Annu. Rev. Psychol. 1996.47:1-32. Downloaded from www.annualreviews.org
Access provided by 65.21.193.86 on 03/12/22. For personal use only

Annu.Rev. Psyltol. 1996.47:1-32
Copyright© 1996by AnnuaRevievsinc. All rightsreserved

ASPECTS OF THE SEARCH FOR
NEURAL MECHANISMS OF
MEMORY

Mark R. Rosenzweig
Departmert of Psychdogy, University of California, Berkdey, California 94720-1650

KEY WORDS: brain plasicity, enriched expeence, menmory formaion, neurohiemigry of
memoy, synapic plasticty

ABSTRACT

Theseard for neurd medanismsof menory hasbea underwayfor morethan
a century. The pae quickened in the 1960s when investigators found that
training or differential experience leads to significant changesin brain neuro-
chamistry, amatamy, ard electrophysiology. Many stgoshave nowbeenidenti-
fied in the neurochemical cascadetha stats with neural simulation ard ends
with enading information in long-term menory. Applicatons of reseach in
thisfield arebeingmadeto child development, sucessul aging, recoveryfrom
brain damage, ard animal welfare. Extendonsof currert reseach and exciting
new techriques pronise novel insights into mechanisms of memory in the
deadesahea.
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INTRODUCTION

Plasticity of the nervoussystemin relationto learningand memory,now a
major field of researchhaslong beenanimportantthemein psychologyand
relateddisciplines.William Jameg1890)wasnot thefirst to attributehabitto
the plasticity of the nervoussystem(p. 105) or to write of moleculesstoring
habits in the nerveells (p.127).In fact,conceptof brainplasticity inrelation
to behaviorhaveappearedn variousguisesover the pasttwo centuries But
only in the 1960sdid clear and replicableevidenceshow that training and
experiencgproducemeasurabl@eurochemicahnd neuroanatonaial changes;
further evidencesoon followed that theseneural changesare required for
long-termmemory. Sincethen, relatedresearcthasflourishedand branched
outin severadirections,encouraging varietyof applicationsThesearchhas
led to somesurprisingdiscoveriesto a numberof controversiesto therejec
tion of somehypothesesandto theopeningof new vistas.

This chapterreviewsselectivelysomeof this researchand someapplica
tions that have stemmedfrom it. Theseare topics with which | have been
concernedor about50 years.My initial interestwasheightenedn a graduate
seminarDonaldO. Hebbgaveat Harvardin the summerof 1947,usingasthe
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texta mimeographedersionof his thenunpublidhiedbook, TheOrganization
of Behavior(Hebb 1949),and | benefittedfrom further exchangesvith him
over the years.

PRE-20H CENTURY SPECUIATIONS AND RESEARCH

The Advenof theScienceof Memory

From classicalantiquity throughthe Renaissancegracticeso improve mem

ory werecodified in whatbecameknown asthe art of memory(Yates1966).
But the scienceof memorybeganonly in 1885, when HermannEbbinglaus
announcedhe study-testmethodand experimentalresultsobtainedwith it.

Clinical observation$ielpedto advanceknowledgeof memoryandits neural
basesvenbeforeEbbinghau's discovery(e.g.Wilks 1864, Ribot 1881),but
reciprocal interactionsbetweenclinical observationsand experimentalre-

searchstimulated further advancesFor example,the recentdistinction be-

tweendeclarativeandnondeclarativé&inds of memoryarosefrom researcho
find whatkind(s) of memoryis(are)lostandwhatis sparedaftercertainkinds
of brain damageThis distinction wasnecessaryn orderto find the different
brainregionsusedin thesetwo kinds of memoryandto understandlifferent
kinds of amnesigSquireet al 1993). The distinction betweendeclarativeand
nondeclarativé&inds of memoryis still too recentto beincorporatedn stand

ardizedtestsfor assessmemf memory, becausennovaions in such tests
usuallylag abouttenyearsbehindtheresearchiterature(Buttersetal 1995).|

hopethat discussio of conceptsand findings aboutmechanism®f memory
may fostetbothfurther researchndapplications.

Long beforethe modernperiod, speculationsaaboutlearningand memory
and their possilbe bodily mechanismded to advice about practicesto aid
memoryor avoid its impairment Someof this advicenow seemdudicrous
Will currentformulationsseembettergroundedo scientiss of the future?For
example, medieval teachings about mentaiyg that becaudbebrain, which
storesmemory, is cool and moist (as found in dissectios), it needsto be
protectedagainstoverheatingdf all sorts;thereforehot foodsandstrongwine
are bad for the memory (Carruthers1990, p. 50). Although we agreethat
strongwine impairs retrieval of memory,our explanationsare not basedon
temperature.

Early Speculationabou Sitesof Learningin theNerwous
System

The possibilty of testingexperimentallywhethermentalexercisecaninduce
growthof thebrainwas discussedsearly as 178 correspondendeetween
the prominentSwissnaturalistCharlesBonnetand a Piedmontesanatomist
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Michele VincenzoMalacarne(Bonnet1779-1783 Malacarneagreecto ur-
dertakea testof the hypothess, usingan experimentablesignthat anticipated
one used180 yearslater. He choseas subjectstwo littermatedogsand also
pairsof birds, eachpair comingfrom the sameclutch of eggs.In eachpair, he
gaveoneanimalintensive training while the otherreceivednone.After a few
yearsof this treatment,Malacarnesacrificedthe animalsand comparedthe
brainsin eachpair. A brief review of the resultsof this experiment{1793,
Journal de Physique(Paris) 43:73] claimed positive findings—the trained
animalswere reportedto show more folds in the cerebellumthan the un-
trained.

The prominentGermanphysicianSamuelThomasvon Soemmeringnay
haveknown of Malacarné work whenhewrote the following passagén his
majorbook onhumananatomy:

Does usechangethestructure of the bran?

Doesuseandexetionof mentd powe gradudly changethematrial structure
of the bran, just aswe see, for example, tha mudc usal musdes bemme
stronger and tha hard labor thickers the epgdermis corsiderebly? It is not
improbable, although the scdpel cannoteasily demongrate this. (1791, Vol.
5, p- 91). [In the ediion of 1800, the last phrasewas changed to “althouch
aratomy has notyet denonstatedthis” (p. 394).]

The ideathat exerciseor training canenlargeparticularbrain regionswas
promotedin the 19th century by two doctrines—phrenaolgy and evolution
throughinheritanceof acquiredcharacteristicsl do not include amongthe
phrenologist the neuroanatomistranz JoseplGall, althoughhe is often
calledthe founderor inventorof phrenology(e.g.Wells 1847,Ackerknechi&

Vallois 1956).Foronething, Gall called his system “organology” and rejected

the term “phrenology,”which wasinventedby his youngercolleagueJohann
GaspardSpurzheim(Zola-Morgan1995).More importantly, Gall emphasized
theinnatenessf developmenbf the different“organs” of the cerebralcortex,
eachof which hehypothesizedo correspondo a differentmentalfaculty. Gall
rejectedthe ideasthat humankindis indefinitely perfectibleandthat exercise
or educationcouldinfluencethe developmenbof the facultiesor the organsof
the brain (1819, pp. 252-56).Jean-Bapti® Lamarck,the originator of the
doctrineof evolution throughinheritanceof acquiredcharacteristicsheld that
the brain and eachof its specialregionsdevelopsthroughappropriateuse of
the relatedfaculties,and he criticized Gall's belief that brain developments
determinednnately[1809(1914)].

When Spurzheimseparatedrom Gall in 1812 and wentto Englandand
laterthe United Stateshe createdhe phrenologicaimovementThis included
the ideathat developnent of the facultiesandtheir cerebralorganscould be
stimulatedby exercise(Spurzheiml1815,1847). Davies(1995) showedhow
the vogueof phrenologyfit with aspectof the Americanspirit, underscoring
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the role of heredity and individual differences,but balancingthis with the
optimistic doctrineof growth and perfectibility througheducationand exer

cise.In keepingwith theiremphasion differencesof individual endowments
thephrenologsts urgedhatprograms oeducatiorbe designedor individuals

accordingto their aptitudes.They also cautionedagainstoveremphasizig
intellectualdevelopmenbf children,lestdirectingtoo muchbloodflow to the
brainimpair developmenbf the body. This pointwasechoedby othereduca

tional theoristsjncludingHerbert Spencer.

Evidenceaccumulatedduring the latter part of the 19th centurythat the
brain showsless individual variation in size than other organsand is less
affectedby changesn body weight. The consensuslevelopedhatthe gross
anatomyof thebrainis not affectedy experiencer trainingandthattheadult
brain isessentiallyfixed anatomicajl.

NeuralJunctionsas Siteof Change in Learning

In the 1890s, severalscientistsspeculatedhat changesat neural junctions
might account for memory. This was anticipated, as Finger (1994) points
out, by AlexanderBain (1872),an associatiaist philosogher, who suggested
that memoryformationinvolves growth of what we now call synapticjunc-
tions:

“for evay ad of memay, ewvery exacise of bodily apitude evey habit,
recollection, train of idess, thereis a specific grougng or coadinaion of
sensaionsandmovements by virtueof speeific growthsin thecdl junctions”

(p.921).

Suchspeculatios were put on a firmer basiswith the enunciationof the
neurondoctrineby neuroanatomisWilhelm von Waldeyerin 1891, largely
basedon theresearchof SantiagoRamony Cajal. NeurologistEugenioTanzi
(1893) advancedhe hypothesighat the plasticchangesnvolved in learning
probably take place at the junctions betweenneurons.He expressedonfi-
dencethat investigatorswould soonbe able to testby direct inspectionthe
junctional changeshe hypothestedto occurwith developmentandtraining
About 80 yearswere to elapse however,beforethe first resultsof this sort
were announcede.g. Cragg 1967, Diamondet al 1975, Globuset al 1973,
West& Greenough 1972).

Ramony Cajal,apparentlyindependentlyof Tanzi,wentsomewhafturther
in his Croonian lecture tihe Royal Society dfondon(Cajal 1894). Hetated
thatthehigheronelookedin thevertebratescale themoretheneuralterminak
andcollateralsramified. During developmenof theindividual, neuralbranch
ing increasedprobablyup to adulthood He heldit likely thatmentalexercise
alsoleadsto greatergrowth of neuralbranchesashe statedwith a colorful set
of analogies:
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Thetheoly of free arborization of cdlular branchescgpalle of growing seens
notonly to bevery probable butalsomod encouragng. A continuots pre-es
tablished network—a sort of sysem of telegraphic wires with no possbility
for new staionsornewlines—is somehing rigid andunnodifiabletha clashes
withourimpresionthattheorgan of thoughtis, within certain limits, maleable
ard perkdible by wel-directedmentl exerdse, epedally duiing thedevel-
opnmenial peiiod. If we are notworried abaut putting forth aralogies, we coud
say thatthecerelral cortex islikeagarden plantedwithinnumeabletrees—the
pyramidal cdls—which, thanks to intelligert cultivaton, can multiply ther
branchesand sink ther roots deepe, producing fruits and flowers of ever
greater variety andqudity (pp.467-68).

But he then consideregh obviousobjection:

You maywell ak howthevolumeof the bran can remain consiantif thereis
agreder branching andevenformation of newterminals of the neurors. To
meet this objedion we may hypthesize either aredprocal diminution of the
cdl bodes or a shiinkage of other areas of the bran whosefunction is not
diredly relatedto intelli gence(p. 467).

We will returnbelowto this assumgbn of constancyof brainvolume and
Ramony Cajals hypothesegdo permit constancyin the face of increased
neuronal ramificatio.

Theneuraljunctionsdidn't havea specificnamewhenTanziandRamony
Cajalwroteearlyin the 1890s but afew years later neurophysajist Charles
Sherrington(1897)gavethemthe name*synapse.’Sherringtoralsostatedhat
thesynapse was likely to Istrategic folearning,puttingit in this picturesque
way:

Shut off from al oppatunities of reproducing itsef andaddng to its numker
by mitosis or othewise the newe cdl direds its pent-up erergy towards
amplifying its connectionswith itsfellows, in regonse to the eventswhich
stir it up. Herce it is cgpable of aneducaion unkmown to othertissties. (p.
1117).

During thefirst half of the 20th century,psychol@istsandotherscientiss
proposedmemory hypothesesinvolving either the growth of neuralfibrils
toward one amother to narrow the synagic gap or more subtle chemical
changesat synapsegseereview in Finger1994).But whenKarl S. Lashley
(1950)reviewedthis literature,he concludedhattherewasno solid evidence
to supportany of these“growth” theories.Specifically he offeredthesecriti-
cisms: &) Neuralcell growth appear® betoo slow toaccountor therapidity
with which somelearningcantake place;we will returnto this point below.
(b) Becauseéhe was unableto localize the memorytrace,Lashleyheld there
was no warrantto look for localized changesLashleys youngercolleague
Donald O. Hebb (1949) notedsomeevidencefor neuralchangesanddid not
let the absenceof conclusiveevidencedeterhim from reviving hypotheses
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aboutthe conditionsthatcouldleadto formationof newsynaptigunctions and
underliememory.Much currentneuroscienceesearcltoncerngropertiesof
what are now known as HebbiansynapsesHebbwas somewhaamusedhat
his namewasconnectedo this resurrectedypothess ratherthanto concepts
he consideredriginal (Milner 1993,p. 127).

TRAINING OR EXPERIENCEPRODUCESCHANGESIN
THENEUROCHEMISTRY AND ANATOMY OF CEREBRAL
CORTEX

Ten yearsafter Hebbs book was published, his postulae of use-dependent
neuralplasticty hadstill not beendemonstrate@xperimentdy. It seemedo
manythatit would not be possibk, with availabletechniquesto find changes
in the brain inducedby training or experienceAt a symposum in 1957 my
colleaguesand! proposedhatanapproacho this problemwould be to make
neurochemicalanalysesover specific regions of brain. Such an approach
might be able to integrateand permit measurementf small changegaking
placeover manythousand®f neuralunits. If suchchangesverefound,then
subsequent analyses might be able to focus down more closely (Rosen-
zweig et al 1958, p. 338). In the early 1960stwo experimentalprograms
announcedindings demonstratig that the brain can be alteredmeasureably
by training or differential experience First was the demonstation by our
groupat Berkeleythat both formal training andinformal experiencen varied
environmentded to measurablehanges imeurochemistrandneuroanatomy
of therodentbrain. Soonaftercamethereportof Hubel & Wieselthatocclud
ing oneeye ofa kitten led tareductionin the numbenbf corticalcells respond
ing to thateye.

The original cluesfor our discoverycamefrom dataon rats given formal
trainingin a variety of problems.We were seekingto examinepossilte rela
tions betweenindividual differencesin brain chemistryand problem-séving
ability. We did obtainsignificantcorrelationsbetweernevelsof activity of the
enzyme acetylcholesterase (AChE) ithe cerebral cortex arability to solve
spatial problems(e.g. Krech et al 1956, Rosenzweiget al 1958). When we
testedthe generality of this finding over six different behavioraltests,we
found a surprise:As reportedat a 1959 symposum, total AChE activity was
higherin thecerebrakortexof groupsthathadbeentrainedandtestedon more
difficult problemsthan inthose given easierproblems, andll the tested
groupsmeasuredigherin total cortical AChE activity thangroupsgiven no
training andtesting(Rosenzweiget al 1961,p. 102 & Figure4). It appeared
thattrainingcouldalterthe AChE activity of thecortex! To testthis hypothess
further, we conductedan experimentn which littermateswere eithertrained
on a difficult problemor left untrained.The trained rats developedsignifi-
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cantly higher cortical AChE activity thantheir untrainedlittermategRosen
zweig et al 1961, p. 103). (As we found later, this experimentaddesignwas
similar to Malacarnés in the 18th century.)Control experimentshowedthat
theresultscould not battributedto the factthat thetrainedratswereunderfed
to increase theimotivationor werehandled.

Insteadof continuingto train ratsin problem-soling tests,atime-consum
ing and expensiveprocedurewe decidedto housethe animalsin different
environmentsthat provided differential opportunites for informal learning.
Measuregnadeat the end of the experimentshowedthat informal enriched
experiencded to increasedcortical AChE activity (Krech et al 1960). The
discoverythat formal training or differential experiencecausedchangesin
corticalchemistrywassoonfollowed by the evenmoresurprisingfinding that
enrichedexperiencéncreasedhe weightsof regionsof theneocortexRosen
zweigetal 1962).A recentreview notes,“The initial reportsby Rosenzweig,
Bennett, Diamondandtheir colleagueprovidedthefirst evidencehatenrich
mentof the environmentouldleadto structuralchangesn the brain” (Bailey
& Kandel1993,p. 399).

Work by studentsof Hebb (e.g. Forgays& Forgays1952) providedthe
modelsfor the environment we usedin theseexperiments Typically, we
assignedittermatesof the samesex by a randomprocedureamongvarious
laboratoryenvironmentsthe threemostcommonbeingthese:(a) alargecage
containing ayroupof 10to 12 animalsandavarietyof stimulusobjectswhich
were changeddaily [this was called the enrichedcondition (EC) becauset
providedgreateropportunties for informal learningthandid the othercondr
tions;all threeconditionsprovidedfood andwaterad libitum; (b) thestandard
colony or social condition (SC), with threeanimalsin a standardaboratory
cage;(c) SC-sizecageshousingsingle animals[this was calledthe impover
ishedconditionor isolatedcondition(IC)].

Ourfirst reportsof changesn thebraininducedby experiencaveregreeted
with skepticisn andincredulity. Hebb cautionedme that the more important
the claims, the more careful shouldbe the tests.Over the next severalyears,
replicationsandextensiondy us (e.g.Bennettet al 1964a)andthenby others
(e.g. Altman & Das 1964, Geller et al 1965, Greenough& Volkmar 1973)
gainedacceptancdor the ideathat training or differential experiencecould
producemeasurablehangesn the brain. Control experimentdemonstated
that the cerebraldifferencescould not be attributedto differential handling
locomotoractivity, or diet. The brainweightdifferencescausedy differential
experiencavereextremely reliable, althougdmall inpercentagéerms. More
over, thesedifferencesverenot uniformly distributedthroughoutthe cerebral
cortex: Theywerealmostinvariably largestin occipital cortexandsmallestin
theadjacensomestheticortex;therestof thebrainoutsidethe cerebrakortex
tendedto showvery little effect(Bennettet al 1964a,b) Thusthelearning or
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enriched experience caused changes in specific cortical regions and not
undifferentiated growth of brain. Later work also showed effects
of differential experience in other parts of the brain that have been impli-
cated in learning and formation of memory—the cerebellar cortex (Pysh
& Weiss 1979) and the hippocampal dentate gyrus (Juraska et al 1985,
1989).

Furtherearly studiesrevealedexperience-inducedhangesn othermeas
ures,especiallyin occipital cortex. Increasesverereportedin cortical thick-
ness(Diamondet al 1964),in sizesof neuronalcell bodiesand nuclei (Dia-
mond 1967),in size of synapticcontactareas(West& Greenoughl972),in
numberf dendriticspinesperunit of lengthof basaldendriteganincreasef
10%) (Globuset al 1973), in extentand branchingof dendrites(Holloway
1966) [an increaseof 25% or more (Greenough& Volkmar 1973)], andin
numbersof synapseperneuron(Turner& Greenough 985); mainly because
of the increasein dendritc branching,the neuronalcell bodiesare spaced
fartherapartin cortexof EC ratsthanin thatof IC rats.Theseeffectsindicate
substantialincreasesn cortical volume and intracortical connectionsithey
suggestgreaterprocessingcapacity of the cortical region concerned.They
contradictthe speculatiorof Ramony Cajal (1894)that,with training, neural
cell bodieswould shrinkin orderto allow neuralarborizationgo grow, thus
allowing brain volume to remain constant.Instead,larger cellbodies are
requiredto maintainthe increasedarborization,andthe volume of the cortex
increases as cdbdiesand dendritegrow.

Thesereportsindicatedthatthe numberand/orsizeof synaptt connections
increasedas a result of training or enrichedexperience Someworkers de-
claredfor one or the other of thesepossibilties, as when neurophysiabgist
John C. Eccles(1965) statedhis belief that learning and memory storage
involve “growth just of biggerandbettersynapseshat are alreadythere,not
growth of new connections.’But Rosenzweiget al (1972) reviewedfindings
andtheoreticaldiscussbnssuggestinghat negativeaswell aspositve synap
tic changesnay storememory.Dependinguponwherein thebrainonemeas
uresanduponthekind of training or differentialexperiencehe organismhas
undergonepnemayfind increasen numberof synapsedncreasen theirsize,
decreas@ number,or decrease in size.

Soonafterthe early publicatonson neurochemicadandanatomeal plastic
ity cameanotherkind of evidenceof cortical plastcity—the announcemertty
Hubel & Wieselthatdeprivingoneeyeof light in a younganimal,startingat
the age at which the eyesfirst open, reducedthe numberof cortical cells
responding to subsequestimuation of that eygWiesel & Hubel 1963,
Hubel & Wiesel1965,Wiesel& Hubel 1965).
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Differential Experiene ProducesCerebralChanges
Throudhout theLife Span and Rather Rapidly

Furtherexperimentgevealedthat relatively short periodsof enrichedor im-
poverishedexperiencenducedsignificant cerebraleffectsat any part of the
life span.In contrastHubel & Wieselreportedthat deprivingan eyeof light
alteredcorticalresponsesnly if the eyewasoccludedduring a critical period
earlyin life. Later,howeverotherinvestigatorsfoundthatmodifying sensory
experiencean adult animals—esecially in the modalties of touch and hear
ing—could alter both receptivefields of cells andcortical maps,asreviewed
by Kaas (1991and Weinberge1995).

Initially we supposed that cerebral plasticity might be restricted to the
early partof thelife span,so we assigneanimalsto differentialenvironmens
at weaning(about 25 days of age)and kept them therefor 80 days. Later,
members of our group obtained similar effects in rats assigned to the
differential environments for 30 days as juveniles at 50 days of age (Zol-
man & Morimoto 1962) and as young adults at 105 days of age (Rosen-
zweig etal 1963,Bennettet al 1964a).Riege(1971)in our laboratoryfound
that similar effects occurred in rats assigned to the differential environ-
ments at 285 days of age and kept there for periods of 30, 60, or 90 days.
Two hours a day in the differential environments for a period of 30 or 54
days produced cerebrakffectssimilar to thoseafter 24-hr-a-dayexposureor
the sameperiods(Rosenzweiget al 1968). Four daysof differential housirg
producectleareffectson corticalweights(Bennettetal 1970)andon dendritic
branching (Kilman et al 1988); Ferchmin & Eterovic (1986) reported that
four 10-min daily sessiongn EC significanty alteredcortical RNA concentra
tions.

Thefact thatdifferentialexperienceancausecerebrakchangeshroughout
the life span,andrelatively rapidly, was consistentwith our interpretationof
theseeffectsas dueto learning.Recall also that our original observationof
differences in corticateurochemistrgame fromexperiment®n formaltrain-
ing. Later Chang& Greenough(1982) reportedthat formal visual training
confinedto one eyeof ratscausedncreasediendriticbranchingin the visual
cortexcontralaterato theopeneye.Recentlysingle-trialpeck-avoidanceain-
ing in chickshasbeenfoundto resultin changesn densityof dendriticspines
(Lowndes &Stewart 1994).

Although the capacityfor theseplasticchange®f the nervoussystemand
for learning,remainin older subjectsthe cerebraleffectsof differentialenvi-
ronmentakexperiencaevelopsomewhatmorerapidly in youngerthanin older
animals, and the magnitde of the effectsis often greaterin the younger
animals.Also, continuing plasticity doesnot hold for all brain systemsand
typesof experienceAs notedabove,changesn responsesf cortical cellsto
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anoccluded eyarenormallyrestrictedto early development (Wies&l Hubel
1963), but this restriction may itself be modifiable: Baer & Singer (1986)
reportedthatplasticty of the adultvisual cortexcould be restoredby infusing
acetylcholine and noradrenaline. Further wshlowed that thelastic re-
sponseof the young kitten brain to occlusionof one eye also dependsupon
glutamateransmssion,becausereatingthe striatecortexwith aninhibitor of
the glutamate NMDAreceptorpreventedthe changes(Kleinschmit et al
1987). Thus, whether the brain shows plastic changes in response to a
particular kind of experiencalependsn the brainregion,the kind of expert
ence,andalsoon specialcircumstancesr treatmentghat enhanceor impair
plasticity.

ENRICHEDEXPERIENCEIMPROVESABILITY TO
LEARN AND TO SOLVE PROBLEMS

Hebb(1949,p. 298-99)reportedbriefly thatwhenhe allowedlaboratoryrats
to explorehis homefor someweeksaspetsof his childrenandthenreturned
theratsto thelaboratory they showedbetterproblem-soling ability thanrats
thathadremainedn the laboratory.Furthermorethey maintainedtheir supe
riority or evenincreasedt during a seriesof tests.Hebbconcludedhat “the
richer experiencef the petgroup during developmentadethembetterable
to profit by new experienceat maturit—one of the characteristicof the
‘intelligent humanbeing” (pp. 298-99,italics in the original). The results
seemedo showa permanengeffectof early experiencen problem-solving at
maturity.

We and othershavefound that experiencen an enrichedlaboratoryenvi
ronmentimprovesa subjectanimals learningandproblem-soling ability ona
wide variety of tests,althoughsuchdifferenceshave not beenfound invari-
ably. Onegeneralffinding is thatthe morecomplexthe task,the morelikely it
is thatanimalswith EC experiencewill performbetterthananimalsfrom SC
or IC groups(for a review anddiscussbn of variousexplanationsfferedfor
this effect see Renner Rosenzweid 987,pp. 46—48).

We were unable, however,to replicate animportant aspect ofHebbs
report—thatover a seriesof tests,EC rats maintainor increasetheir supe
riority over IC rats.On the contrary,we found that IC ratstendto catchup
with EC ratsover a seriesof trials; this occurredwith eachof threedifferent
tests,including the Hebb-Williams mazes(Rosenzweigl971, p. 321). Thus
we did not find that early deprivatio of experienceeaused a permanent
deficit, at leastfor ratstestedon spatialproblems.Also, decreases cortical
weightsinducedby 300 daysin the IC (versusthe EC) environmenicould be
overcomeby afew weeksof training andtestingin the Hebb-Wiliams mazes
(Cummins et all973).Below, we note a sintar effect in birds.
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SIMILAR EFFECTSOF TRAINING AND EXPERIENCEON
BRAIN AND BEHAVIOR OCCURIN ALL SPECIES
TESTED TO DATE

Experimentswith severalstrainsof rats showedsimilar effectsof EC vs. IC
experiencen bothbrainvaluesandproblem-sdéving behaviorasreviewedby
Renner& Rosenzweig1987, pp. 53-54).Similar effectson brain measures
havebeenfoundin severakpecief mammals—mice gerbils,groundsquir
rels, catsand monkeygreviewed by Renner & Rosenzweig 1987, pp. 54-59),
andeffectsof trainingon brainvaluesof birds havealsobeenfound. Thusthe
cerebrakffectsof experienceéhatweresurprisingwhenfirst foundin ratshave
now beengeneralizedo severalmammalianand avian species Anatomical
effectsof training or differential experiencehave beenmeasuredn specific
brain regionsof Drosophila (Davis 1993, Heisenberget al 1995). Synaptic
changeswith training have also beenfound in the nervoussystemsof the
molluscs Aplysia and Hermissenda as reviewed by Krasne & Glanzman
(1995).In Aplysiag long-term habitu&in ledto decreasedumbersof synaptic
sites, whereas long-term sensitization led to an increase (Bailey & Chen
1983); thisis a casewhereeitheradecreaser anincreasen synapticnumbers
storesmemory.Thus,asnotedby Greenougletal (1990,p. 164),“experience-
dependensynapticplasticity is morewidely reportedjn termsof speciesthan
any othemputativememorymechanisms$

Experiene May Be Neessaryfor Full Growth of Brainand of
Behavioral Potential

Sufficiently rich experiencanay be necessaryor full growth of species-spe
cific brain characteristicsand behavioral potental. This is seenin recent
researchon differential experienceconductedwith different speciesof the
crowfamily. Species that caclfieod in avarietyof locations forfutureuseare
foundto have significanly larger hippocamal formationghanrelated species
thatdo notcache food (Krebs et &P89,Sherryetal 1989). Butthedifference
in hippocampal sizis not foundin youngbirdsstill in thenest;it appearonly
after food storing hasstarted,a few weeksafter the birds haveleft the nest
(Healy & Krebs1993).Evenmoreinterestng is the finding thatthis species-
typical differencein hippocampalsize dependson experience;jit doesnot
appearin birds that havenot had the opportunty to cachefood (Clayton &
Krebs 1994). Different groupsof hand-raisedirds were given experiencen
storingfood at threedifferentages:either35-59daysposthath, 60—-83days,
or 115-138days.Experienceat eachof theseperiodsled to increasechippo
campalsize,muchaswe hadfound for measuresf occipital cortexin therat.
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Thus, both birds and rats appearto retain considerablepotental for expert
ence-induced braigrowth ifit does nobccur at theisualearly age.

ENRICHEDEXPERIENCEAND FORMAL TRAINING
EVOKE SIMILAR CASCADES ORNEUROCHEMCAL
EVENTS THAT CAUSEPLASTIC CHANGES INBRAIN

By what processeslo enrichedexperienceor formal training lead to plastic
changesn cerebralneurochemistryand neuroanatomyWe found early that
enrichedexperiencecausesncreasedatesof proteinsynthesisandincreased
amounts of protein in theortex(Bennett etll 1964a) Later,training (imprint-
ing) wasreportedo increaseheratesof incorporation oprecursorsnto RNA
andproteinin the forebrainof the chick (Haywoodet al 1970),andenriched
experiencen ratswasfoundto leadto increasecamountsof RNA (Ferchmin
et al 1970, Bennett 1976) and increased expression of RNA in ka@in
(Grouseet al 1978).Mazetraining led to increasedatiosof RNA to DNA in
rat cortex (Bennettet al 1979). We viewed thesefindings in the light of the
hypothesisperhapdirst enunciatedhy Katz & Halstead(1950),that protein
synthesigs required for memorgtorage.

Testsof the protein-syntlesishypothess of memoryformationwereiniti-
atedby Flexnerand associatesn the early 1960s(e.g. Flexneret al 1962,
1965), and much researchfollowed their design: 1. giving animal subjects
brief training that, without further treatment, would yield evidence of reten-
tion at a testa few dayslater; 2. adminisering to experimentakubjectsan
inhibitor of proteinsynthesisat varioustimescloseto training, while control
subjects received an inactive substance; and 3. comparing test performance
of experimentaland control subjects.By the early 1970sconsiderablesvi-
denceindicated thaproteinsynthesis duringr soonaftertrainingis necessary
for formationof long-termmemory(LTM), but the interpretatiorof the find-
ings was clouded by serious problems: The inhibitors of protein synthesis
then available for research (such as puromycin and cycloheximide) were
rather toxic, which impeded experiments and complicated interpretation;
and it appearedhat inhibition of protein synthesiscould preventmemory
formation after weakraining butnot afterstrong training (e.g.Barondes
1970).

A new protein-synthesiinhibitor, anisomgin (ANI), helpedto overcome
theseproblems.Schwartzet al (1971) reportedthat ANI did not preventan
electrophysiolgical correlateof short-termhabituation or sensitizatn in an
isolatedganglion of Aplysig but they did not investgate whetherANI can
preventiong-termeffects.Thediscoveryby Bennettetal (1972)thatANI is an
effective amnesticagentin rodentsopenedthe way to resolving the main
challengesto the protein-syiitesis hypothesisof LTM formation. ANI is
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muchlesstoxic than other protein-synthesiinhibitors, and giving dosesre-

peatedlyat 2-hr intervals can prolong the duration of cerebralinhibition at

amnestidevels. Byvaryingthedurationof amnestidevelsof inhibition in this

way, we found thatthe strongerthe training, the longerproteinsynthess had
to beinhibitedto prevent formatiorf LTM (Flood et al1973,1975). Wealso
found that protein must be synthesized in the cortex soon after training if

LTM is to be formed; neither short-termmemory (STM) nor intermediate-
term memory (ITM) required protein synthesis (e.g. Bennett et a 1972,

Mizumori et al 1985, Mizumori et al 1987). Further studieswere then de-

signedto find the neurochemicaprocesseshat underlie formation of STM

and ITM. Lashleys concern,mentionedabove,that somekinds of memory
appearto be formedtoo quickly to allow growth of neuralconnectionsig-

noredthe distinction betweenSTM and LTM, eventhough William James
(1890) hadalreadydistinguishedbetweerthesestores(althoughunderdiffer-

ent names).Observingthis distinction was necessaryf one wasto look for

different mechanism of the two kinds of memorytracesthat Hebb distin-

guishedtransient}abile memorytracespntheonehand,andstable structural
traces, on thether.

Much of our work on the neurochemistrypf STM andITM hasbeendone
with chicks, which have severaladvantagegor this researchjncluding the
following: The chick systemis convenienfor studying the stagesof memory
formationbecausehickscanbetrainedrapidly in a one-trialpeck-avoidance
paradigmand can be testedwithin secondsafter training, or hours or days
later. Large numbersof chicks can be studiedin a single run, so one can
comparedifferentagentsdosesandtimesof adminstrationwithin the same
batchof subjects.Unlike invertebratepreparationsthe chick systemcan be
usedto studythe rolesof different vertebratebrain structuresandto investk
gate questionsof cerebralasymnetry in learning and memory. The chick
system permitstudy oflearning and memaoriy theintact animalThesucces
sive neurochemicastagesoccurmoreslowly in the chick thanin therat, thus
allowing themto be separatednore clearly. Further advantage$ave been
statedelsewhere (e.g. Rosenzwdi§90,Rosenzweigtal 1992).

Although someamnesticagents,suchas ANI, diffuse readily throughout
the brain, we found that othersaffect only a restrictedvolume of tissueat
amnesticconcentrationgPattersoret al 1986). Such agentscan be usedto
reveal the roles of different brain structuresin different stagesof memory
formation(e.g. Pattersoat al1986,Serrancet al1995b).

Usingthe chick system severainvestigatorshavetracedpartsof a cascade
of neurochemicakventsfrom initial stimulation to synthess of proteinand
structuralchangege.g.Gibbs& Ng 1977;Ng & Gibbs1991;Rosel1992a,b;
Rosenzweiget al 1992). At someif not all stagesparallel processesccur.
Briefly, hereare someof the stages:The cascadas initiated when sensory
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stimulation activatesreceptororgans,which stimudate afferent neuronshy
using various synaptc transmiter agentssuch as acetylcholine(ACh) and
glutamatelnhibitors of AChsynaptic activig, such ascopolammeand piren
zepine,canpreventSTM. So caninhibitors of glutamatereceptorsjncluding
boththeNMDA andAMPA receptorsAlterationof regulationof ion channels
in the neuronalmembranecan inhibit STM formation, as seenin effects of
lanthanumchlorideon calciumchannelsandof ouabainon sodiumandpotas
sium channeldnhibition of secondnessengers alsoamnestt—for example
inhibition of adenylateyclaseby forskolin or of diacylglycerolby bradykinin
Thesesecondmessengersanactivateproteinkinases—enzymethat catalyze
addition of phosphatemoleculesto proteins. We found that two kinds of
protein kinasesare importantin formation, respectively,of ITM or LTM.
Agentsthatinhibit calcium-calnodulin proteinkinaseg CaM kinases)revent
formation of ITM, whereasagentsthat do not inhibit CaM kinasesbut do
inhibit proteinkinaseA (PKA) or proteinkinaseC (PKC) preventformationof
LTM (Rosenzweiget al 1992Serrano eal 1994). Fronthis researchSerrano
et al (1995a)were ableto predictfor a newly availableinhibitor of PKC its
effectiveamnesticdoseandhow long aftertraining it would causememoryto
decline.One-trialtrainingleadsto increasef immediateearlygenemessenger
RNA in the chick forebrain (Anokhin & Rose1991)andto increasein the
densityof dendriticspines(Lowndesé& Stewart1994).Many of theseeffects
occuronly in theleft hemispher®f the chick, or aremoreprominentin theleft
thanin theright hemisphereThus,learningin the chick systempermitsstudy
of many stepsthat lead from sensorystimulation to formation of neuronal
structuresnvolvedin memory.

The neurochemicatascadeénvolvedin formationof memoryin the chick
is similar to the cascadénvolvedin long-termpotentationin the mammalan
brain(e.g.Colley & Routenbergl993)andin the nervoussystemsf inverte
brates (e.g. Krasne &lanzmanl995).

Many of the stepsin formationof memoryin the chick canalsobe modu
lated by opioids and other substancesOpioid agoniststend to impair, and
opioid antagonistso enhancememoryformation.Different opioidsappeato
modulateformation of different stagesof memory(e.g.Colomto etal 1992,
1993;Patterson edl 1989;Rosenzweigtal 1992).

Can Parts of thd&Neurochemial CascadeBe Relatedo
Different Stages diemoryFormation?

Some ofthe difficulty in attemptig to relate parts ofthe neurochemical
cascadeo different stagesof memory formation comesfrom problemsof
defining stagesof memory,asdiscusseanorefully elsewhergdRosenzweiget
al 1993). Consider,for example,somevery different attemps to statethe
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durationof STM. Earlyinvestgatorsof humanSTM (Brown 1958,Petersor&
Petersor1959) reportedhat it lasts onlyabout30 secif rehearsails prevented.
Agranoff et al (1966) reportedthatin goldfish, if formationof LTM is pre-
ventedby an inhibitor of protein synthess, STM canlast up to 3 days,al-
thoughnormallyLTM formswithin anhouraftertraining.Kandelet al (1987)
wrotethatin Aplysia “A singletrainingtrial producesshort-termsensitizatio
thatlastsfrom minutesto hours” (p. 17) andthatlong-termmemoryis “mem-
ory that lastsmore than one day” (p. 35). Rose(1995) suggestghat, in the
chick, memories that persisnly afew hoursinvolve afirst waveof glycopro
tein synthess, whereas'‘true long-termmemory” requiresa secondwave of
glycoproteinsynthess, occurringabout6 hr after training.

Squire (1987) was not concernedaboutan apparentdiscrepancyBehav
ioral measuresndicatedthat STM lastslessthana minute whereasneurobi
ological experimentsin both vertebratesand invertebrateshave beeninter-
pretedassuggestingSTM durationsof hoursor more.In a discusson entitled
“Neuropsychologyand neurobiologyreconciled” (pp. 148-50),Squire sug
gestedthat the findings are not incompaible becausehey refer to different
levelsof analysis:“[E]xperimental psychologyand neuropsychologgmploy
the terms‘short-terni and ‘long-termi memory as system-levelconcepts....
The neurobiol@ical approachanalyzesnemoryat the level of cellsandsyn
apses.’lt is confusing, hesuggested, “tassumehatstageof synapticchange
mustrevealthemselvediterally at the behaviorallevel.” It seemgo me that
this acceptgthe discrepancyatherthan reconcilingthe two setsof findings.
Moreover,if thebehaviorakventsarebasedon the neuralprocesseghenit is
hardto seehow STM eventsthat last lessthan a minute can dependupon
cellular eventshatrequire hourgo unfold!

Insteadof consideringthat STM can last severalhoursor evena day or
more, itis useful to posit one anore intermediate-termnemory (ITM)stages
occurring betweenSTM and LTM, as sometheoristshave done since the
1960s(e.g. McGaugh 1966, 1968). Thus, Gibbs & Ng (1977) referredto a
“labile” stageoccurringbetweenSTM andLTM andlater (e.g.1984)called
this the intermediatestageof memory.My coworkersand| havediscussed
mechanismsf STM, ITM, andLTM in aseriesof paperge.g.Rosenzweiget
al 1984,1992,1993; Mizumori etal 1987;Pattersoretal 1988).In investgat
ing effectsof proteinkinaseinhibitors (PKIs) on memoryformationin chicks,
we reportedthat thoseagentsthatinhibit CaM kinaseactivity disruptforma
tion of whatsomeworkerswith chicksidentify asITM (lastingfrom about15
min to about60 min posttrainimg); thoseagentsthat inhibit PKC, PKA, or
PKG, but do not inhibit CaM kinase,disruptthe formationof LTM (Rosen
zweig et al 1992, Serranoet al 1994). Otherinvestgatorspreferto refer to
differentphaseor stagesof LTM ratherthanusethe expressionTM. Thus,
studyingthe LTP analogto memoryin slicesof rat hippocanpus, Huang&
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Kandel (1994) reportedfindings similar to thoseof Rosenzweiget al (1992)
and Serranoet al (1994) with regardto the roles of two classesof protein
kinases:Inhibitors of CaM kinaseactivity disruptedwhat Huang& Kandel
calleda transient,early phaseof LTP (E-LTP), evokedby moderatelystrong
stimuli andlasting from 1 hr to lessthan3 hr afterinductionof LTP); agents
thatinhibit PKA, butdo notinhibit CaM kinase disruptthe formationof what
they called a later, more enduringphaseof LTP (L-LTP), evokedby strong
stimulation andlasting at least6—10 hr. Weak stimui evokeonly short-term
potentiaton (STP),lastingonly 20-30min. As mentionedabove Rose(1995)
suggestshat, inthechick,akind of LTM thatlastsafew hoursinvolves dfirst

wave of glycoproten synthesiswhereas'true long-termmemory” requiresa
second wavef glycoproteinsynthesispccurringabout 6 hiaftertraining.But

many findings in this areasupportthe hypothesisthat at leastthree sequen
tially dependenstagesof memoryformationexist, eachdependenon differ-

ent neurochemicaprocessesA recentreview (DeZazzo& Tully 1995) dis-

cussesSTM, ITM, and LTM and comparesthe characteristicof the three
stages irfruitflies, chicks,andrats.

The Possibilityof Treatment$o ImproveCognitive
Functioning

Theresultsbearingon stagesof memoryformationareimportantnot only for
investigates of theneurochemistrypf memorybutalsofor neuropsycholgists
andotherswho work with patients sufferingrom memorydisordersA review
by Kopelman(1992,pp. 136—38) findsnixedresultsin attemptgo distinguish
lossef ITM andLTM in Korsakoffs andAlzheimers patientslf it becomes
possibleto distinguish patientswith disordersof ITM from thosewith impair-
mentof STM or LTM, then perhapstheir deficits can be tracedto different
disordersof the nervoussystemldentificationof the neurochemicabrocesses
underlying eachstageof memoryformation could lead to rational pharma
cological treatmentslf investigatorscould then understandhe geneticsin-
volved, they might eventuallyfind genetictreatmentfor somememoryde-
fects.

It shouldnot be overlookedthat the adventof effectivetreatmentso ame
liorate memorymight not be an unmixed blessing it could leadto socialand
ethicalproblems, especiallj suchtreatmentgouldenhancenormalcognitive
functioning,as RenéCassin,one of the authorsof the InternationalDeclara
tion of HumanRights andrecipientof the Nobel PeacePrize,warnededuca
tors, scientiss, andjurists in 1968. Psychologist and neuroscientistsvhose
work may improvethe cognitive abilitiesof individualssharethe responsiti
ity to prepare for theocial ancethicalconsequences of theiork.
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EVIDENCE THAT CERTAIN LEARNING-INDUCED
NEUROCHEMICALPROCESSEAND NEURAL
PLASTICITY ARE NECESRRY FORLONG-TERM
MEMORY

What Neurochemad Processe#\re Necessary and Sufficierio
StoreMemoriesof VariousDurations?

As evidence accumulatedthat learning and experienceinduce chemical
changesn the brain andthat inhibiting somechemicalprocessegroundthe
time of learning blocks formation of memory, someinvestigatorstried to
devise guideties and criterito judge whethesuch changeand processesre
necessarandsufficientfor formationof memory.Of course reportsof many
studiesstatedone or more criteria againstwhich to test their findings, but
Entinghetal (1975)andRose(1981)tried to list severalguidelinesor criteria
thatwould be applicabl¢o a varietyof studies.

Researcton learningand memory,chiefly with chicks,showedthat some
neuralprocessesppearto fulfill all the following criteria; thosesetin italics
are paraphrasedrom Rose(1992a)and given in somewhatdifferent order.
Evidencefor severalof thesecriteria was shownabove:(a) There mustbe
changesn the quantity of the systenor substanceor its rate of productionor
turnover,in somelocalizedregion of the brain during memoryformation (b)
Theamountof changeshouldbe relatedto the strengthor amountof training
up to a limit. (c) Stress,motor activity, or other processeghat accompany
learning must notin the absence ahemory formatiojresult in the structural
or biochemicalchanges(d) If the cellular or biochemicalchangesre inhib-
ited during the period over which memoryformation would normally occur,
thenmemoryformationshouldbe preventedand the animal shouldbe amne
sic. However, Flood et al (1973)found casesn which the protein synthess
requiredfor LTM formation wasonly postpaed by inhibition of protein
synthesisand occurred later thamsual, after theinhibition wore off. €)
Removabf the anatomicalsite at which the biochemical cellular, and physk
ological changesoccur shouldinterfere with the processof memoryforma
tion, dependinguponwheniin relation to the training, the regionis removed.
But somecasesavebeenfoundin which, afterremovalof a primary areafor
memoryformation,memorycanbe formedin a secondaryegion.(f) Neuro
physiologcal recordingfrom the sitesof cellularchange shouldetectaltered
electrical responsedrom the neuronsduring and/or as a consequencef
memoryformation (g) The timecourse othe changenustbe compatiblevith
the time course of memoryformation. (h) As Entingh et al (1975, p. 232)
pointedout, the brain sitesnvolvedin learningand memonstorageshouldbe
identified by convergingevidencefrom neurochemicathangeslocalizedin-
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hibition of neurochemistryandelectrophysiologal recording;lesionstudies
shouldbe addedo thislist.

Martinez & Derrick (1996)in this volume discusswhetherlong-termpo-
tentiation (LTP)—whichinvolves neurochemicalglectrophysitogical, and
neuroanatomicathanges—isa memory mechanism While concedingthat
convincingproof doesnot existthatLTP is involvedin memory,they believe

thatafter20 yearsf researclon it, “LTP remains the best single candidate for

a cellular processof synapticchangethat may underlielearningand memory
in the vertebratebrain” (p. 198). They reviewfindings of a cascadef neure
chemicaleventsunderlyingL TP thatis similar to thosefound in researcton
memoryformation.

Is Learning-IrducedNeuroanatomical Plasticitile@ssaryfor
Storage of Long-d&rmMemory?

Whetherlearning-indicedanatomicakhangesn the nervoussystemarenec
essanyfor storage ofong-termmemory has beetiscussed bgeverabuthors,
including Morris (1989), Greenoughet al (1990), and Martinez & Derrick
(1996). Greenoughet al (1990, pp. 162—65) note severalobservationghat
relatenumberof synapsesnddegreeof dendriticbranchingo theamountand
sites of learning or experiencegevidencefor most of thesepointsis given
aboveandin somecased hereaugmenthestatementsf Greenougletal: (a)
The amountof dendriteper neuronin occipital cortex of the rat reflectsthe
amountof stimulaton or complexty in the environment—e.g.the measures
are greatestin rats from the enrichedcondition, leastin thosefrom IC, and
intermediatein thosefrom SC. (b) Similar effectsof training or experience
occurin young,adult,andold rats.(c) Changesn brainmeasuresreinduced
rapidly by training. (d) The changesn dendritc branchingare paralleledby
changesn numbersof synapseger neuron.(e) The synapticand dendritic
changesoccur not only in rodentsbut also in cats and monkeys.(f) The
synapticand dendritic changescausedby enrichedexperienceare similar to
thoseinducedby traditional learnindasks. Late(pp.174—76)Greenougletal
note(g) that learning-baseahorpholaical changesregreateithananddiffer-
ent from changesnducedby mere activity. Also, (h) the changesoccurin
brainregionsinvolvedin the learnedtasks;if learningis confinedto oneside
of the brain, the synapticanddendriticchangesrealsoconfinedto thatside.
Note that someof the pointson this list correspondo somegivenjust above
for neurochemicgbrocesses.

The fact that training and experiencausually lead to increasedspacingof
cortical neuronsshould be takeninto accountin interpreting certain other
findings, suchasa reportby Witelson et al (1994)thatreceivedconsiderable
coverage inhenewsmedia.Theyreported pasedn a smallnumberof cases,
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thatwomenhavealargernumberof neuronsn aregionof thecortexrelatedto
languagethan do men and speculatedhat this might be relatedto womeris
greateproficiencyin languageActually themeasurevasnotthetotalnumber
of neuronsn theregionbut neuronsper unit of volumeof cortex This means
closer spacingof neurons,which could as well suggestsimper and less
extensiveconnectionsof neuronsin this region of womeris brains, perhaps
reflecting lessverbal training and experienceAt the least,it doesnot seem
compelling to interpret closer packingf neuronsas evidencefor greater
cognitiveproficiency.

CHANGESINDUCED BY LEARNING OCCURIN A
VARIETY OF NEURALNETWORKS

Hebbs main interestwas consideringhow complexneuralnetworks(“phase
sequencesand“cell assemblies”rould accountfor phenomenauchasper
ceptionand memory.He put forth his postulae of synapticchangesonly to
showthat suchchangesould supportthe formationof neuralnetworks.But,
asGallistel (1990)notes,mostneuroscientisttavebeenmoreconcerned with
how synapticchangescan storeinformationthan with how neuralnetworks
can computememories.Investigatorshave proposeda variety of neuralcir-
cuits and networksin which information could be storedand memorialre-
sponsescomputed;we can classify much currentresearchaccordingto the
kinds of networksproposedRosenzweiget al 1996),asa few exampleswill
show. The neuralcircuits rangefrom simple neuralchainsto paralleldistrib-
uted circuits.

The simplestneuralchainis a monosynapt reflex arc, andthis hasbeen
usedto describethe mechanisnof simple learning (habituaton) in the gill
withdrawalreflex of Aplysia(e.g.Kandelet al 1987, Kupfermann& Kandel
1969). Becausehe changeoccurswithin the reflex arc, it is sometines re-
ferredto as an intrine change (Krasne &lanzman 1995).

Many simple neuralcircuits receiveinput from (or are by-passedy) su
perordinatecircuits, andlearning-inducegblasticty may occurat the superor
dinatelevel. Thus,in eyelid conditioningin mammalsjt appearghatthe site
of plasticty necessaryor the conditioning is in a higher-ordercircuit in the
cerebellum(Lavondet al 1993),whereaghe basicreflex circuit in the brain
stemshowsno changeduringtraining Consideredh relationto the reflex arc,
thisis sometimesalled an extrinsichange.

Even where synapticchangeshave beenfound in a monognaptic reflex
arc, changessufficientfor learningand memorymay alsotake placein other
parts of the nervoussystem.Thus, the gill-wit hdrawal responseof Aplysia
persistsandcanbe alteredby training after surgicalremovalof the abdomiral
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ganglion(Mpitsos & Lukowiak 1985).The centralnervoussystemof Aplysia

entersa suppressedtate after the animal has eatenor engagedin sexual
activity, but evenwhen the CNS is inactivated,the animal still showsthe

gill-with drawalresponsemediated byhe peripherahervoussystemThusthe

neuralcircuitry of the gill-wit hdrawalresponséncludescells of the peripheral
nervoussystem,and “the neuralcircuitry of this behavioris more complex
thanwashoped,andmuchof it consiss of smalldiffuse cellsthatareinacces

sibleto theneurophysiabgist” (Leonard et a1989,p. 585).

Much currenttheorizing suggestghat the sameensembleof neuronscan
encodemany different memores, eachneuron participatingto a greateror
lesserextentin a particularmemory(e.g. McNaughton& Morris 1987).Re-
cent researchsuggestgshat modification of the gill-withdrawal responsen
Aplysia may dependon parallel distributed processing(involving synaptic
plasticity) in a large ensembleof neuronsratherthanon a few neuronsin a
monosynapt reflex arc. Thus, it appearghatapproximagly 200 of the 1000
neurondgn theabdominalganglionof Aplysiarespondo atouchto the siphon
(Zecevicetal 1989)andthattheseneuronsareinvolvedin respirationaswell
asgill withdrawal(Wu et al 1994).The differentkinds of responsesnediated
by theseneuronsappeato be generatedby alteredactivitiesof a single,large
distribuednetworkratherthanby separatsmallnetworks eachdedicatedo a
particular response.

Investigation of learning and memory in birds and mammals indicates
that they involve neural sites widely distributed in the brain, as Hebb
believed likely for cell assemblies. Thompson and his associates (Lavond
et a 1993) emphasizehat their researcton the neuralcircuit necessaryor
eyelid conditioring is restrictedto “the simplestsubstratesf aversivecondk
tioning” (p. 318), and they are certainthat other structures,including “the
hippocampusndcerebralcortexcertainly play importantrolesin morecom
plex learning,aswell asbeinginfluencedin aversiveclassicalconditioning”
(p. 318). Noninvasive imaging techniques nomdicate that severalbrain
regionsare specifically activatedduring eyelid conditioning in humansub
jects. Thus Logan & Grafton (1995) report that brain regionsthat exhibit
significant differencesbetweenthe unpaired-stimuls control condition and
the well-trained stateinclude not only severalcerebellarsites but also the
pontine tegmeniu, ipsilateral inferior thalamu®dnucleusjpsilateralhippo
canpd formaion, ipsilateral lateraltemporal cortex, and bilateralventral
striatum. Similarly, a review of severalhumanneuroimagng studiesusing
various delayed-responstasksto investigateworking memory shows that
thereis typically activationof the dorsalprefrontalcortex, but otherregions
are also selectivelyactivateddependingupon the specific stimuli and task
(McCarthy 1995). Tracing the circuits involved is a challengingtask that
shouldprovidemajoradvances imur understandingf learningand memory.
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RESEARCHON USEINDUCED BRAIN PLASTICITY IS
YIELDING AND SUPRORTING A VARIETY OF
APPLICATIONS

Animal research on the effea$experiencen brain plasticityandlearning is
beingappliedto severalareasof humanbehaviorandin othercaseshasbeen
usedasconvergingor supportingevidence Thusit is beingusedto promote
child developmentsuccessfulging, and recoveryfrom brain damageijt is
alsobeingappliedto benefitanimalsin laboratorieszoos,andfarms.Let us
consider a few of thedends of application or influencebriefly below.

Applications to Child Devepment

The findings on the effectsof differential experiencan animalshaveinflu-
encedresearclon child developmenbr atleasthavebeenofferedassupport
ing evidencan favor of giving childrenadequatexperienceAn indication of
the importanceof this approachcomesfrom a major report,“Starting points:
Meeting the needsof our youngestchildren” (1994),issuedby the Carnegie
TaskForceon Meetingthe Needsof Young Children. The tenor of the find-
ingsis indicatedby thisquotatbn:

Beginningin the 1960s,sciertists beganto denonstate tha the qudity and
variety of the envronmert hawe dired impact on bran dewelopment. Today,
reseachers araund the world are amasing evidence tha the role of the
ervironment is even more importantthan ealier studies had suggested. For
exampge, histologicd and bran scanstudiesof animds show changesin bran
structureard function asareallt of variationsin ealy experience.

Thesefindings are consistent with reseach in child development that hes
shawn thefirst eighteen months oflife tobe an inportantperiod of develop-
ment. Studies of childrenraisedin poor ervironments—bothin this country
ard elsevhere—stow that they have cognitive deficits of subgantial magni-
tudeby eighteenmorthsof ageard that full reversal of theseddficits maynot
be possible. These studies arebasd on obserationd and cognitive asess
ments reeachers say tht neuobiologists usng bran san tehmlogies are
onthe verge of confirming thesefindings.

In the meantime, more conventiond studiesof child development—using
cognitiveand obsevationd measues—cortinueto showshat- andlong-term
benefits of aneniichedealy ervironment (p. 8).

This is one of the latestcontribuions to a back-and-forthdebatebetween
thosewho hold that child developmenproceedamainly from innatefactors
with only a small influence dhe environment andhose whohold that
environmentcan makea major contribuion. Gall and Spurzheimdiffered on
this questionearlyin the 19thcentury.

It is dishearteningo note that despitedemonstationsover 30 yearsthat
lack of adequatentellectualstimulation cancausementalretardatiorandthat
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appropriatestimulationcanfosternormaldevelopmentfew sustainedttemps
havebeenmadeto applythesdfindings. Hunt (1979),for examplejn achapter
in the AnnualReviewof Psychologypresente@videncefor theimportanceof
early experienceo childreris intellectual developmentHe reviewedseveral
studiesshowing substariail effectsof specific kinds of environmenrdl inter
ventionson particularaspectf child developmentOne was his own study
(Hunt et al 1976) demongtating the imporance of specificcaretaking to
assurelanguagedevelopmenbf infantsin a TeheranorphanageHunt also
reviewedanimal researchon effects of differential experienceon problem-
solving, neuroanatomyand neurochemistry—+esearchwhoseinspiraton he
attributedto Hebbis 1949book, andwhich includedsomeof the experiments
of the 1960s-970s describedbove.

Severalfactors have complicatedattemptsto apply researchon environ
mentalenrichmentto improve the cognitive statusof childrenraisedin poor
environmentsOneis that someproponentshaveoverestimatd the potental
effectsof relatively short periodsof enrichmentand then have beendisap
pointedthat the effectswere not larger. This hasbeenone of the problems
confrontingthe HeadStartprogramwhich beganin 1963in the United States
(Zigler & Muenchow1992).Althoughthis andrelatedprogramshaveproved
beneficialand costeffective,they were unableto bring participatingchildren
up to the scholastt levelsof childrenliving in betterenvironnents.Another
problemis thatthe humanprogramsnvolve a variety of interventbns,soit is
difficult to determinewhetherthe positive effectsareattributabé to enriched
experienceand training or to other causessuch as improved nutrition and
healthcare.In thewordsof arecentreview of the effectsof nutrition on child
developmenthowever,Adequacyof the socialandeducationaknvironment
is assignificantasnutrition for mentaldevelopmentor possiblymoresignifi-
cant)” (Sigman 1995. 54).

The authorsof a new seriesof studies (Drews et al 1995, Murphy et al
1995, Yeargin-Allsoppet al 1995) concludethatthe principal causesf mild
retardation(lQ scoresbetween50 and 70) in an Americancity appearto be
povertyandlack of educationof mothers(fewerthan 12 yearsof education).
Theseresearcherslaim that many casesof mild retardationare preventable
and/ortreatableby appropriatesarly training and experienceDavid Satcher,
the Director for the Centersfor DiseaseControl and Preventionwhich sup
ported thesestudies,announcedhat the Centerswill starta demonstratio
program in 1996 “aimed at promotitige cognitive,communicatie, and
behavioraddevelopnent,aswell asthe health,of childrenborn towomenwith
fewer than 12 yearsof education”(Satcher1995, p. 305). Satchercited the
reportof the CarnegieCorporationmentionedabove:“[It] goesbeyondques
tions of intellectualfunctionandunderscorethe importanceof early (birth to
3 years)experientialand socialfactorsin brain developmentThe reportem
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phasizedong-lastingeffectsof early environmentakxperienceon both brain
structure and@ognitivefunction” (Satcher 1995. 305).

The problemsof finding exactly which factorsare mostimportantin en
hancingcognitive developmentshould not overshadowthe benefitsof pro-
gramsthat provide environmentalenrichmentto children in needof it. |
believethat currentprogramsshould be expandedo include more children
andto retainthemfor longerperiods.Unfortunately in the United Statessuch
programsappeato be injeopardyin thepresent polital climate.

Enriched ExperiaceAids“SuccessfulAging”

Enrichedexperiencebeginnirg earlyin life, alsohelpsto ensuremaintenance
of ability into old age.Thus, infantile handlingor later enrichedexperience
helps preventhippocampaldamagecausedby stressin rats. Meaneyet al
(1988,1991)handledsomeneonatatat pupsduringeachof their first 21 days
andleft otherpupsunhandledThey examinedcognitivefunction of theratsat
differentagesfrom 3 monthsto 24 monthsandalsomeasuredyasalandstress
levels of glucocorticoidshnumbersof hippocampaheurons,and numbersof
glucocorticoidreceptors.Chronic excessof glucocorticoidsis toxic to neu
rons, particularly those of the hippocampusand agedrats are particularly
vulnerable(Sapolsky1992). Handledrats showedimprovedspatialmemory,
higher numbersf hippocampatorticoidreceptorsand a moreapidreturn of
corticosteronéo basallevelsafterresponseo a stressfulsituaton. In old age,
the handledanimalshad lower basallevels of corticosteroneand lost fewer
hippocampaheuronghanthe unhandlednes.

Young adultratsgiven 30 daysof EC experiencébeginningat 50 daysof
age,like ratsgiven infantile handling,showedhigherexpressiorof the gene
encodingglucocorticoidreceptorsn the hippocampusandthey alsoshowed
inductionof genesfor nervegrowth factorsin the hippocamps (Mohamned
etal 1993,0lssonet al 1994). Theinvestigatorssuggesthatenrichedexpert
encein adulthoodike infantile handling may protectthe aginghippocamps
from glucocorticail neurotoxiciy.

Somekinds of learning and performancedecline with age after midde
adulthood,but otherkinds of learningand memorydo not. Peoplewho con
tinueto learnactively canmaintainhigh levelsof performanceFor example,
professorsn their 60sperformaswell asprofessorsn their30son manytests
of learningand memoryShimamuraet al1995).

Beyondthe ageof retirementstimulation andactivity continueto contrib-
uteto healthandmentalstatus This claimis borneoutin alongitudinal study
that hasassessethe mentalabilities of more than 5000 adults, having fol-
lowed somefor aslong as35 years(Schaie1994). Amongthe eightvariables
foundto reducetherisk of cognitivedeclinein old age,threeare particularly
relevanthere:1. Living in favorableenvironmentatircumstancesaswould be
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the case for persomé high socioecononu statusSuch circumstancésclude
above-averageducation historiesof occupationapursuitsthatinvolve high
complexity and low routine, above-averagacome,and the maintenancef
intact families. 2. Substantiainvolvementin activities typically availablein
complexandintellectualy stimuating environmentsSuchactivities include
extensivereadinghabits,travel, attendancet cultural events pursuitof con
tinuing educationactivities,and participationin clubsand professionabsse
ciations.3. Being marriedto a spousewith high cognitive status.Our studies
of cognitive similarity in marriedcouplessuggesthatthe spousewvho scores
lesswell on testsof cognitive ability at the beginningof marriagetendsto
maintain or increasehis or her scoresvis-a-vis the spousewho originally
scored highefSchaiel994,p. 312).

Terry et al (1995)reportthatloss of synapsegorrelatesstronglywith the
severityof sympbmsin Alzheimers diseaseEnrichedexperienceproduces
richer neuralnetworksin the brainsof all speciesso far studied.If similar
effectsoccurin humansasseemdikely, theresultingreserve®f connections
may protecintellectual functionfrom the effects of Alzheimés disease.

In adulthoodandold age,is useof the nervoussystembettercharacterized
by thephrasé'wearandtear”or by the phrase'useit or loseit” (Swaahl991)?
The researctreviewedhere,along with many commentson Swaals paper,
mainly supportthe characterizatiofiuseit or loseit.” But enriched experience
anduseof the cognitive faculitesare especiallyeffective earlyin life andset
the basidor later useand maintenancef thebrain andof mentalability.

Applications to Recoveryom or Compensatioor Brain
Damage

In all partsof thelife span,trainingandenrichedexperiencéhelpin recovery
from or compensatio for effectsof braindamageWe showedthis in expert
mentswith ratsin the 1970s(Will et al 1977),and researchalongthis line
continues.To what degreedoesexperienceactually aid in recovery,andto
whatdegreedoesit only helpto compensatéor the effectsof braininjury? At
a minimum, psychologgcal interventiors can improve the quality of life of
peoplewith injuries of the brain or of the spinal cord. Beyondthis, various
combinatims of physiologcal and behavioralinterventions may combineto
bringimprovement.

In attemps to promote recoveryfrom brain damagesomeneuroscientist
aretransplantig fetal brain cells into the region of a brain lesion. Psychole
gists are taking part in this researchSometimessuch neuraltransplantsor
implantshelp to restorefunction, but often, for reasonghat are not yet fully
understoodtheydo not.

A few yearsago, investgatorsstartedto studythe separateand the com
bined effects of enrichedenvironment and neural transplants(Kelche et al
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1988).Undersomeconditions,neitherthe enrichedexperiencenor the trans
plantalonehad a beneficialeffect but the combinatia of the two treatments
yielded significantimprovementin learning.Furtherwork indicatesthat for-
mal training of rats may bemore effective than enrichedenvironmentin
promotingthe effectsof brain cell graftson recoveryof learningability (Kel-
che et al 1995). The resultsof such animal researchmay somedaybenefit
human patients.At presentthe attemptsto help patientswith Parkinsors
disease bymplanting fetalbrain cellsaregarneringmixedresults. Perhapbe
differences among clinics in success of cel gréfts reflect the kinds and
amountsof training and stimulation given their patients;suchbehavioralfac-
tors may well interactwith the skill of the neurosurgeonThe combinaton of
brain tissueimplantationwith cognitive training and stimulation may help
researchert elucidatefurther the neurdbases of learningnd memory.

Researclon Enriched Environments Is BenefitiAgimalsin
Laboraories,Zoos,and Farms

Animals notonly contribute taesearclon mechanismef memoryandeffects
of environmeral enrichmentbut they also benefitfrom suchresearchas|

havedescribedn somewhat mordetailelsewherdRosenzweid 984).Newer
standardsfor housinganimalsin laboratoriesreflect findings that animals
benefitin developmenbf brain andbehaviorfrom adequatespaceandfacili-

ties for species-specifi@ctivities like running, investigatng, and so forth.

Zoos are also providing more naturalsettingsand apparatughat permit ani

malsto engagen species-specifiactivities. Two of my former studentsvho
worked with ratsin enrichedlaboratoryenvironmerg have sinceworked to

improvesettirgs for zoo animals.Somefarmshavefound thatanimalsthrive
better inmore naturasettings

CONCLUDING COMMENT

The last half centuryhasbeena fascinatingperiod in which to observeand
take part in the searchfor mechanisra of memory. The invention of new
conceptsand the emergenceof new experimentaltechniqueshave allowed
importantprogressandrejectionof inadequate hypo#ses. Excitingnew tech
niguespromise novel insights Behavioralresearchcontinuesto distinguish
thevarious types of learning amdemory.Clinical researclin interaction with
biologicalresearcltontinuego explainproblemsof learning ananemoryand
to yield method of alleviating cognitive deficits. The next half centurywill
see manynore surpriseand advances ithis complexandengrossindield.
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