, Cou lte r & A lkon , 1988) and hum an positron

em ission tom ography (PET ) scans (B lax ton e t al., 1996 ; M olchan e t a l., 1994).

Th is im plies that, a lthough the h ippocam pus m ay no t be strictly required for

cond itioned lea rn ing, it is norm ally active during such learn ing. Furthe rm ore , in
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cond ition ing parad igm s w here there a re com plex tem pora l re la tionsh ips be tw een

the C S and U S, or com plex rela tionsh ips am ong m ultip le CSs and the U S,

eyeb link cond itioning is genera lly disrupted by hippocam pal-region dam age

(e .g . M oyer e t a l., 1990 ; So lom on & M oore, 1975).

G iven the ex tensive ava ilab le da ta on c lassical condition ing for both intact

and h ippocam pal-lesion anim als, toge ther w ith the ex istence of fo rm al m odels

w hich charac terise norm al classica l cond itioning behav iours, it w ou ld seem tha t

a m echan istic in terp reta tion of hippocam pal function m igh t be m ost c lea rly

revea led w ith in this elem en ta ry form of assoc ia tive lea rn ing . A s such , w e began

our com putational m ode lling of h ippocam pal function in a ``top-dow n ’ ’ fa sh ion ,

w ith a w ell-de fined com putationa l m odel tha t accoun ts fo r a w ide range of

behav ioura l phenom ena in classica l cond itioning , and accura tely pred icts how

behav iour shou ld be affected by h ippocam pal-reg ion dam age (G luck & M yers,

1993; M yers & G luck , 1994). In particula r, w e have suggested tha t the

h ippocam pus is requ ired to form new stim ulus represen tations to facilita te

learn ing, but no t necessarily for sim ple r stim ulus-response lea rning (G luck &

M yers, 1993). The m ost sa lien t resu lt from our ana lyses has been a form al

charac terisa tion of how lesioned an im als so lve tasks differently from norm al

FIG. 3.1 . (A ) E y eb link co n di tio n in g in ra b b i ts . T h e un con d ition ed st im u lu s (U S ) is a b lin k- ev o k ing

co rnea l a irp uff o r pa ra o rb ita l sh ock . I f th e U S is re l iab ly p re c eded b y a to n e or lig h t co nd it io ned

s tim ulus (C S ), the an im a l co m es to gen e ra te a co nd it io ned b l ink to th e C S a lon e . C o n dit io ned

re sp on ding is re co rd ed b y n ot in g the d isp lac em ent of a w ire su tu re d to th e su b jec t ’ s e ye lid . (B ) A

C S ±U S p a iring tri al c on s is ts o f a pre sen ta tio n o f the C S , fo llo w ed b y U S pre sen ta tion s ; C S and U S

co -te rm in at e . In i tia l ly (d ay 1 ), th e re is b link res p o nd ing to the U S b ut n o t th e C S ; w ith re pea ted C S±

U S p a irin g s (d ay 5) , a co n d it io ned b lin k is ev ok ed in re sp o nse to the C S w h ich an t ic ip a te s U S a rri va l.

F ig ure s re prin ted fro m C a rl son , 1 99 1 .
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intact an im als, even if this is no t a lw ays ev iden t from com paring perfo rm ance

on the in itial learn ing task . L ate r we w ill note how this accoun t o f h ippocam pal

func tion is b road ly com patib le w ith the prev ious suggestion by E ichenbaum and

C ohen tha t an im als w ith h ippocam pal lesions are charac terised by an inab ility to

app ly learned know ledge flex ib ly in a new situation (E ichenbaum et al., 1992).

Application to Anim al Data

Evidence for R edundancy Com pression . O ur theory ’ s first b ias, redun-

dancy com pression , is a b ias to com pressÐ or m ake m ore sim ila rÐ the

represen ta tions of co-occurring or redundant stim uli. Perhaps the sim plest

parad igm in w hich redundancy com pression is expected in sensory precondi-

tion ing. Consider tw o stim ulus cues, A and B , perhaps a ligh t and a tone . If these

two cues are h igh ly sa lient, then w e would expec t the represen ta tions they evoke

in the hippocam pal netw ork h idden layer to be h igh ly d istinctÐ like the

exam ples show n in Fig . 2 .2A . As such , the re shou ld be very little genera lisa tion

betw een A and B; if A is subsequen tly pa ired w ith the U S (``A + train ing ’ ’ ), a

tes t presen ta tion of B shou ld evoke very little response . H ow ever, if p rior to the

A + tra in ing , the re a re repea ted nonrein fo rced trials pairing A and B (``A B -pre-

exp osure ’ ’ ), th e s itua t ion c hange s. R e dund ancy com press ion m akes the

represen ta tions of co-occurring cues A and B m ore sim ila r, a s in the exam ple

of F ig . 2.2B . T his w ill increase generalisa tion be tw een A and B , so that

subsequen t A + train ing w ill transfe r partia lly to B , and , thus, a test p resen ta tion

of B w ill evoke som e cond itioned respond ing . F igure 3 .2 show s this sensory

precondition ing effec t in the in tac t m ode l (G luck & M yers, 1993). Sensory

precondition ing is likew ise seen in intact an im als (T hom pson , 1972). B ecause

our m ode l assum es tha t sensory precond ition ing arises from hippocam pal-

dependen t rep resen tationa l com pression during the pre-exposure phase, the

enhanced genera lisa tion transfer is no t seen in the h ippocam pal lesioned m odel

(F ig. 3 .2 ). S im ilarly , h ipp ocam pal dam age th rough forn ix-fim bria l les ion

e lim ina tes sensory preco nd ition ing in rabb its (Port & Patterson , 1984).

Sensory precond ition ing illustrates how the increased sim ilarity o f stim ulus

represen ta tions can enhance stim ulus genera lisa tion . Earlier w e no ted ano ther

im plica tion of inc reased sim ilarity o f stim ulus represen ta tions: an expec ted

im pairm en t fo r d isc rim inab ility. T o the ex ten t tha t two stim uli have sim ilar

rep resen ta tions, we expec t tha t d iscrim inating betw een these patterns w ill be

slow er and m ore d ifficu lt than be tween stim uli w ith m ore distinc t rep resen ta-

tions.

W e can test this expec ta tion in the fo llow ing sim ple varia tion on sensory

precondition ing. W e expec t tha t exposure to the com pound A B w ill retard la ter

lea rn ing to disc rim ina te A and B in the in tac t m ode l, as generalisation betw een

the com pressed represen ta tions w ill m ake it ha rder to m ap the stim uli to

opposite responses . F igure 3.2B indicates that the in tact m ode l indeed show s this
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com pound preconditioning effect: the re la tive d iffe rence in respond ing to A and

B , Diff{A ,B } , fo llow ing 100 tra ining blocks is reduced if preceded by 20 A B pre-

exposure tria ls, rela tive to a con tro l condition w ith no pre -exposure (G luck &

M yers, 1993). In contrast, the lesioned m ode l, w ith no redundancy com pression ,

show s no d ifference be tw een the tw o cond itions. T his e ffec t is know n as the

com pound precond itioning effect, and has been reported bo th for in tac t rodents

and norm al hum an ch ild ren (Lubow , R ifk in, & A lek , 1976); th is effec t has not

been tested in h ippocam pal-lesioned an im als (o r am nesic hum ans) and, thus, the

e lim ina tion of com pound precond itioning by hippocam pal dam age rem ains a

novel p red ic tion of the m odel.

N ote that this is a particula rly in teresting predic tion because w e expec t a

re la tive enhancem ent o f learn ing fo r the lesion group re la tive to the con trol

g roup . Th is is in con trast to the predic tions of an expected lesion-re la ted defic it

in m any o ther tasks. Such lesion-related deficits can be d ifficu lt to in terp re t

because lesion-rela ted d eficits can often resu lt from other confound ing facto rs.

T hus, a pred ic tion of a lesion-related fac ilitation is genera lly m ore pow erfu l than

a pred icted lesion-re la ted defic it.

FIG. 3.2 . S im u la tions re su l ts w i th the in tac t and le s io ned m o d el s . (A ) S enso ry pre co nd ition ing :

u n rei n fo rc ed pr e-e x p osu re to a com p o und of tw o s tim ul i, A B , fo l lo w ed b y trai n ing to re spo n d to A ,

re su lts in s tro n ge r re sp o nd ing to B a lo ne th an in a con tro l con d i tio n w ith no pre -e x po su re . T h e in tac t

b u t n o t le s io ned m od e l sh ow s th is e ffe c t; fo rn ix le s io n s im ila rly e lim in a te s sen sory p rec o n d it io n in g

in ra b b its (P o rt & P a tte rso n , 1 98 4 ). (B ) C o m po u nd precon d ition ing . U nrein fo rc ed p re -e xp osure to

A B slow s la te r tr ai n ing to d isc rim in at e A an d B , a s sh o w n by les s re la tive d iffe re n ce in re spo n din g to

A an d B (D iff{ A ,B } ) a fte r, in th e in tac t m o de l . In ta c t ra ts sh ow co m po un d pre co nd ition ing (L ub o w ,

e t al , 1 97 6); th e m o d e l pre d ic ts h ip po cam p a l-re g ion le s io ns sho u ld e lim in at e the e ffe c t.
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Evidence for P red ic tive D ifferen tia tion . T he second represen tationa l b ias

assum ed to depend on h ippocam pal m ed iation is p red ictive differen tia tionÐ a

bias to decrease the sim ilarity of the represen ta tions of stim uli tha t are to be

m apped to diffe ren t outputs. The sim plest parad igm in w hich d iffe ren tiation is

expec ted is in a sim ple disc rim ina tion task in w hich tw o stim uli, A and B , a re

assoc iated w ith d ifferent responses (e .g . A +, B± tra ining w here A pred icts the

U S but B does no t). In the intact m ode l, the hippocam pal-region ne twork

constructs new in ternal rep resen ta tions w hich fac ilitate th is sim ple d isc rim ina-

tion by decreasing the sim ilarity be tween A and B . These new diffe ren tia ted

represen ta tions a re acqu ired by the cortica l netw ork ’ s h idden layer, w hich can

then easily m ap these to d ifferen t responses, as the task requ ires. Inte resting ly ,

the lesioned m odel show s no particu la r defic it on th is task , and lea rns as quick ly

a t the in tac t m ode l (F ig . 3.3A ; G luck & M yers, 1993). T his is because , fo r th is

sim ple task , the pre-existing (fixed) hidden layer represen tations in the lesioned

m ode l’ s cortica l ne tw ork are like ly to at least partia lly d istingu ish A and B , and

so a ll the ne tw ork m ust do is m ap these represen tations to the correc t responses .

Consisten t w ith th is behav iour, h ippocam pal lesions do no t im pa ir lea rn ing a

sim ple d isc rim ina tion in a varie ty of p repara tions (e .g . G ood & Honey , 1991 ;

Ja rra rd , 1993; Jones & M ishk in , 1972 ; R oss, O rr, H olland , & B erger, 1984 ;

S ilve ira & K im ble , 1968 ; Zo la-M organ & Squire, 1986 ; Z o la-M organ et a l.,

1992). In som e cases, h ippocam pal-reg ion dam age has even been show n to

fac ilita te lea rning (e .g . E ichenbaum , Fagan & C ohen , 1986 ; E ichenbaum et a l.,

1988 ; E ichenbaum et a l., 1991 ; Port, M ikha il, & Patterson , 1985 ; Schm altz &

Th eios, 1972). T hese da ta led to early specu la tions tha t the in tac t hippocam pus

im paired sim ple c lassica l cond ition ing (e .g . Port, R om ano & Patterson, 1986).

In fact, ou r lesioned m odel does show a slight fac ilita tion re la tive to the intact

m ode l (F ig . 3.3A). H owever, this paradox ica l fac ilita tion of sim ple d isc rim ina-

tion lea rning in the lesioned m ode l resu lts from the fac t tha t the lesioned m odel

lea rns less than the intact m odel, w hich is fo rm ing new stim ulus represen ta-

tions.

The add itiona l tim e and effo rt spent by the in tac t m ode l (and , p resum ably, by

in ta c t an im a ls ) in c on s t ruc t in g th e se ne w an d d if fe re n t ia te d s t im ulu s

represen ta tions can be very help ful if task dem ands change in a w ay that

p rese rves w hich cues are re levan t, even if the assoc ia tions to these re levan t cues

a re d ifferen t. A sim ple exam ple of th is occurs in the easy ± hard transfer

parad igm , in w hich anim als are first tra ined on an ``easy ’ ’ disc rim ina tion (e.g .

b lack vs. white) and then transfe rred to a ``hard ’ ’ d isc rim ination along the sam e

stim ulus con tinuum (e.g . da rk grey vs. ligh t g rey). T h is transfer fac ilita tes

lea rn ing even m ore than an equ iva len t am ount o f p re-tra in ing on the hard

d isc rim ination itself (e .g . Law rence, 1952 ; R iley , 1968 ; Terrace, 1963). T he

intact m ode l correctly shows this effec t (F ig . 3 .3b ; G luck & M yers, 1993): in

term s of the diffe rence in respond ing , D iff(H + , H ± ) , be tw een the tw o hard

stim uli in the hard task, p re -tra in ing on the easy task leads to better perfo rm ance
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than pre-tra ining on the hard task. D uring pre -tra ining on the easy task , the

h ippocam pal-reg ion ne tw ork is assum ed to d ifferen tiate the represen ta tions of

the tw o stim uli, w h ich pred ict different ou tcom es. A s these tw o stim uli a re

assum ed to d iffer on on ly a single fea ture d im ens ion (such as brigh tness), tha t

d im ension w ill be d ifferen tiated, so that there is decreased generalisation for

stim uli w ith d iffering va lues of th is featu re d im ension . T h is d ifferen tiation w ill

he lp d isc rim ina te the stim uli in the subsequent hard task, because they differ

a long the sam e dim ens ion . In the con tro l cond ition, w ith pre-tra in ing on the hard

task, the sam e basic m echan ism s opera te, bu t they are slow er because the stim uli

a re harder to d istinguish , and therefo re the pre-tra in ing is not so effec tive. In the

lesioned m odel, w ith no d iffe ren tiation m echan ism s, the easy±hard transfer

e ffec t is no t ob ta ined . T his leads us to predic t that h ippocam pal-lesioned an im als

w ill no t show easy±hard transfe r, a novel p red iction that rem ains to be tested .

C ontex tua l Processes. M any of the lea rn ing defic its assoc ia ted w ith

h ippocam pal dam age can be described as contex t deficits, as they suggest an

inab ility to incorporate info rm ation about the environm enta l cond itions under

FIG. 3.3 . S im u la tion re su lts w ith th e in tac t an d le s io n ed m od e ls . (A ) S tim ulus d isc r im in a tion :

t ra in in g to re spo nd to A bu t n o t to B . D u rin g th is task , th e in tac t m o de l fo rm s new stim u lu s

re p re sen ta t ion s, w hich d iff er en tia te A and B , and th en m aps th em to op p os ite re sp on ses . T h e le s io ned

m o de l s im p ly m ap s fro m p re -e x is ting (fix ed) re pre sen ta tio n s in th e co rti c a l ne tw o rk to the corre c t

re sp on se s. A s a re su lt, the re is no im p ai rm ent in co n d i tio ned d isc rim ina tion lea rn ing in th e le s io ned

m o de l . S im ila rly , th e re is g ene ra lly n o im pa irm en t in s im p le d isc rim ina t io n le ar n in g in h ip p ocam p al-

d am aged an im a ls . P lo t ted fro m d a ta p re sen ted in M ye rs e t al ., 1 99 6 . (B ) E a sy ± h ard tra ns fer : lea rn in g

a h a rd d isc rim in ation b etw ee n A and B is fa c ili ta ted by p rio r tra in in g o n an ea s ie r d isc rim in a tio n

a lon g th e sam e s tim u lu s con tinu um , in th e in ta c t b u t no t le s io n ed m od e l. T h is is sh o w n by le ss

re lat iv e d iffe re n ce in re sp o nd in g to A an d B (D iff(A ,B )) aft e r a fixed am o un t o f t ra in in g in the

le sion ed m o de l than in the in tac t m o de l. I n ta c t an im a ls sho w th is e ffe c t (e .g . L aw re n ce , 1 9 52 ; R iley ,

1 9 68 ; T e rra c e, 1 96 3 ); the pr ed ic t io n of h ipp ocam p a l-dep en d ence re m a in s to be te s ted in an im a ls.

R ep rin ted fro m M ye rs et a l., 19 9 5 .
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w hich an even t occurs (cf H irsh , 1974). In stud ies of c lassical condition ing it is

possib le to m anipu la te the experim en ta l se tupÐ consisting of the sigh t, sm ell,

and tex ture of the train ing cham berÐ to exp licitly test fo r the effec ts o f

con textual info rm ation . T he sim plest of con tex tual m an ipu la tions invo lves

tra in ing an anim al respond to a g iven CS in one con tex t and then testing for

respond ing to the C S in a nove l contex t (F ig. 3 .4A ). U nder these conditions, a

norm al an im al w ill genera lly respond less to the C S in the nove l con tex t than in

the train ing con tex t (e.g . H a ll & H oney , 1989). T h is con tex t-sensitive decrem ent

in respond ing suggests tha t the an im al has inc luded som e inform ation abou t the

con text in the associa tion fo rm ed be tw een the experim en tally defined CS and

the US. In con trast, a hippocam pal-lesioned an im al does not show this

decrem ent in respond ing after a con tex t sh ift (H oney & G ood , 1993 ; Pen ick &

Solom on, 1991). It shou ld be no ted that th is does no t re flec t a genera l inability

to perce ive con tex tua l cues in the h ippocam pal-lesioned an im al, as lesioned

anim als can still lea rn to d isc rim ina te con texts (e .g . G ood & H oney , 1991 ;

Ph illips & Le D oux , 1994). W hat seem s to be d isrup ted in the lesioned an im al is

the ab ility to use con tex t to inte rp re t the m ean ing of cond itioned cues (M yers &

G luck , 1994).

The cortico -hippocam pal m ode l prov ides a fram ew ork for understanding w hy

this pattern of p reserved and im paired con tex tua l processing m igh t em erge in

les ioned an im als (M yers & G luck, 1994). Inpu t to the h ippocam pal-reg ion

autoencoder is assum ed to represen t no t on ly the presence of any C Ss and USs,

but a lso the com plete set o f background or con tex tua l cues that a re presen t.

Th ese con tex tual cues a re ``ton ic ’ ’ o r unchang ing th roughou t the experim en t,

FIG . 3.4 . (A ) In no rm a l an im a ls , a co n d i tio ned re sp o nse to A m ay sh o w a dec re m ent if A is th en

p re sen ted in a n ew con tex t (H a ll & H o n ey , 1 98 9 ); h ip po cam p a l-le s io ned an im a ls d o no t sh ow th is

re spo n se d ec re m en t a fte r a con tex t sh if t (H on ey & G o od , 19 9 3; Pen ick & So lo m on , 1 99 1; F ig ure

re p lo t ted fro m d a ta pre sen ted in Pen ick & S olom o n, 1 99 1 .) (B ) T h e in tac t b u t n o t le s ion ed m od e l

cor rec t ly sho w s th is re sp on se dec re m ent w i th co n tex t sh i ft (M y e rs & G lu ck , 1 9 94 ; F igu re re p rin ted

fro m M y er s e t a l ., 1 99 5 a) .
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w hile the C Ss and U Ss are ``phasic’ ’ and only occur sporadically during

train ing .

A s the h ippocam pal-reg ion autoencoder lea rns to pred ict CS±U S assoc ia-

tions, it a lso lea rns to reconstruc t its inpu t, inc lud ing these contextua l cues (F ig .

3 .5 ). Thus, con tex tual in form ation is inc luded in the representa tions fo rm ed in

FIG. 3.5 . (A ) Schem a t ic o f a c tiv a tion s in an in ta c t m o d e l tra in ed to re spo n d to th e pre sence of a

ton e s tim u lu s in a p a rtic u la r co n tex t (r ep re sen ted b y the p a tte rn o f in p u t a c tiv a tio n s). T h e ne tw o rk

h a s lea rn ed to o u tp u t a s tro ng re spo n se a t th e cort ic a l n e tw o rk o u tpu t no d es , an d a g oo d

re co ns truc tio n o f th e in p u t a t th e h ip po cam p al -re g ion n e tw ork o u tpu t no de s . T h e h idd en lay er

re p re sen ta t ion th a t ha s evo lv ed inv o lve s s t ron g ac tiva t io n o f o ne h id d en -la y e r n od e , and w eak

ac tiva t io n o f th e o th e r. (B ) S ch em a tic o f a ct iv a tio ns w h en th e ton e s t im ulus is p re sen ted in a n ew

co ntex t (re p re sen ted b y a d i ffe re n t p a tte rn of in p u t a c tiva t io ns on th e no de s th a t re pre sen t con tex tu al

inp u ts . T he h id den lay e r a c tiv a tion in b o th ne tw o rk s is m ore w ea k ly ac tiv a ted th an in th e tra in ed

p a tte rn sho w n in (A ), an d the beh av iou ra l re sp o nse ou tp u t fro m the cort ic a l n e tw ork is w eak e r a s

w e ll . T h us , th e m od e l sho w s a d ec re m en ted re spo n se w hen a tra ined s t im ulus is p re sen ted in a n o ve l

co n tex t .
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the au toencoder’ s in terna l layer. A s a resu lt, the con tex t influences the in ternal

layer rep resen tations in such a w ay tha t, if the C S is late r p resen ted in a new

con text, the represen ta tion of that CS w ill be m ore w eak ly ac tivated than it was

in the tra ining con text. F igure 3 .4B show s this response decrem ent afte r con text

sh ift in the intact version of the m ode l, just as observed in the in tact an im al da ta

o f F ig. 3 .4A . T he m odel a lso correc tly expects tha t w ith ex tended tra in ing the

h ippocam pal rep resen tation w ill exc lude irre levan t contex tua l info rm ation and

becom e m ore and m ore con tex t-dependent (M yers & G luck, 1994); the re is

som e ev idence of the sam e kind of tim e-dependence of contex tua l sensitiv ity in

anim als (H all & H oney , 1990 ; see a lso M yers & G luck, 1994 , fo r rev iew ). In the

les ioned version of the m ode l, how ever, no new in ternal rep resen tations a re

fo rm ed , and so there is no m eans for incorporating con tex tual info rm ation into

the represen ta tions of a C S . A s a resu lt, the lesioned m ode l is rela tively

insensitive to contex t (F ig . 3 .4B ). T h is is consisten t w ith the strong respond ing

generally show n by h ippocam pal-lesioned an im als in a new con tex t (F ig . 3 .4A ).

Th e cortico -h ippocam pal m odel can sim ilarly accoun t fo r resu lts from a range of

co n tex t stud ies (M y ers & G luck , 199 4) an d p ro v ides a com pu ta tiona l

instantia tion and elabora tion of several existing qualita tive theories which have

im plica ted the h ippocam pus in con tex t lea rning (H irsh , 1974 ; Pen ick &

Solom on, 1991).

A no ther con tex t-rela ted behav ioura l phenom enon is la ten t inhib ition (F ig .

3 .6A ) in w hich unre info rced pre-exposure to a cue slows the ra te o f subsequent

cond ition ing to that cue (L ubow , 1973). W ithin the cortico -h ippocam pal m ode l,

latent inhib ition can be understood as a varia tion of com pound precond ition ing ,

in w hich the con tex t is considered as ano ther cue. If we represen t the con tex t as

a sing le, com pound cue , X , and the C S as ano ther cue A , then cond itioning is

expressib le as lea rn ing the d iscrim ination AX + , X ±, tha t is, respond w hen A is

presen t in con tex t X , bu t no t to X alone. L aten t inh ib ition invo lves a prior phase

of A X ±, X ± train ing fo llow ed by the A X +, X ± tra ining . In the in itia l phase ,

w here neithe r AX nor X pred icts the U S, redundancy com pression in the intact

m ode l results in an increase in sim ilarity betw een the represen tations of A and

X , m aking it m ore d ifficult to d isc rim ina te A X from X alone . A s a resu lt o f th is,

the late r phase of learn ing to respond to A X but no t X is m ade m ore d ifficu lt,

w h ich is the observed la ten t inh ibition effect.

Th is is exactly w hat we see in sim ula tions of the in tac t m ode l (F ig . 3.6B). T he

les ioned m odel, w ith no represen ta tiona l changes, does no t perform redundancy

com pression during the pre -exposure phase and therefo re lea rn ing in the

subsequen t acquisition phase is no t slow ed dow n (F ig . 3 .6B ). Consisten t w ith the

m ode l, b road h ippocam pal-reg ion dam age e lim ina tes la ten t inh ibition (F ig .

3 .6A ), and these les ioned an im als lea rn abou t the pre -exposed cue as quick ly as a

nonpre -exposed cue (K aye & Pearce, 1987; So lom on & M oore, 1975).

It shou ld be no ted that a sm alle r lesion , lim ited to the h ippocam pus bu t no t

inc lud ing surround ing cortices, does no t elim inate latent inh ibition (H oney &

HIPPO CAM PUS AN D AM N ESIA 197



G ood , 1993). In m ore recen t w ork , M yers e t a l. (1995) have suggested tha t th is

resu lt is consisten t w ith a m apping of func tion to ana tom y in w hich stim ulus

co m pressio n m ay occur in the en to rh ina l co rte x w ithou t req u iring th e

h ippocam pus proper. E ichenbaum and B unsey (1995) have argued for a sim ilar

functiona l in terp re ta tion of the cortica l areas overlaying the hippocam pus,

espec ially the en to rh inal co rtex , in the ir ana lyses of in tac t vs. lesioned an im als

in olfac to ry sim ple d iscrim ina tion learn ing .

Sum mary o f M ode l Perform ance in A nim al Studies. G iven the ex tensive

availab le da ta on classical cond ition ing fo r bo th in tac t and h ippocam pal-

dam aged an im als, toge th er w ith the ex istence of fo rm al m ode ls w hich

charac terise norm al classica l cond itioning behaviours, w e have show n how a

m echan istic in terp retation of hippocam pal function can be clea rly revea led

w ithin th is m ost e lem en tary form of assoc ia tive learn ing. The m ost salien t resu lt

from our ana lyses is a fo rm al charac terisa tion of how lesioned an im als so lve

tasks differen tly from norm al in tac t an im als, even if th is is no t alw ays ev ident

from com paring perfo rm ance on the in itial learn ing task . A nalyses of sensory

precond ition ing and com pound precond ition ing are in te rpre ted as re flecting the

h ippocam pal-dep enden t b ias fo r redundancy com pression , wh ile stim ulus

d iscrim ina tion and easy±hard transfe r are in terp re ted as reflec ting pred ictive

d iffe rentiation. Further ev idence for these hippocam pal-dependen t rep resen ta-

tiona l biases com es from ana lyses of con tex tua l e ffec ts seen in studies of context

sh ifts and la ten t inh ibition .

FIG. 3.6 . L a ten t inh ib ition , in w hich u nre in fo rc ed p re- ex p osu re to a cu e A slow s la te r a cq u isi tion

o f con d itioned re sp o nd in g to A . (A ) In ta c t an im a ls sho w th is e ffe c t (L ub o w , 1 9 73 ), re fle c ted in

lon ge r tr ai n ing tim e to lea rn a s tro n g re sp o nse to A . B road h ip p ocam pa l-re g io n le s io n e l im in a te s

la ten t in h ib i tio n (K ay e & P ea rc e , 1 98 7 ; So lo m on & M o ore , 1 97 5 ). F igu re p lo t ted fro m da ta

p re sen ted in So lo m on & M oo re (19 7 5). (B ) T he in tac t m od e l co rre c tly sho w s la ten t in h ib i tio n w h ile

the le s io n ed m o de l d oe s no t. F ig u re re p rin ted fro m M y e rs et a l. 1 99 5 .

198 G LU CK ET AL.



Hum an Hippocam pal Amnesia and Conditioning

W hat can all these stud ies o f hippocam pal-lesion effec ts in an im als te ll us about

hum an m edia l-tem poral lobe (espec ially h ippocam pal-based) am nesia? O ne of

the m ost im portant reasons fo r studying c lassica l cond itioning is that the neural

struc tu res and behav ioura l p roperties a re very sim ilar across a w ide range of

spec ies, inc lud ing hum ans. C lassica l cond ition ing has been ex tensively stud ied

in hum ans, using a varie ty of prepara tions (cf D aum et a l., 1993 ; L ye , O ’ B oyle ,

R am sden , & Schady , 1988; So lom on , S tow e , & Pend lebury , 1989 ; Topka , V alls-

So le, M asaquo i, & H alle t, 1993). A s w ith anim als, the m ost popu la r p repara tion

is the cond itioned eyeblink response . Sub jects typ ica lly wear a ha t-type dev ice

fitted w ith tub ing to a llow ligh t airpuffs to be d irected at the cornea; the hat a lso

produces an in fra red beam w hich is ref lected off the w hite o f the eyeba ll and

inte rrup tion of th is beam by an eyeb link is recorded as a response. Just as in

anim als, repea ted pairing of a prev iously neu tra l tone or light C S with the b link-

evok ing airpuff U S resu lts in an an tic ipa tory conditioned eyeb link response to

the C S alone . A t the neura l leve l of analysis, the cerebe llum seem s to be the

necessary substrate for cond itioned eyeb link respond ing in hum ans as w ell as in

inf ra-hum an species (D aum et al., 1993 ; Lye et a l., 1988 ; So lom on e t al., 1989 ;

To pka e t al., 1993).

Intact Delay Conditioning in Am nesia

Four stud ies have exam ined c lassica l cond itioning and hum an hippocam pal

am nesia . W eiskran tz and W arring ton (1979) first exam ined eyeb link condition -

ing in tw o am nesia pa tien ts . O ne p a tien t had h ippocam p al dam age as

characterised by an ep isode of v iral encepha litis, wh ile the o ther w as an

a lcoholic Korsakoff pa tien t. A lthough deta ils ind icating dam age spec ific to a

neuroana tom ica l focus w as not p rov ided , bo th pa tients neuropsycho log ica lly

dem o nst ra ted m e m o ry d efec ts tha t a re c om m only a ttribu tab le e ith e r to

patho logy to the m edial tem pora l lobe or d iencepha lic dam age. Both am nesic

ind iv idua ls show ed c lea r ev idence of cond itioned lea rn ing w itho ut im pairm en t.

In terestingly , w hen la ter asked to verbalise a dec la ra tive account about the

experim ent they w ere unaw are of the ir perfo rm ance .

D aum et al. (1989) investiga ted eyelid cond ition ing in three am nesic patien ts

w ith b ila tera l tem poral dam age . Pa tien t 1 had a h istory of ep ilepsy and a lcohol

abuse , pa tien t 2 had a histo ry of encephalitis and ep ilep tic seizu res, and pa tient 3

suffe red fro m e pilep tic se iz u res . A ll th ree p a tie n ts sh ow ed s ign if ic an t

im pa irm en ts on standard neuropsycho log ical m em ory tests and ind ica ted

h ippocam pal lesions as supported by E EG or CT m easures. As in the am nesics

o f W eiskran tz and W arring ton (1979) all th ree of these pa tients w ere ab le to

cond ition w ithou t im pairm en t using the delay parad igm . H ow ever, w hen

assessed on a m ore com plex tw o-C S , conditiona l d isc rim ination and reversal

experim ent, a ll th ree fa iled to effec tive ly lea rn the task.
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W oodruff-Pak (1993) conduc ted a series o f eyeb link stud ies in the well-

stud ied am nesic, HM . A s a resu lt of b ila tera l rem oval o f m ed ia l-tem pora l lobe

structu res, including the h ippocam pus, to relieve the pa tien t’ s ep ilepsy , HM

because dense ly am nesic for learn ing and rem em bering new info rm ation . A

second am nesic w ith m edial-tem poral-lobe lesions resu ltan t from encephalitis

w as inc luded for com parison , as w ere tw o norm al adu lt contro ls. It took HM

longer (473 trials) to reach lea rn ing criterion than a con trol sub ject (315 trials).

T he encepha litic am nesic took 119 trials and his con tro l took 15 . In the case of

H M , although the extent o f h is h ippocam pal rem ova l lesion is well know n, som e

cerebella r atrophy in the verm is and cerebe llar hem ispheres has recen tly been

no ted . D am age to the cerebe llum , m ore so than h ippocam pal dam age , m ay have

been m ore im portan t as the cause of h is slow er im pa irm en t (ye t no t abolishm ent)

in conditioning .

G abrie li et a l. (1995) recently tested seven w ell-charac te rised am nesic

sub jec ts and seven w ell-m atched norm al con trols. In rev iew ing the experim en tal

de ta ils o f the three prev ious am nesic papers, the stud ies m ay be critic ised for

using inferio r eyeblink m easurem ent appara tus and techn ique, too few am nesic

sub jec ts, poor quality o f pa tien t d iagnoses and charac te risa tion, and not

includ ing con trol sub jects for com parisons. In th is paper, the am nesic etio log ies

ranged from encepha litis (n = 2), anox ia (n = 2) , aneurysm (n = 1), sta tus

ep ilepticus (n = 1), and closed head inju ry (n = 1). F ive of the pa tien ts had

neuro im ag ing data confirm ing b ila tera l h ippocam pal dam age . A ll w ere dense ly

am nesic in term s of standard neuropsycholog ica l m em o ry tests. The subjec ts

w ere assessed in te rm s of pseudocond ition ing (no pairing of C S and U S),

cond ition ing (C S±U S pairings) and ex tinction contingenc ies (C S alone). In

support o f the th ree prev ious am nesia and de lay condition ing stud ies, no

sta tistica l differences w ere found , w ith am nesics lea rning the cond itioned

response as w ell as the norm al con tro ls (see F ig . 3 .7 ).

M ost o f the other cond ition ing parad igm s in w hich hippocam pal-lesioned

a n im als a re a f fe c te d , su c h a s s im p le d isc r im in a tio n rev e rsa l , sen so ry

p re co nd i tio n in g , la te n t inh ib it io n , e tc ., rem ain to b e tes ted in hu m a n

hippocam pal am nes ics . For exam ple , norm al in tact hum ans show la ten t

inh ibition of the cond itioned eyeb link response (H ulstijn, 1978). It rem ains to

be seen if hum an hippocam pal am nesics w ill show a sim ilar d isrup tion in latent

inh ibition as do h ippocam pal-dam aged anim als. S im ilarly , w e expec t tha t

hum an hippocam pal am nesics m ay show disrup tions in o ther parad igm s (sim ple

d iscrim ina tion reversa l, la ten t inh ib ition, e tc.) that parallel those seen in

h ippocam pal-lesioned an im als.

H aving rev iew ed the ev idence for our theory w ith in stud ies o f an im al

cond ition ing , and described som e pre lim inary stud ies o f its re levance to hum an

eyeb link cond ition ing in am nesia, w e tu rn now to consider a m ore c lea rly

cogn itive form of hum an learn ing: category learn ing.
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4. APPLICATION OF M ODEL TO CATEGORY
LEARNIN G

In the prev ious sec tion of the paper w e d iscussed how the pred ic tions of the

cortico -h ippocam pal m ode l have been tested in bo th an im al and hum an

eyeb link cond itioning stud ies. In th is sec tion our focus sh ifts to hum an

category lea rning , as w e exp lore the possib ility of ex tending the cortico -

h ippocam pal m ode l fu rthe r to aid our understand ing of h igher cognitive

processes. C ategory learn ing p lays a p ivo ta l role in hum an cogn ition and has

generated a substan tial body of em pirica l and theoretical work (E stes, 1993).

B y ex tend ing a neurob iolog ically based m ode l o f assoc ia tive lea rning to

account for category lea rn ing da ta we hope to start to establish a bridge over

w hich w e can begin to in teg rate anim al and hum an da ta from stud ies o f the

neura l and behav ioura l bases of cogn ition .

In a typical ca tegory lea rn ing experim en t, sub jec ts a re presen ted w ith a se ries

o f m ultidim ensiona l stim uli. The sub jec t’ s ta sk is to de term ine to w hich of tw o

or m ore ca tegories each stim ulus be longs. The sub ject is then provided w ith

corrective feedback , indicating the correc t response .

The behav ioura l co rrespondences betw een an im al cond ition ing and category

lea rn ing w ere descr ibed by Gluck and B ower (1988a ,b ) w ho dem onstra ted that

the R escorla-W agner m ode l o f cond ition ing (R escorla & W agner, 1972), a

sim ple assoc iative m odel, can be extended to account fo r a varie ty of category

lea rn ing phenom ena in hum ans. G luck and B ow er’ s connec tion ist ex tension of

the R escorla-W agner m odel can accoun t fo r m any fundam enta l aspec ts o f

FIG . 3.7 . (A ) E y eb l in k con d ition in g in h u m an s is n o t d isru p ted b y hipp ocam p a l d am ag e in hu m an

am nes ic s . F ig u re re p rin ted fro m G ab rie l i e t a l. (1 99 5) . (B ) L ik ew ise , th e le s io n ed m o de l p re d ic ts n o

d ef ic its . F ig ure re pr in ted fro m M y e rs e t a l . (1 99 5b ).
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hum an ca tegory learn ing (G luck , B ower, & H ee , 1989) including base- ra te

neglec t (G luck & B ow er, 1988a ,b ), the inte rac tion of exem pla r sim ilarity and

linear separability in dete rm in ing categorisation d ifficu lty (M edin & Schw anen-

fluge l, 1981), the re la tionsh ip be tw een classification and recogn ition m em ory

for instances (Hayes-R oth & H ayes-Roth, 1977), and the im pac t o f corre la ted

a ttributes on c lassifica tion (M edin , A ltom , E delson , & Freko, 1982). T he

m ode lling of G luck and B ow er as w ell as o ther researchers w ork ing in a sim ilar

ve in (E stes, 1993; Shanks, 1991) prov ide us w ith an a priori basis fo r be liev ing

tha t the re a re s ig n if ican t be hav io ura l co rre sp on de nc es b e tw ee n an im a l

cond ition ing and hum an category lea rn ing . T his leads us to ask whether or

no t there m igh t be neurob io log ica l co rrespondences, too .

Som e prelim inary progress in th is d irection w as m ade by K now lton e t al.

(1994) w ho addressed this issue of neurob iological correspondences be tw een

cond ition ing and ca tegory lea rn ing in a se ries o f stud ies in w hich am nesic

pa tients and con trol sub jec ts were g iven a series of m ultidim ensiona l stim uli and

to ld to c lassify them into one of tw o ca tegories. For exam ple , in one task , the re

w ere four ``taro t’ ’ cards, each w ith a un ique se t o f abstrac t geom etric pa tterns.

T he stim uli w ere a draw ing of up to four o f these cards, and sub jec ts w ere asked

to pred ic t w he ther there w ould be ``good ’ ’ or ``bad’ ’ w eather based on these

cards. T he actual w eather w as de term ined accord ing to a probab ilistic ru le based

on the cards, and each card w as therefo re a partial p redic tor of the w eather. T he

probab ilistic ru le ensured tha t it w as im possib le fo r the sub jec ts to learn the

pred ic tion w ith com ple te certa in ty , a lthough it w as possib le to u se the

probab ilistic ca rd±w eather relationships to ach ieve significan tly be tte r-than-

chance perfo rm ance . T w o equ ivalen t tasks were a lso used, w ith sim ilar

underly ing log ic . T hese tasks a re equ ivalen t to those used by G luck and B ow er

(1988b) in an investiga tion of probabilistic ca tegory lea rning in in tac t sub jects,

w ith the excep tion that the categories used in the Know lton et al. study occurred

w ith equa l frequency.

In each task , the am nesic pa tien ts in itially learned to associa te the cues w ith

the appropria te outcom e at the sam e ra te as con tro l sub jects, im prov ing from

chance perfo rm ance (50% correct) to approx im ate ly 65% correc t (K nowlton et

a l., 1994). W ith ex tended tra in ing , how ever, con tro l sub jec ts ev en tua lly

ou tperfo rm ed am nesic patien ts (see F ig. 4 .1A ). Th is finding tha t am nesics

ou tperfo rm ed con tro ls only la te in tra ining m irro rs a sim ilar find ing tha t

h ippocam pal am nesics are in itia lly unim paired but late r im pa ired at cogn itive

sk ill lea rn ing (Squ ire & Fram bach, 1990).

A s show n in F ig . 4.1B , the cortico -h ippocam pal m ode l p roduces learn ing

curves ana logous to those observed by K now lton e t al. (G luck , O liver, & M yers,

in press). In the in tac t m ode l, the h ippocam pal-reg ion ne tw ork deve lops new

stim ulus represen tations to aid learn ing ; these represen ta tions m ay deve lop over

m any trials as the m ode l is exposed to a representa tive subse t o f tra in ing

pa tte rns. E arly in lea rn ing , before these represen ta tions deve lop , the intact
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m odel depends on the pre-existing represen ta tions in the cortica l ne tw ork , and

m aps these to (an approxim ation of) the correc t response . La ter in tra in ing, as

the h ippocam pal rep resenta tions becom e ava ilab le , these new represen ta tions

a re acquired by the cortical netw ork and a llow further im provem ent in

perfo rm ance . In the lesioned m odel, on ly the prior cortica l rep resen ta tions a re

ever availab le. T hus, early in tra ining , perform ance is sim ilar in the lesioned and

intact m ode ls; as tra ining progresses, how ever, and no new represen ta tions

becom e ava ilab le to the les ioned cortica l ne tw ork , the lesioned m ode l show s a

deficit rela tive to the in tac t m odel.

The sim ulation study reported by G luck , O liver, and M yers (in press) should

be v iewed on ly as pre lim inary ev idence in favour of the cortico-h ippocam pal

m ode l as a m ode l o f hum an category learn ing . C a tegory lea rning research has

generated a considerab le body of data w hich m ust be addressed befo re a m odel

can cla im to accoun t fo r this pervasive aspec t o f hum an cognition. N everthe less ,

these prelim inary ana lyses po in t to the possib le po ten tial o f the cortico -

h ippocam pal m ode l for cap turing sub tle aspec ts of am nesic learn ing w hich go

beyond sim ply c lassifying their lea rn ing as in tac t o r im pa ired re lative to

norm als. M oreover, they suggest tha t care ful com parisons of early versus la te

tra in ing d ifference in lea rn ing m ay be an im portan t facto r in understanding the

d ifferences be tw een in tact and am nesic lea rn ing .

FIG . 4 .1. (A ) O n a p ro bab ilist ic c a teg ory lea rn in g ta sk (K n o w lto n et a l., 1 99 4 ), h ip po cam pa l

am ne s ic s in it ia lly le a rn at th e sam e ra te a s co n t ro ls; la te r in tra in in g , th e co n tro ls co n tin u e to im pro ve

p er fo rm an ce m ore th an the am nes ic s . F ig u re re p rin ted fro m K no w lto n e t a l. (1 9 94 ). (B ) T h e co rti c o-

h ip po cam p a l m o d el sh ow s a s im ila r e ffe c t: th e le s ion ed m o d el in i tia l ly pe rfo rm s a s w e l l a s the in tac t

m o de l, b u t la ter in tra in in g , th e le s io n ed m o d el sh ow s a d e fic i t. F ig ure re prin ted fro m G luck an d

O live r (in p re p .).
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5. DISCUSSIO N

A lthough m ost analyses of am nesia have focused on the loss of exp lic it

decla ra tive and ep isodic m em ories fo llow ing h ippocam pal-reg ion dam age , w e

have tried to show here how insigh ts into am nesia can also be rea lised by

study ing hippocam pal func tion in sim ple procedural, o r hab it-based , assoc ia tive

learn ing tasks. A lthough m any sim ple fo rm s of assoc ia tive learn ing are

un im paired by h ippocam pal dam age, m ore com plex tasks that require sensitiv ity

to unre info rced stim uli, configura tions of m ultip le stim uli, or con tex tua l

in form ation are im paired by hippocam pal dam age. W e have rev iew ed here

the resu lts o f severa l o f our recen t papers in w hich we have argued tha t these

an im al cond itioning da ta im ply that the h ippocam pal reg ion p lays a critica l ro le

in the fo rm ation of new stim ulus represen tations during lea rn ing (G luck &

M yers, 1993 , 1995 ; M yers & G luck , 1996; M yers e t a l., 1995).

Dissociating Hippocam pal and Parahippocam pal
Function

M ore recently w e have begun to ex tend our m ode lling effo rts to seek a closer

rapprochem ent w ith the underly ing bio logy . A lthough the in tact m ode l o f F ig .

2 .4A adop ts the sim plify ing assum ption that the h ippocam p al region functions

as a unitary processor, the h ippocam pal reg ion is, in fact, ana tom ica lly d ivided

in to severa l d istinc t struc turesÐ includ ing h ippocam pal fie lds C A 1 through

C A 4, denta te gyrus, sub iculum , and ento rh ina l co rtex . T here are a lso several

inputs to the h ippocam pal reg ion , inc lud ing perirh ina l and parah ippocam pal

cortices, w hich prov ide h igh ly processed polym oda l sensory in fo rm ation, as

w ell as a direct connec tion from unim oda l piriform (o lfac tory ) cortex (see F ig .

5 .1 ). In M yers e t a l. (1995) w e hypo thesised tha t the represen tationa l function

com puted in our in tac t m ode l’ s h ippocam pal region m ay be subd ivided, and the

subfunc tions loca lised in different anatom ica l sites a round the reg ion ; in

particu lar, w e proposed tha t stim ulus±stim ulus redundancy com pression cou ld

em erge from the ana tom y and physio logy of superfic ial en to rh ina l co rtex . T he

ne t result o f bo th ento rh ina l and h ippocam pal p rocessing w ould then be a new

stim ulus represen tation constra ined by bo th com pression and d ifferen tiation

b iases w hich cou ld be transfe rred to long-te rm storage sites in the cortex .

T his hypo thesis assum es tha t a se lective h ippocam pal-lesion (the H-lesion),

w hich does no t otherw ise dam age en torh inal co rtex (cf Jarrard & Davidson ,

1991), m igh t a llow redundancy com pression processes to surv ive . B ehav iours

that depend m ainly on these processes shou ld con tinue to be exhib ited afte r H -

lesion , w hereas behav iours tha t requ ire o ther rep resen tational p rocesses such as

predic tive diffe ren tia tion shou ld be d isrup ted. W e can study th is situation by

construc ting a ``Se lec tive H -lesioned ’ ’ m ode l, in w hich the fu ll h ippocam pal-

reg ion ne tw ork of Fig . 2 .4 is reduced to an enthorhina l netw ork on ly. T he long-
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term m em ory ne twork con tinues to opera te as in the in tac t m ode l, excep t that the

new represen tations prov ided by the en torh ina l netw ork are b iased only by

stim ulus±stim ulus redundancy com pression, bu t not by the o ther rep resen ta-

tional b iases attribu ted to the h ippocam pal reg ion as a w hole .

A sim ple exam ple of a com pression-based task is la ten t inh ibition , in w hich

unre in forced pre -exposure to a cue slows later acquisition of a cond itioned

response to that cue (L ubow , 1973). In our in tac t m ode l of F ig . 2 .4A , laten t

inh ib ition is caused by com pression of the pre -exposed cue w ith co-occurring

and equally nonre in forced con tex tual cues. The subsequent inc rease in lea rn ing

tim e resu lts because the m ode l m ust first red ifferentiate the cue from the con text

befo re a response can be selectively associa ted w ith the cue (F ig . 3 .6 ). B ecause

this effec t is assum ed to depend prim arily on redundancy com pression , the

ento rh ina l netw ork in the H -lesioned m odel is sufficien t to produce laten t

inh ib ition. C onsistent w ith th is m ode l behav iour , ra ts w ith selective h ippocam -

pal lesions bu t no en torh ina l dam age show norm al o r even enhanced laten t

inh ib ition (Honey & G ood , 1993; R e illy , H arley & Revusky , 1993). O bv iously ,

m ore experim en ta l tests need to be perfo rm ed , but th is is a t least initia l support

fo r the M yers e t al. (1995) proposed d issociation of h ippocam pal and en torh inal

func tion .

E ichenbaum and Bunsey (1995) have recen tly addressed this sam e issue and

have sugges ted that the parahippocam pal region m ediates the ``fusion ’ ’ o f co -

occurring or nearly co inciden t stim uli; th is process is essentially iden tical to the

redundancy com pression func tion w e have proposed . It is in teresting to note that

w hereas their fusion theory derives from behav ioura l observa tions com paring

FIG . 5.1. S ch em a tic of m a jo r inform a tion flow pa thw ay s in the h ip po cam pa l re g ion . Inp u ts a re

p rov id ed d i re c tly fr om un im o d al o lfa c to ry cor tex , a s w el l a s p o lym o d al co rtic e s inc lud in g

p ar ah ip p ocam pa l an d pe ri rh ina l cort ex . In fo rm a tio n tra v el s th ro ug h su pe rfi c ia l en to rh ina l co rte x ,

th ro ug h th e h ipp o cam p a l fo rm at io n (in c lu d ing h ipp ocam p a l fie ld s C A 1 ±C A 4 , d en tat e g y ru s , an d

sub icu lu m ), an d re tu rn s th ro ug h d eep en to rh ina l co rte x to o the r cort ic a l a re a s fo r lo n g-t er m sto ra ge .

T h e re is a lso a b i-d ire c tion a l p a th w ay th ro ug h the forn ix w hich p rov id e s co n nec tion to sub co rtic a l

s tru c tu re s. M any othe r co nn ect io ns ex ist , w h ich a re n o t sh ow n he re fo r s im pl ic ity .
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pa ired -assoc ia te learn ing in in tact, hippocam pal-lesioned and parah ippocam pal-

lesioned an im als, our sim ilar com pression theory arises from an integra tion of

bo th physio log ica lly based and behav ioura lly based com puta tional m ode ls of

h ippocam pal-reg ion function . W e hope the convergence of these tw o w ide ly

d ifferen t approaches to theory deve lopm ent is a sign tha t stim ulus com pression

is a useful and accurate descrip tion of parah ippocam pal-reg ion function .

M odelling Cholinergic M odulation in
Septohippocampal Pathways

In other, m ore recen t w ork , w e have a lso show n that a sim ple ex tension of the

m ode l can successfu lly accoun t for the re tarded c lassica l conditioning tha t

occurs a fter septoh ippocam pal d isrup tion v ia an ticho line rg ic d rugs (M yers et a l.,

1996). T his last is im portan t because sep tohippocam pal pathw ays m ay be

dam aged in a varie ty of w ays. Basa l forebrain dam age m ay occur in cases of

A lzhe im er’ s D em entia, but m ore com m only occurs in cases of aneurysm rup tu re

of the an terior com m unica ting artery (AC oA ). T he A C oA aneurysm surv ivors

a re an especia lly in teresting group because they often m anifest an ante rograde

am nesia syndrom e w hich is superficia lly very sim ilar to that show n by

h ippocam pal am nesics (D eL uca & D iam ond , 1995)Ð although the A CoA

am nesics have no direc t lesion to the h ippocam pus. Th e prob lem in these

pa tients m ay result from basa l forebra in dam age, ind irec tly inte rfe ring w ith

p rop er h ipp ocam p al func tion ing . N euro im ag ing to d irec tly assess b asa l

fo rebra in lesion ex ten t is difficu lt because A CoA aneurysm is often treated by

surg ica l p lacem ent o f ferrom agne tic c lips on the rup tured artery . M R I is

there fo re con traindicated in these cases as it m ay resu lt in d isp lacem ent and

heating of the m etallic c lip which cou ld kill the patien t (K lucznik , Carrier, Pyka ,

& Haid, 1993). A lte rna te neuro im aging techn iques such as ang iography and

com puterised tom ography (CT scan) m ay be used in these am nesic pa tien ts

recovering from stroke ; however , the p lacem ent o f the m etallic c lip often

obscures prec ise im ag ing of the basa l forebrain reg ion. T here fore , an inte resting

po ten tia l app lica tion of this w ork is to deve lop behav ioura l tests that a re

sensitive to the dam age of particu lar neura l struc turesÐ thus a id ing in the

assessm ent o f lesion exten t in these pa tients.

Sum m ary

O ur long-term goa l is to use com putationa l m odels to deve lop a com prehensive

v iew of h ippocam pal-region func tion tha t illum inates com m on behav ioura l

functions, and underly ing neura l m echan ism s, in bo th anim al and hum an

m em ory. O ur w ork to date illustra tes som e initia l p rogress to th is end , and m ay

he lp prov ide pred ictions and d irections to gu ide fu rthe r em pirical and theore tical

resea rch in hum an m em ory and am nesia . Our hope is that the insigh ts gained

from these in itia l ana lyses of a sim ple learn ing behav iour w ill lead to a deeper
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understand ing of the h ippocam pal reg ion in m ore com plex fo rm s of lea rn ing and

m em ory , in bo th an im als and hum ans.
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