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ABSTRACT

Thesearch for neural mechanismsof memoryhasbeenunderwayfor morethan
a century. The pace quickened in the 1960s when investigators found that
training or differential experience leads to significant changesin brain neuro-
chemistry, anatomy, and electrophysiology. Many stepshave nowbeenidenti-
fied in theneurochemical cascadethat starts with neural stimulation and ends
with encoding information in long-term memory. Applications of research in
this field arebeingmadeto child development, successful aging,recoveryfrom
brain damage,and animalwelfare. Extensionsof current researchand exciting
new techniques promise novel insights into mechanisms of memory in the
decadesahead.
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INTRODUCTION

Plasticity of the nervoussystemin relation to learningand memory,now a
major field of research,haslong beenan important themein psychologyand
relateddisciplines.Wil liam James(1890)wasnot thefirst to attributehabit to
the plasticity of the nervoussystem(p. 105) or to write of moleculesstoring
habits in the nervecells (p.127).In fact,conceptsof brainplasticity inrelation
to behaviorhaveappearedin variousguisesover the pasttwo centuries.But
only in the 1960sdid clear and replicableevidenceshow that training and
experienceproducemeasurableneurochemicalandneuroanatomical changes;
further evidencesoon followed that theseneural changesare required for
long-termmemory.Sincethen,relatedresearchhasflourishedandbranched
out in severaldirections,encouraginga varietyof applications. Thesearchhas
led to somesurprisingdiscoveries,to a numberof controversies,to therejec-
tion of somehypotheses,andto theopeningof new vistas.

This chapterreviewsselectivelysomeof this researchandsomeapplica-
tions that havestemmedfrom it. Theseare topics with which I havebeen
concernedfor about50 years.My initial interestwasheightenedin a graduate
seminarDonaldO. Hebbgaveat Harvardin thesummerof 1947,usingasthe
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text a mimeographedversionof his thenunpublishedbook,TheOrganization
of Behavior(Hebb1949),and I benefittedfrom further exchangeswith him
over the years.

PRE-20TH CENTURY SPECULATIONSAND RESEARCH

The Adventof theScienceof Memory

Fromclassicalantiquity throughtheRenaissance,practicesto improve mem-
ory werecodified in whatbecameknownastheart of memory(Yates1966).
But the scienceof memorybeganonly in 1885,whenHermannEbbinghaus
announcedthe study-testmethodand experimentalresultsobtainedwith it.
Clinical observationshelpedto advanceknowledgeof memoryandits neural
basesevenbeforeEbbinghaus’s discovery(e.g.Wilks 1864,Ribot 1881),but
reciprocal interactionsbetweenclinical observationsand experimentalre-
searchstimulated further advances.For example,the recentdistinction be-
tweendeclarativeandnondeclarativekindsof memoryarosefrom researchto
find whatkind(s)of memoryis(are)lost andwhat is sparedaftercertainkinds
of brain damage.This distinction wasnecessaryin orderto find thedifferent
brain regionsusedin thesetwo kinds of memoryandto understanddifferent
kindsof amnesia(Squireet al 1993).Thedistinction betweendeclarativeand
nondeclarativekindsof memoryis still too recentto beincorporatedin stand-
ardizedtestsfor assessmentof memory,becauseinnovations in such tests
usuallylagabouttenyearsbehindtheresearchliterature(Buttersetal 1995).I
hopethat discussion of conceptsandfindings aboutmechanismsof memory
may fosterbothfurther researchandapplications.

Long beforethe modernperiod,speculationsaboutlearningandmemory
and their possible bodily mechanismsled to advice about practicesto aid
memoryor avoid its impairment. Someof this advicenow seemsludicrous.
Will currentformulationsseembettergroundedto scientists of thefuture?For
example, medieval teachings about memoryheld that becausethebrain, which
storesmemory, is cool and moist (as found in dissections), it needsto be
protectedagainstoverheatingof all sorts;thereforehot foodsandstrongwine
are bad for the memory (Carruthers1990, p. 50). Although we agreethat
strongwine impairs retrievalof memory,our explanationsarenot basedon
temperature.

Early Speculationsabout Sitesof Learningin theNervous
System

The possibility of testingexperimentallywhethermentalexercisecaninduce
growthof thebrainwas discussedasearly as 1783in correspondencebetween
the prominentSwissnaturalistCharlesBonnetanda Piedmonteseanatomist,
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Michele VincenzoMalacarne(Bonnet1779–1783). Malacarneagreedto un-
dertakea testof thehypothesis, usinganexperimentaldesignthatanticipated
oneused180 yearslater. He choseas subjectstwo littermatedogsandalso
pairsof birds,eachpair comingfrom thesameclutchof eggs.In eachpair,he
gaveoneanimalintensive trainingwhile theotherreceivednone.After a few
yearsof this treatment,Malacarnesacrificedthe animalsand comparedthe
brains in 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 Soemmeringmay
haveknownof Malacarne’s work whenhewrotethefollowing passagein his
majorbook onhumananatomy:

Doesusechangethestructureof thebrain?
Doesuseandexertionof mental power gradually changethematerialstructure
of the brain, just aswe see, for example, that much used muscles become
stronger and that hard labor thickens the epidermis considerably? It is not
improbable, althoughthe scalpel cannoteasily demonstrate this. (1791, Vol.
5, p. 91). [In the edition of 1800, the last phrasewaschanged to “although
anatomyhas notyet demonstratedthis” (p. 394).]

The ideathat exerciseor training canenlargeparticularbrain regionswas
promotedin the 19th centuryby two doctrines—phrenology and evolution
through inheritanceof acquiredcharacteristics.I do not include amongthe
phrenologists  the neuroanatomistFranz  JosephGall, although he is  often
calledthefounderor inventorof phrenology(e.g.Wells 1847,Ackerknecht&
Vallois 1956).Foronething, Gall called his system “organology” and rejected
the term“phrenology,”which wasinventedby his youngercolleagueJohann
GaspardSpurzheim(Zola-Morgan1995).More importantly,Gall emphasized
theinnatenessof developmentof thedifferent“organs”of thecerebralcortex,
eachof whichhehypothesizedto correspondto adifferentmentalfaculty.Gall
rejectedthe ideasthat humankindis indefinitely perfectibleandthat exercise
or educationcould influencethedevelopmentof thefacultiesor theorgansof
the brain (1819, pp. 252–56).Jean-Baptiste Lamarck, the originator of the
doctrineof evolution throughinheritanceof acquiredcharacteristics,heldthat
the brain andeachof its specialregionsdevelopsthroughappropriateuseof
the relatedfaculties,andhe criticized Gall’s belief that brain developmentis
determinedinnately[1809(1914)].

When Spurzheimseparatedfrom Gall in 1812 and went to Englandand
later theUnitedStates,hecreatedthephrenologicalmovement.This included
the ideathat development of the facultiesandtheir cerebralorganscould be
stimulatedby exercise(Spurzheim1815,1847).Davies(1995)showedhow
thevogueof phrenologyfit with aspectsof theAmericanspirit, 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 their emphasison differencesof individual endowments,
thephrenologists urgedthatprograms ofeducationbedesignedfor individuals
accordingto their aptitudes.They also cautionedagainstoveremphasizing
intellectualdevelopmentof children,lestdirectingtoo muchbloodflow to the
brain impair developmentof thebody.This point wasechoedby othereduca-
tional theorists,includingHerbert Spencer.

Evidenceaccumulatedduring the latter part of the 19th century that the
brain shows less individual variation in size than other organsand is less
affectedby changesin body weight.The consensusdevelopedthat the gross
anatomyof thebrainis not affectedby experienceor trainingandthattheadult
brain isessentiallyfixed anatomically.

NeuralJunctionsas Sitesof Change in Learning

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

“f or every act of memory, every exercise of bodily aptitude, every habit,
recollection, train of ideas, there is a specific grouping or coordination of
sensationsandmovements, by virtueof specific growthsin thecell junctions”
(p. 91).

Suchspeculations wereput on a firmer basiswith the enunciationof the
neurondoctrineby neuroanatomist Wilhelm von Waldeyerin 1891, largely
basedon theresearchof SantiagoRamony Cajal.NeurologistEugenioTanzi
(1893)advancedthe hypothesisthat the plasticchangesinvolved in learning
probably take placeat the junctions betweenneurons.He expressedconfi-
dencethat investigatorswould soonbe able to test by direct inspectionthe
junctionalchangeshe hypothesized to occurwith developmentandtraining.
About 80 yearswere to elapse,however,beforethe first resultsof this sort
were announced(e.g. Cragg1967,Diamondet al 1975, Globuset al 1973,
West& Greenough 1972).

Ramony Cajal,apparentlyindependentlyof Tanzi,wentsomewhatfurther
in his Croonian lecture tothe Royal Society ofLondon(Cajal 1894). Hestated
thatthehigheronelookedin thevertebratescale,themoretheneuralterminals
andcollateralsramified.During developmentof theindividual, neuralbranch-
ing increased,probablyup to adulthood.He heldit likely thatmentalexercise
alsoleadsto greatergrowthof neuralbranches,ashestatedwith a colorful set
of analogies:
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Thetheory of freearborization of cellular branchescapable of growingseems
notonly to beveryprobablebutalsomost encouraging. A continuouspre-es-
tablished network—a sortof systemof telegraphic wires with no possibili ty
for new stationsornewlines—issomethingrigid andunmodifiablethat clashes
withourimpressionthattheorganof thoughtis,withincertain limits,malleable
and perfectible by well-directedmental exercise,especially during thedevel-
opmentalperiod. If wearenotworriedabout puttingforth analogies,wecould
say thatthecerebralcortex islikeagardenplantedwithinnumerabletrees—the
pyramidal cells—which, thanks to intelligent cultivation, can multiply their
branchesand sink their roots deeper, producing fruits and flowers of ever
greatervariety andquality (pp.467–68).

But he then consideredan obviousobjection:

You maywell ask howthevolumeof thebrain can remain constantif thereis
a greater branching andevenformation of newterminals of theneurons. To
meet this objection we may hypothesizeeither a reciprocal diminution of the
cell bodies or a shrinkage of other areasof the brain whosefunction is not
directly relatedto intelli gence(p. 467).

We will returnbelowto this assumption of constancyof brainvolume and
Ramony Cajal’s hypothesesto permit constancyin the face of increased
neuronal ramification.

Theneuraljunctionsdidn’t havea specificnamewhenTanziandRamony
Cajalwroteearlyin the1890s,buta few years later neurophysiologistCharles
Sherrington(1897)gavethemthename“synapse.”Sherringtonalsostatedthat
thesynapse was likely to bestrategic forlearning,puttingit in this picturesque
way:

Shut off from all opportunities of reproducing itself andadding to its number
by mitosis or otherwise, the nerve cell directs its pent-up energy towards
amplifying itsconnectionswith itsfellows, in responseto theeventswhich
stir it up. Hence, it is capable of aneducation unknown to other tissues.(p.
1117).

During the first half of the20thcentury,psychologistsandotherscientists
proposedmemory hypothesesinvolving either the growth of neural fibrils
toward one another to narrow the synaptic gap or  more subtle chemical
changesat synapses(seereview in Finger1994).But whenKarl S. Lashley
(1950)reviewedthis literature,heconcludedthat therewasno solid evidence
to supportany of these“growth” theories.Specificallyhe offeredthesecriti-
cisms: (a) Neuralcell growth appearsto betooslow toaccountfor therapidity
with which somelearningcantakeplace;we will returnto this point below.
(b) Becausehe wasunableto localize the memorytrace,Lashleyheld there
was no warrant to look for localizedchanges.Lashley’s youngercolleague
DonaldO. Hebb(1949)notedsomeevidencefor neuralchangesanddid not
let the absenceof conclusiveevidencedeterhim from reviving hypotheses
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abouttheconditionsthatcouldleadto formationof newsynapticjunctionsand
underliememory.Much currentneuroscienceresearchconcernspropertiesof
what arenow known asHebbiansynapses.Hebbwassomewhatamusedthat
his namewasconnectedto this resurrectedhypothesis ratherthanto concepts
he consideredoriginal (Milner 1993,p. 127).

TRAINING OR EXPERIENCEPRODUCESCHANGESIN
THE NEUROCHEMISTRY AND ANATOMY OFCEREBRAL
CORTEX

Ten yearsafter Hebb’s book was published,his postulate of use-dependent
neuralplasticity hadstill not beendemonstratedexperimentally. It seemedto
manythat it would not bepossible,with availabletechniques,to find changes
in the brain inducedby training or experience.At a symposium in 1957my
colleaguesandI proposedthatanapproachto this problemwould beto make
neurochemicalanalysesover specific regions of brain. Such an approach
might be able to integrateand permit measurementof small changestaking
placeover manythousandsof neuralunits. If suchchangeswerefound, then
subsequent analyses might be able to focus down more closely (Rosen-
zweig et al 1958, p. 338). In the early 1960stwo experimentalprograms
announcedfindings demonstrating that the brain canbe alteredmeasureably
by training or differential experience.First was the demonstration by our
groupat Berkeleythatboth formal trainingandinformal experiencein varied
environmentsled to measurablechanges inneurochemistryandneuroanatomy
of therodentbrain.Soonaftercamethereportof Hubel& Wieselthatocclud-
ing oneeye ofa kitten led toreductionin the numberof corticalcells respond-
ing to thateye.

The original cluesfor our discoverycamefrom dataon ratsgiven formal
training in a variety of problems.We wereseekingto examinepossible rela-
tions betweenindividual differencesin brain chemistryandproblem-solving
ability. We did obtainsignificantcorrelationsbetweenlevelsof activity of the
enzyme acetylcholinesterase (AChE) inthe cerebral cortex andability to solve
spatialproblems(e.g. Krech et al 1956,Rosenzweiget al 1958).When we
testedthe generalityof this finding over six different behavioraltests,we
found a surprise:As reportedat a 1959symposium, total AChE activity was
higherin thecerebralcortexof groupsthathadbeentrainedandtestedonmore
difficult  problemsthan  in those given easierproblems,  andall the tested
groupsmeasuredhigherin total cortical AChE activity thangroupsgiven no
training andtesting(Rosenzweiget al 1961,p. 102 & Figure4). It appeared
thattrainingcouldaltertheAChEactivity of thecortex!To testthishypothesis
further,we conductedan experimentin which littermateswereeithertrained
on a difficult problemor left untrained.The trainedrats developedsignifi-
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cantly highercortical AChE activity than their untrainedlittermates(Rosen-
zweig et al 1961,p. 103). (As we found later, this experimentaldesignwas
similar to Malacarne’s in the18th century.)Control experimentsshowedthat
theresultscould not beattributedto the factthat thetrainedratswereunderfed
to increase theirmotivationor werehandled.

Insteadof continuingto train ratsin problem-solving tests,a time-consum-
ing and expensiveprocedure,we decidedto housethe animalsin different
environmentsthat provided differential opportunities for informal learning.
Measuresmadeat the end of the experimentshowedthat informal enriched
experienceled to increasedcortical AChE activity (Krech et al 1960). The
discoverythat formal training or differential experiencecausedchangesin
corticalchemistrywassoonfollowed by theevenmoresurprisingfinding that
enrichedexperienceincreasedtheweightsof regionsof theneocortex(Rosen-
zweiget al 1962).A recentreviewnotes,“The initial reportsby Rosenzweig,
Bennett, Diamond,andtheircolleaguesprovidedthefirst evidencethatenrich-
mentof theenvironmentcouldleadto structuralchangesin thebrain” (Bailey
& Kandel1993,p. 399).

Work by studentsof Hebb (e.g. Forgays& Forgays1952) providedthe
models for the environments we usedin theseexperiments. Typically, we
assignedlittermatesof the samesex by a randomprocedureamongvarious
laboratoryenvironments, thethreemostcommonbeingthese:(a) a largecage
containing agroupof 10to 12animalsandavarietyof stimulusobjects,which
were changeddaily [this was called the enrichedcondition (EC) becauseit
providedgreateropportunities for informal learningthandid theothercondi-
tions;all threeconditionsprovidedfoodandwaterad libitum]; (b) thestandard
colony or social condition (SC), with threeanimalsin a standardlaboratory
cage;(c) SC-sizecageshousingsingleanimals[this wascalledthe impover-
ishedconditionor isolatedcondition(IC)].

Our first reportsof changesin thebraininducedby experienceweregreeted
with skepticism andincredulity.Hebbcautionedme that the moreimportant
the claims,the morecarefulshouldbe the tests.Over the next severalyears,
replicationsandextensionsby us(e.g.Bennettet al 1964a)andthenby others
(e.g. Altman & Das 1964, Geller et al 1965, Greenough& Volkmar 1973)
gainedacceptancefor the idea that training or differential experiencecould
producemeasurablechangesin the brain. Control experimentsdemonstrated
that the cerebraldifferencescould not be attributedto differential handling,
locomotoractivity, or diet.Thebrainweightdifferencescausedby differential
experiencewereextremely reliable, althoughsmall inpercentageterms. More-
over,thesedifferenceswerenot uniformly distributedthroughoutthecerebral
cortex:Theywerealmostinvariably largestin occipitalcortexandsmallestin
theadjacentsomestheticcortex;therestof thebrainoutsidethecerebralcortex
tendedto showvery litt le effect(Bennettet al 1964a,b).Thusthe learning or
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enriched experience caused changes in specif ic cortical regions and not
undi f ferenti ated growth of brai n. Later work al so showed ef fects
of differential experience in other parts of the brain that have been impl i-
cated in learning and formation of memory—the cerebel lar cortex (Pysh
& Weiss 1979) and the hippocampal dentate gyrus (Juraska et al 1985,
1989).

Furtherearly studiesrevealedexperience-inducedchangesin othermeas-
ures,especiallyin occipital cortex.Increaseswerereportedin cortical thick-
ness(Diamondet al 1964), in sizesof neuronalcell bodiesandnuclei (Dia-
mond1967), in sizeof synapticcontactareas(West& Greenough1972),in
numbersof dendriticspinesperunit of lengthof basaldendrites(anincreaseof
10%) (Globuset al 1973), in extentand branchingof dendrites(Holloway
1966) [an increaseof 25% or more (Greenough& Volkmar 1973)], and in
numbersof synapsesperneuron(Turner& Greenough1985);mainly because
of the increasein dendritic branching,the neuronalcell bodiesare spaced
fartherapartin cortexof EC ratsthanin thatof IC rats.Theseeffectsindicate
substantialincreasesin cortical volume and intracortical connections;they
suggestgreaterprocessingcapacityof the cortical region concerned.They
contradictthespeculationof Ramony Cajal (1894)that,with training,neural
cell bodieswould shrink in order to allow neuralarborizationsto grow, thus
allowing brain volume to remain constant.Instead,larger  cell bodies are
requiredto maintainthe increasedarborization,andthe volumeof the cortex
increases as cellbodiesand dendritesgrow.

Thesereportsindicatedthatthenumberand/orsizeof synaptic connections
increasedas a result of training or enrichedexperience.Someworkersde-
claredfor one or the other of thesepossibilities, as when neurophysiologist
John C. Eccles (1965) statedhis belief that learning and memory storage
involve “growth just of biggerandbettersynapsesthat arealreadythere,not
growth of new connections.”But Rosenzweiget al (1972)reviewedfindings
andtheoreticaldiscussionssuggestingthatnegativeaswell aspositive synap-
tic changesmaystorememory.Dependinguponwherein thebrainonemeas-
uresanduponthekind of trainingor differentialexperiencetheorganismhas
undergone,onemayfind increasein numberof synapses,increasein theirsize,
decreasein number,or decrease in size.

Soonafter theearlypublicationson neurochemicalandanatomical plastic-
ity cameanotherkind of evidenceof corticalplasticity—theannouncementby
Hubel& Wieselthatdeprivingoneeyeof light in a younganimal,startingat
the age at which the eyesfirst open, reducedthe numberof cortical cells
responding  to  subsequentstimulation  of  that  eye(Wiesel &  Hubel  1963,
Hubel & Wiesel1965,Wiesel& Hubel 1965).
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Differential ExperienceProducesCerebralChanges
Throughout theLife Span, andRather Rapidly

Furtherexperimentsrevealedthat relatively shortperiodsof enrichedor im-
poverishedexperienceinducedsignificant cerebraleffectsat any part of the
life span.In contrast,Hubel & Wieselreportedthat deprivingan eyeof light
alteredcorticalresponsesonly if theeyewasoccludedduringa critical period
early in life. Later,however,otherinvestigatorsfoundthatmodifying sensory
experiencein adult animals—especially in the modalities of touchandhear-
ing—couldalter both receptivefields of cells andcorticalmaps,asreviewed
by Kaas (1991)and Weinberger(1995).

Initially we supposed that cerebral plasticity might be restricted to the
early partof thelife span,so we assignedanimalsto differentialenvironments
at weaning(about25 daysof age)and kept them therefor 80 days.Later,
members of our group obtained similar effects in rats assigned to the
dif ferential 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 et al 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 cerebraleffectssimilar to thoseafter24-hr-a-dayexposurefor
the sameperiods(Rosenzweiget al 1968).Four daysof differential housing
producedcleareffectsoncorticalweights(Bennettetal 1970)andondendritic
branching (Kilman et al 1988); Ferchmin & Eterovic (1986) reported that
four 10-min daily sessionsin ECsignificantly alteredcorticalRNA concentra-
tions.

Thefact thatdifferentialexperiencecancausecerebralchangesthroughout
the life span,andrelatively rapidly, wasconsistentwith our interpretationof
theseeffectsas due to learning.Recall also that our original observationof
differences in corticalneurochemistrycame fromexperimentson formaltrain-
ing. Later Chang& Greenough(1982) reportedthat formal visual training
confinedto oneeyeof ratscausedincreaseddendriticbranchingin thevisual
cortexcontralateralto theopeneye.Recentlysingle-trialpeck-avoidancetrain-
ing in chickshasbeenfoundto resultin changesin densityof dendriticspines
(Lowndes &Stewart 1994).

Although thecapacityfor theseplasticchangesof thenervoussystem,and
for learning,remainin oldersubjects,thecerebraleffectsof differentialenvi-
ronmentalexperiencedevelopsomewhatmorerapidly in youngerthanin older
animals,and the magnitude of the effects is often greaterin the younger
animals.Also, continuingplasticity doesnot hold for all brain systemsand
typesof experience.As notedabove,changesin responsesof corticalcells to

10 NEURAL MECHANISMSOFMEMORY

A
nn

u.
 R

ev
. P

sy
ch

ol
. 1

99
6.

47
:1

-3
2.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
65

.2
1.

19
3.

86
 o

n 
03

/1
2/

22
. F

or
 p

er
so

na
l u

se
 o

nl
y.

 



anoccluded eyearenormallyrestrictedto early development (Wiesel& Hubel
1963), but this restriction may itself be modifiable: Baer & Singer (1986)
reportedthatplasticity of theadultvisualcortexcouldberestoredby infusing
acetylcholine  and  noradrenaline.  Further  workshowed  that  theplastic re-
sponseof the youngkitten brain to occlusionof oneeyealsodependsupon
glutamatetransmission,becausetreatingthestriatecortexwith aninhibitor of
the glutamate  NMDAreceptorpreventedthe changes(Kleinschmidt et al
1987). Thus,  whether the brain  shows plastic  changes in response to a
particular kind of experiencedependson thebrainregion,thekind of experi-
ence,andalsoon specialcircumstancesor treatmentsthat enhanceor impair
plasticity.

ENRICHEDEXPERIENCEIMPROVESABILIT Y TO
LEARN AND TO SOLVE PROBLEMS

Hebb(1949,p. 298–99)reportedbriefly thatwhenheallowedlaboratoryrats
to explorehis homefor someweeksaspetsof his childrenandthenreturned
theratsto thelaboratory,theyshowedbetterproblem-solving ability thanrats
thathadremainedin the laboratory.Furthermore,theymaintainedtheir supe-
riority or evenincreasedit during a seriesof tests.Hebbconcludedthat “ the
richer experienceof thepetgroupduring developmentmadethembetterable
to profit by new experienceat maturity—one of the characteristicsof the
‘intelligent’ humanbeing” (pp. 298–99,italics in the original). The results
seemedto showa permanenteffectof earlyexperienceon problem-solving at
maturity.

We andothershavefound that experiencein an enrichedlaboratoryenvi-
ronmentimprovesasubjectanimal’s learningandproblem-solving ability ona
wide variety of tests,althoughsuchdifferenceshavenot beenfound invari-
ably.Onegeneralfinding is that themorecomplexthetask,themorelikely it
is thatanimalswith EC experiencewill performbetterthananimalsfrom SC
or IC groups(for a reviewanddiscussion of variousexplanationsofferedfor
this effect see Renner &Rosenzweig1987,pp.46–48).

We were unable,however, to replicate  animportant aspect  ofHebb’s
report—thatover a seriesof tests,EC rats maintainor increasetheir supe-
riority over IC rats.On the contrary,we found that IC rats tend to catchup
with EC ratsover a seriesof trials; this occurredwith eachof threedifferent
tests,including the Hebb-Williams mazes(Rosenzweig1971,p. 321). Thus
we did not find that early  deprivation  of  experiencecaused  a  permanent
deficit, at leastfor ratstestedon spatialproblems.Also, decreasesin cortical
weightsinducedby 300daysin the IC (versustheEC) environmentcouldbe
overcomeby a few weeksof trainingandtestingin theHebb-Williams mazes
(Cummins et al1973).Below,we note a similar effect in birds.
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SIMILAR EFFECTSOFTRAINING AND EXPERIENCEON
BRAIN AND BEHAVIOR OCCURIN ALL SPECIES
TESTED TO DATE

Experimentswith severalstrainsof ratsshowedsimilar effectsof EC vs. IC
experienceon bothbrainvaluesandproblem-solving behavior,asreviewedby
Renner& Rosenzweig(1987,pp. 53–54).Similar effectson brain measures
havebeenfoundin severalspeciesof mammals—mice,gerbils,groundsquir-
rels, cats,and monkeys(reviewed by Renner & Rosenzweig 1987, pp. 54–59),
andeffectsof trainingon brainvaluesof birdshavealsobeenfound.Thusthe
cerebraleffectsof experiencethatweresurprisingwhenfirst foundin ratshave
now beengeneralizedto severalmammalianand avian species.Anatomical
effectsof training or differential experiencehavebeenmeasuredin 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 Aplysia, long-term habituation ledto decreasednumbersof synaptic
sites, whereas long-term sensitization led to an increase (Bailey & Chen
1983); this is acasewhereeitheradecreaseor anincreasein synapticnumbers
storesmemory.Thus,asnotedby Greenoughetal (1990,p. 164),“experience-
dependentsynapticplasticity is morewidely reported,in termsof species,than
any otherputativememorymechanisms.”

ExperienceMay Be Necessaryfor Full Growth of Brainand of
Behavioral Potential

Sufficiently rich experiencemay be necessaryfor full growth of species-spe-
cific brain characteristicsand behavioralpotential. This is seenin recent
researchon differential experienceconductedwith different speciesof the
crowfamily. Species that cachefood in avarietyof locations forfutureuseare
foundto have significantly larger hippocampal formationsthanrelated species
thatdo notcache food (Krebs et al1989,Sherryetal 1989). Butthedifference
in hippocampal sizeis not foundin youngbirdsstill in thenest;it appearsonly
after food storing hasstarted,a few weeksafter the birds haveleft the nest
(Healy& Krebs1993).Evenmoreinteresting is the finding that this species-
typical differencein hippocampalsize dependson experience;it doesnot
appearin birds that havenot had the opportunity to cachefood (Clayton&
Krebs1994).Different groupsof hand-raisedbirds weregiven experiencein
storingfood at threedifferentages:either35–59daysposthatch, 60–83days,
or 115–138days.Experienceat eachof theseperiodsled to increasedhippo-
campalsize,muchaswe hadfoundfor measuresof occipitalcortexin therat.
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Thus,both birds and rats appearto retain considerablepotential for experi-
ence-induced braingrowth if it does notoccur at theusualearly age.

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

By what processesdo enrichedexperienceor formal training lead to plastic
changesin cerebralneurochemistryandneuroanatomy?We found early that
enrichedexperiencecausesincreasedratesof proteinsynthesisandincreased
amounts of protein in thecortex(Bennett etal 1964a).Later,training(imprint-
ing) wasreportedto increasetheratesof incorporation ofprecursorsinto RNA
andproteinin the forebrainof the chick (Haywoodet al 1970),andenriched
experiencein ratswasfound to leadto increasedamountsof RNA (Ferchmin
et  al 1970, Bennett 1976) and increased  expression  of  RNA  in  ratbrain
(Grouseet al 1978).Mazetraining led to increasedratiosof RNA to DNA in
rat cortex (Bennettet al 1979).We viewedthesefindings in the light of the
hypothesis,perhapsfirst enunciatedby Katz & Halstead(1950),that protein
synthesisis required for memorystorage.

Testsof the protein-synthesishypothesis of memoryformationwereiniti-
atedby Flexnerand associatesin 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 test a few dayslater; 2. administering to experimentalsubjectsan
inhibitor of proteinsynthesisat varioustimescloseto training,while control
subjects received an inactive substance; and 3. comparing test performance
of experimentaland control subjects.By the early 1970sconsiderableevi-
denceindicated thatproteinsynthesis duringor soonaftertrainingis necessary
for formationof long-termmemory(LTM), but the interpretationof 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 appearedthat inhibition of protein synthesiscould preventmemory
formation  after  weaktraining  butnot  afterstrong training  (e.g.Barondes
1970).

A new protein-synthesis inhibitor, anisomycin (ANI), helpedto overcome
theseproblems.Schwartzet al (1971) reportedthat ANI did not preventan
electrophysiological correlateof short-termhabituation or sensitization in an
isolatedganglionof Aplysia, but they did not investigatewhetherANI can
preventlong-termeffects.Thediscoveryby Bennettetal (1972)thatANI is an
effective amnesticagent in rodentsopenedthe way to resolving the main
challengesto the  protein-synthesis hypothesisof  LTM formation. ANI is
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much lesstoxic thanother protein-synthesis inhibitors, andgiving dosesre-
peatedlyat 2-hr intervalscan prolong the durationof cerebralinhibition at
amnesticlevels. Byvaryingthedurationof amnesticlevelsof inhibition in this
way, we found that thestrongerthe training, the longerproteinsynthesis had
to beinhibitedto prevent formationof LTM (Flood et al1973,1975). Wealso
found that protein must be synthesized in the cortex soon after training if
LTM is to be formed; neithershort-termmemory(STM) nor intermediate-
term memory (ITM) required protein synthesis (e.g. Bennett et al 1972,
Mizumori et al 1985, Mizumori et al 1987). Furtherstudieswere then de-
signedto find the neurochemicalprocessesthat underlieformation of STM
and ITM. Lashley’s concern,mentionedabove,that somekinds of memory
appearto be formed too quickly to allow growth of neuralconnections, ig-
nored the distinction betweenSTM and LTM, eventhoughWill iam James
(1890)hadalreadydistinguishedbetweenthesestores(althoughunderdiffer-
ent names).Observingthis distinction was necessaryif one was to look for
different mechanisms of the two kinds of memory tracesthat Hebb distin-
guished:transient,labilememorytraces,on theonehand,andstable,structural
traces, on theother.

Much of our work on theneurochemistryof STM andITM hasbeendone
with chicks, which haveseveraladvantagesfor this research,including the
following: Thechick systemis convenientfor studying thestagesof memory
formationbecausechickscanbe trainedrapidly in a one-trialpeck-avoidance
paradigmand can be testedwithin secondsafter training, or hoursor days
later. Large numbersof chicks can be studiedin a single run, so one can
comparedifferent agents,doses,andtimesof administrationwithin thesame
batchof subjects.Unlike invertebratepreparations,the chick systemcan be
usedto study the rolesof different vertebratebrain structuresandto investi-
gate questionsof cerebralasymmetry in learning and memory. The chick
system permitsstudy oflearning and memoryin theintact animal.Thesucces-
siveneurochemicalstagesoccurmoreslowly in thechick thanin therat, thus
allowing them to be separatedmore clearly. Further advantageshave been
statedelsewhere (e.g. Rosenzweig1990,Rosenzweigetal 1992).

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

Usingthechicksystem,severalinvestigatorshavetracedpartsof a cascade
of neurochemicaleventsfrom initial stimulation to synthesis of protein and
structuralchanges(e.g.Gibbs& Ng 1977;Ng & Gibbs1991;Rose1992a,b;
Rosenzweiget al 1992).At someif not all stages,parallel processesoccur.
Briefly, hereare someof the stages:The cascadeis initiated when sensory
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stimulation activatesreceptororgans,which stimulate afferent neuronsby
using various synaptic transmitter agentssuch as acetylcholine(ACh) and
glutamate.Inhibitors of AChsynaptic activity, such asscopolamineand piren-
zepine,canpreventSTM. Socaninhibitors of glutamatereceptors,including
boththeNMDA andAMPA receptors.Alterationof regulationof ion channels
in the neuronalmembranecan inhibit STM formation,as seenin effectsof
lanthanumchlorideon calciumchannelsandof ouabainon sodiumandpotas-
sium channels.Inhibition of secondmessengersis alsoamnestic—for example
inhibition of adenylatecyclaseby forskolinor of diacylglycerolby bradykinin.
Thesesecondmessengerscanactivateproteinkinases—enzymesthatcatalyze
addition of phosphatemoleculesto proteins.We found that two kinds of
protein kinasesare important in formation, respectively,of ITM or LTM.
Agentsthat inhibit calcium-calmodulin proteinkinases(CaM kinases)prevent
formation of ITM, whereasagentsthat do not inhibit CaM kinasesbut do
inhibit proteinkinaseA (PKA) or proteinkinaseC (PKC)preventformationof
LTM (Rosenzweiget al 1992,Serrano etal 1994). Fromthis research,Serrano
et al (1995a)wereable to predict for a newly availableinhibitor of PKC its
effectiveamnesticdoseandhow long aftertrainingit would causememoryto
decline.One-trialtrainingleadsto increaseof immediateearlygenemessenger
RNA in the chick forebrain(Anokhin & Rose1991) and to increasein the
densityof dendriticspines(Lowndes& Stewart1994).Many of theseeffects
occuronly in theleft hemisphereof thechick,or aremoreprominentin theleft
thanin theright hemisphere.Thus,learningin thechick systempermitsstudy
of many stepsthat lead from sensorystimulation to formation of neuronal
structuresinvolvedin memory.

The neurochemicalcascadeinvolved in formationof memoryin thechick
is similar to thecascadeinvolved in long-termpotentiation in themammalian
brain(e.g.Colley & Routtenberg1993)andin thenervoussystemsof inverte-
brates (e.g. Krasne &Glanzman1995).

Many of thestepsin formationof memoryin thechick canalsobemodu-
lated by opioids and other substances.Opioid agoniststend to impair, and
opioid antagoniststo enhance,memoryformation.Different opioidsappearto
modulateformationof different stagesof memory(e.g.Colombo et al 1992,
1993;Patterson etal 1989;Rosenzweigetal 1992).

Can Parts of theNeurochemical CascadeBe Relatedto
Different Stages ofMemoryFormation?

Some  of the  difficulty in attempting to  relate  parts  ofthe  neurochemical
cascadeto different stagesof memory formation comesfrom problemsof
definingstagesof memory,asdiscussedmorefully elsewhere(Rosenzweiget
al 1993). Consider,for example,somevery different attempts to statethe
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durationof STM. Early investigatorsof humanSTM (Brown1958,Peterson&
Peterson1959) reportedthat it lasts onlyabout30secif rehearsalis prevented.
Agranoff et al (1966) reportedthat in goldfish, if formationof LTM is pre-
ventedby an inhibitor of protein synthesis, STM can last up to 3 days,al-
thoughnormallyLTM formswithin anhouraftertraining.Kandelet al (1987)
wrotethatin Aplysia, “A singletrainingtrial producesshort-termsensitization
that lastsfrom minutesto hours”(p. 17) andthat long-termmemoryis “mem-
ory that lastsmore than one day” (p. 35). Rose(1995) suggeststhat, in the
chick, memories that persistonly afew hoursinvolveafirst waveof glycopro-
tein synthesis, whereas“true long-termmemory” requiresa secondwaveof
glycoproteinsynthesis, occurringabout6 hr after training.

Squire(1987) was not concernedaboutan apparentdiscrepancy:Behav-
ioral measuresindicatedthat STM lastslessthana minutewhereasneurobi-
ological experimentsin both vertebratesand invertebrateshavebeeninter-
pretedassuggestingSTM durationsof hoursor more.In a discussion entitled
“Neuropsychologyand neurobiologyreconciled” (pp. 148–50),Squiresug-
gestedthat the findings are not incompatible becausethey refer to different
levelsof analysis:“[E]xperimentalpsychologyandneuropsychologyemploy
the terms‘short-term’ and ‘long-term’ memoryas system-levelconcepts.…
Theneurobiological approachanalyzesmemoryat the level of cellsandsyn-
apses.”It is confusing, hesuggested, “toassumethatstagesof synapticchange
must revealthemselvesliterally at the behaviorallevel.” It seemsto me that
this acceptsthe discrepancyratherthanreconcilingthe two setsof findings.
Moreover,if thebehavioraleventsarebasedon theneuralprocesses,thenit is
hard to seehow STM eventsthat last less than a minute can dependupon
cellular eventsthatrequire hoursto unfold!

Insteadof consideringthat STM can last severalhoursor evena day or
more, itis useful to posit one ormore intermediate-termmemory (ITM)stages
occurring betweenSTM and LTM, as sometheoristshave done since the
1960s(e.g. McGaugh1966, 1968). Thus, Gibbs & Ng (1977) referredto a
“labile” stageoccurringbetweenSTM andLTM andlater (e.g.1984)called
this the intermediatestageof memory.My coworkersand I havediscussed
mechanismsof STM, ITM, andLTM in a seriesof papers(e.g.Rosenzweiget
al 1984,1992,1993;Mizumori et al 1987;Pattersonetal 1988).In investigat-
ing effectsof proteinkinaseinhibitors (PKIs) on memoryformationin chicks,
we reportedthat thoseagentsthat inhibit CaM kinaseactivity disrupt forma-
tion of whatsomeworkerswith chicksidentify asITM (lastingfrom about15
min to about60 min posttraining); thoseagentsthat inhibit PKC, PKA, or
PKG, but do not inhibit CaM kinase,disrupt the formationof LTM (Rosen-
zweig et al 1992,Serranoet al 1994).Other investigatorsprefer to refer to
different phasesor stagesof LTM ratherthanusethe expressionITM. Thus,
studyingthe LTP analogto memoryin slicesof rat hippocampus,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,earlyphaseof LTP (E-LTP), evokedby moderatelystrong
stimuli andlasting from 1 hr to lessthan3 hr after inductionof LTP); agents
thatinhibit PKA, but do not inhibit CaM kinase,disrupttheformationof what
they calleda later, moreenduringphaseof LTP (L-LTP), evokedby strong
stimulation andlastingat least6–10hr. Weakstimuli evokeonly short-term
potentiation (STP),lastingonly 20–30min. As mentionedabove,Rose(1995)
suggeststhat, inthechick,akind of LTM thatlastsa few hoursinvolves afirst
waveof glycoprotein synthesis, whereas“true long-termmemory” requiresa
second waveof glycoproteinsynthesis,occurringabout 6 hraftertraining.But
many findings in this areasupportthe hypothesisthat at leastthreesequen-
tially dependentstagesof memoryformationexist,eachdependenton differ-
ent neurochemicalprocesses.A recentreview (DeZazzo& Tully 1995)dis-
cussesSTM, ITM, and LTM and comparesthe characteristicsof the three
stages infruitflies, chicks,andrats.

The Possibilityof Treatmentsto ImproveCognitive
Functioning

Theresultsbearingon stagesof memoryformationareimportantnot only for
investigatorsof theneurochemistryof memorybutalsofor neuropsychologists
andotherswhowork with patients sufferingfrom memorydisorders.A review
by Kopelman(1992,pp.136–38) findsmixedresultsin attemptsto distinguish
lossesof ITM andLTM in Korsakoff’s andAlzheimer’s patients.If it becomes
possibleto distinguishpatientswith disordersof ITM from thosewith impair-
mentof STM or LTM, then perhapstheir deficits canbe tracedto different
disordersof thenervoussystem.Identificationof theneurochemicalprocesses
underlyingeachstageof memory formation could lead to rational pharma-
cological treatments.If investigatorscould then understandthe geneticsin-
volved, they might eventuallyfind genetictreatmentsfor somememoryde-
fects.

It shouldnot beoverlookedthat theadventof effectivetreatmentsto ame-
lioratememorymight not beanunmixedblessing; it could leadto socialand
ethicalproblems, especiallyif suchtreatmentscouldenhancenormalcognitive
functioning,asRenéCassin,oneof the authorsof the InternationalDeclara-
tion of HumanRights, andrecipientof theNobelPeacePrize,warnededuca-
tors, scientists, and jurists in 1968.Psychologists and neuroscientistswhose
work may improvethecognitive abilitiesof individualssharetheresponsibil-
ity to prepare for thesocial andethicalconsequences of theirwork.
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EVIDENCE THAT CERTAIN LEARNING-INDUCED
NEUROCHEMICALPROCESSESAND NEURAL
PLASTICITY ARE NECESSARY FORLONG-TERM
MEMORY

What Neurochemical ProcessesAreNecessary and Sufficientto
StoreMemoriesof VariousDurations?

As evidence accumulatedthat learning and experienceinduce chemical
changesin the brain andthat inhibiting somechemicalprocessesaroundthe
time of learning blocks formation of memory, some investigatorstried to
devise guidelines and criteriato judge whethersuch changesand processesare
necessaryandsufficient for formationof memory.Of course,reportsof many
studiesstatedone or more criteria againstwhich to test their findings, but
Entinghet al (1975)andRose(1981)tried to list severalguidelinesor criteria
thatwould be applicableto a varietyof studies.

Researchon learningandmemory,chiefly with chicks,showedthat some
neuralprocessesappearto fulfill all the following criteria; thosesetin italics
are paraphrasedfrom Rose(1992a)and given in somewhatdifferent order.
Evidencefor severalof thesecriteria was shownabove:(a) Theremustbe
changesin thequantity of thesystemor substance,or its rate of productionor
turnover,in somelocalizedregionof thebrain during memoryformation. (b)
Theamountof changeshouldberelatedto thestrengthor amountof training,
up to a limit . (c) Stress,motor activity, or other processesthat accompany
learning must not,in the absence ofmemory formation, result in the structural
or biochemicalchanges.(d) If thecellular or biochemicalchangesare inhib-
ited during the period over which memoryformation would normally occur,
thenmemoryformationshouldbepreventedand theanimalshouldbeamne-
sic. However,Flood et al (1973) found casesin which the proteinsynthesis
required for LTM formation  wasonly postponed by inhibition of protein
synthesisand occurred  later  thanusual, after  theinhibition wore  off.  (e)
Removalof theanatomicalsiteat which thebiochemical,cellular, andphysi-
ological changesoccur shouldinterfere with the processof memoryforma-
tion, dependinguponwhen,in relation to thetraining, theregion is removed.
But somecaseshavebeenfoundin which,afterremovalof a primaryareafor
memoryformation,memorycanbe formedin a secondaryregion.(f) Neuro-
physiological recordingfrom thesitesof cellularchange shoulddetectaltered
electrical responsesfrom the neuronsduring and/or as a consequenceof
memoryformation. (g) The timecourse ofthe changemustbe compatiblewith
the time courseof memoryformation. (h) As Entingh et al (1975, p. 232)
pointedout, thebrain sitesinvolvedin learningand memorystorageshouldbe
identifiedby convergingevidencefrom neurochemicalchanges,localizedin-
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hibition of neurochemistry,andelectrophysiological recording;lesionstudies
shouldbe addedto thislist.

Martinez& Derrick (1996) in this volumediscusswhetherlong-termpo-
tentiation  (LTP)—whichinvolves neurochemical,electrophysiological, and
neuroanatomicalchanges—isa memory mechanism. While concedingthat
convincingproof doesnot exist thatLTP is involvedin memory,theybelieve
thatafter20 yearsof researchon it, “LTPremains the best single candidate for
a cellularprocessof synapticchangethatmay underlielearningandmemory
in thevertebratebrain” (p. 198).Theyreviewfindingsof a cascadeof neuro-
chemicaleventsunderlyingLTP that is similar to thosefound in researchon
memoryformation.

Is Learning-InducedNeuroanatomical PlasticityNecessaryfor
Storage of Long-TermMemory?

Whetherlearning-inducedanatomicalchangesin thenervoussystemarenec-
essaryfor storage oflong-termmemory has beendiscussed byseveralauthors,
including Morris (1989), Greenoughet al (1990), and Martinez & Derrick
(1996). Greenoughet al (1990, pp. 162–65)note severalobservationsthat
relatenumberof synapsesanddegreeof dendriticbranchingto theamountand
sites of learning or experience;evidencefor most of thesepoints is given
above,andin somecasesI hereaugmentthestatementsof Greenoughetal: (a)
The amountof dendriteper neuronin occipital cortexof the rat reflectsthe
amountof stimulation or complexity 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) Changesin brainmeasuresareinduced
rapidly by training. (d) The changesin dendritic branchingareparalleledby
changesin numbersof synapsesper neuron.(e) The synapticand dendritic
changesoccur not only in rodentsbut also in cats and monkeys.(f) The
synapticanddendritic changescausedby enrichedexperiencearesimilar to
thoseinducedby traditional learningtasks. Later(pp.174–76)Greenoughetal
note(g) that learning-basedmorphologicalchangesaregreaterthananddiffer-
ent from changesinducedby mereactivity. Also, (h) the changesoccur in
brain regionsinvolved in the learnedtasks;if learningis confinedto oneside
of thebrain,thesynapticanddendriticchangesarealsoconfinedto thatside.
Note that someof thepointson this list correspondto somegiven just above
for neurochemicalprocesses.

The fact that training andexperienceusually leadto increasedspacingof
cortical neuronsshould be taken into accountin interpretingcertain other
findings,suchasa reportby Witelson et al (1994)that receivedconsiderable
coverage inthenewsmedia.Theyreported,basedon a smallnumberof cases,
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thatwomenhavea largernumberof neuronsin aregionof thecortexrelatedto
languagethando menandspeculatedthat this might be relatedto women’s
greaterproficiencyin language.Actually themeasurewasnot thetotalnumber
of neuronsin theregionbut neuronsper unit of volumeof cortex. This means
closer spacingof neurons,which could as well suggestsimpler and  less
extensiveconnectionsof neuronsin this region of women’s brains,perhaps
reflecting lessverbal training and experience.At the least,it doesnot seem
compelling to  interpret  closer  packingof neuronsas evidencefor greater
cognitiveproficiency.

CHANGESINDUCED BY LEARNING OCCURIN A
VARIETY OF NEURALNETWORKS

Hebb’s main interestwasconsideringhow complexneuralnetworks(“phase
sequences”and“cell assemblies”)couldaccountfor phenomenasuchasper-
ceptionandmemory.He put forth his postulate of synapticchangesonly to
showthat suchchangescould supportthe formationof neuralnetworks.But,
asGallistel(1990)notes,mostneuroscientistshavebeenmoreconcerned with
how synapticchangescanstoreinformation than with how neuralnetworks
can computememories.Investigatorshaveproposeda variety of neuralcir-
cuits and networksin which information could be storedand memorial re-
sponsescomputed;we can classify much current researchaccordingto the
kinds of networksproposed(Rosenzweiget al 1996),asa few exampleswill
show.The neuralcircuits rangefrom simpleneuralchainsto paralleldistrib-
uted circuits.

The simplestneuralchainis a monosynaptic reflex arc,andthis hasbeen
usedto describethe mechanismof simple learning(habituation) in the gill
withdrawalreflex of Aplysia (e.g.Kandelet al 1987,Kupfermann& Kandel
1969).Becausethe changeoccurswithin the reflex arc, it is sometimes re-
ferredto as an intrinsic change (Krasne &Glanzman 1995).

Many simple neuralcircuits receiveinput from (or areby-passedby) su-
perordinatecircuits,andlearning-inducedplasticity mayoccurat thesuperor-
dinatelevel. Thus,in eyelidconditioning in mammals,it appearsthat thesite
of plasticity necessaryfor the conditioning is in a higher-ordercircuit in the
cerebellum(Lavondet al 1993),whereasthebasicreflex circuit in thebrain-
stemshowsno changeduringtraining. Consideredin relationto the reflex arc,
this is sometimescalled an extrinsicchange.

Even wheresynapticchangeshavebeenfound in a monosynaptic reflex
arc,changessufficient for learningandmemorymay alsotakeplacein other
partsof the nervoussystem.Thus, the gill-wit hdrawal responseof Aplysia
persistsandcanbealteredby trainingaftersurgicalremovalof theabdominal
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ganglion(Mpitsos & Lukowiak 1985).Thecentralnervoussystemof Aplysia
entersa suppressedstateafter the animal has eatenor engagedin sexual
activity, but even when the CNS is inactivated,the animal still showsthe
gill-withdrawalresponse,mediated bytheperipheralnervoussystem.Thusthe
neuralcircuitry of thegill-wit hdrawalresponseincludescellsof the peripheral
nervoussystem,and “the neuralcircuitry of this behavioris more complex
thanwashoped,andmuchof it consists of smalldiffusecellsthatareinacces-
sibleto theneurophysiologist” (Leonard et al1989,p. 585).

Much currenttheorizingsuggeststhat the sameensembleof neuronscan
encodemany different memories, eachneuronparticipatingto a greateror
lesserextentin a particularmemory(e.g.McNaughton& Morris 1987).Re-
cent researchsuggeststhat modification of the gill-withdrawal responsein
Aplysia may dependon parallel distributed processing(involving synaptic
plasticity) in a largeensembleof neuronsratherthanon a few neuronsin a
monosynaptic reflex arc.Thus,it appearsthatapproximately 200of the1000
neuronsin theabdominalganglionof Aplysiarespondto a touchto thesiphon
(Zecevicet al 1989)andthat theseneuronsareinvolved in respirationaswell
asgill withdrawal(Wu et al 1994).Thedifferentkindsof responsesmediated
by theseneuronsappearto begeneratedby alteredactivitiesof a single,large
distributednetworkratherthanby separatesmallnetworks,eachdedicatedto 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 al 1993)emphasizethat their researchon the neuralcircuit necessaryfor
eyelidconditioning is restrictedto “the simplestsubstratesof aversivecondi-
tioning” (p. 318), and they are certain that other structures,including “the
hippocampusandcerebralcortexcertainlyplay important rolesin morecom-
plex learning,aswell asbeinginfluencedin aversiveclassicalconditioning”
(p. 318). Noninvasive  imaging  techniques  nowindicate that severalbrain
regionsare specifically activatedduring eyelid conditioning in humansub-
jects. Thus Logan & Grafton (1995) report that brain regions that exhibit
significant differencesbetweenthe unpaired-stimulus control condition and
the well-trained state include not only severalcerebellarsites but also the
pontine tegmentum, ipsilateral inferior thalamus/rednucleus,ipsilateralhippo-
campal formation, ipsilateral  lateral temporal cortex, and  bilateralventral
striatum.Similarly, a review of severalhumanneuroimaging studiesusing
various delayed-responsetasks to investigateworking memory shows that
thereis typically activationof the dorsalprefrontalcortex,but other regions
are also selectivelyactivateddependingupon the specific stimuli and task
(McCarthy 1995). Tracing the circuits involved is a challengingtask that
shouldprovidemajoradvances inour understandingof learningand memory.
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RESEARCHON USE-INDUCED BRAIN PLASTICITY IS
YIELDING AND SUPPORTING A VARIETY OF
APPLICATIONS

Animal research on the effectsof experienceon brain plasticityandlearning is
beingappliedto severalareasof humanbehaviorandin othercaseshasbeen
usedasconvergingor supportingevidence.Thusit is beingusedto promote
child development,successfulaging,and recoveryfrom brain damage;it is
alsobeingappliedto benefitanimalsin laboratories,zoos,andfarms.Let us
consider a few of thesekindsof application or influencebriefly below.

Applications to Child Development

The findings on the effectsof differential experiencein animalshaveinflu-
encedresearchon child developmentor at leasthavebeenofferedassupport-
ing evidencein favorof giving childrenadequateexperience.An 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 tenorof the find-
ingsis indicatedby thisquotation:

Beginningin the1960s,scientistsbeganto demonstratethat thequali ty and
variety of theenvironment have direct impact on brain development. Today,
researchers around the world are amassing evidence that the role of the
environment is even more important than earlier studies hadsuggested. For
example,histological and brain scanstudiesof animals show changesin brain
structureand functionasa result of variationsin early experience.

Thesefindings areconsistent with research in child development that has
shown thefirst eighteen months ofli fe tobe an importantperiod ofdevelop-
ment. Studies of children raisedin poorenvironments—both in this country
and elsewhere—show that they have cognitive deficits of substantial magni-
tudeby eighteenmonthsof ageand that full reversal of thesedeficitsmaynot
be possible. Thesestudies arebased on observational and cognitive assess-
ments; researchers say that neurobiologists using brain scan technologies are
on thevergeof confirming thesefindings.

In themeantime, more conventional studiesof child development—using
cognitiveandobservational measures—continuetoshowshort- andlong-term
benefits of anenrichedearly environment (p. 8).

This is oneof the latestcontributions to a back-and-forthdebatebetween
thosewho hold that child developmentproceedsmainly from innatefactors
with  only  a  small  influence  ofthe environment  andthose  whohold that
environmentcanmakea major contribution. Gall andSpurzheimdiffered on
this questionearlyin the19thcentury.

It is dishearteningto note that despitedemonstrationsover 30 yearsthat
lack of adequateintellectualstimulationcancausementalretardationandthat
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appropriatestimulationcanfosternormaldevelopment, few sustainedattempts
havebeenmadeto applythesefindings.Hunt (1979),for example,in achapter
in theAnnualReviewof Psychology, presentedevidencefor theimportanceof
early experienceto children’s intellectual development. He reviewedseveral
studiesshowingsubstantial effectsof specific kinds of environmental inter-
ventionson particularaspectsof child development.Onewashis own study
(Hunt et al  1976) demonstrating the  importance  of  specificcaretaking  to
assurelanguagedevelopmentof infants in a Teheranorphanage.Hunt also
reviewedanimal researchon effectsof differential experienceon problem-
solving, neuroanatomy,and neurochemistry—researchwhoseinspiration he
attributedto Hebb’s 1949book,andwhich includedsomeof theexperiments
of the 1960s–1970s describedabove.

Severalfactorshavecomplicatedattemptsto apply researchon environ-
mentalenrichmentto improvethe cognitivestatusof childrenraisedin poor
environments.One is that someproponentshaveoverestimated the potential
effectsof relatively short periodsof enrichmentand then havebeendisap-
pointedthat the effectswere not larger.This hasbeenone of the problems
confrontingtheHeadStartprogramwhich beganin 1963in theUnitedStates
(Zigler & Muenchow1992).Although this andrelatedprogramshaveproved
beneficialandcosteffective,they wereunableto bring participatingchildren
up to the scholastic levelsof childrenliving in betterenvironments.Another
problemis thatthehumanprogramsinvolve a varietyof interventions,soit is
difficult to determinewhetherthepositive effectsareattributable to enriched
experienceand training or to other causessuch as improved nutrition and
healthcare.In thewordsof a recentreviewof theeffectsof nutrition on child
development,however,“Adequacyof thesocialandeducationalenvironment
is assignificantasnutrition for mentaldevelopment(or possiblymoresignifi-
cant)” (Sigman 1995,p. 54).

The authorsof a new seriesof studies (Drews et al 1995, Murphy et al
1995,Yeargin-Allsoppet al 1995)concludethat theprincipal causesof mild
retardation(IQ scoresbetween50 and70) in an Americancity appearto be
povertyandlack of educationof mothers(fewer than12 yearsof education).
Theseresearchersclaim that manycasesof mild retardationarepreventable
and/ortreatableby appropriateearly training andexperience.David Satcher,
the Director for the Centersfor DiseaseControl andPrevention,which sup-
ported thesestudies,announcedthat the Centerswill start a demonstration
program  in  1996  “aimed  at  promotingthe  cognitive,communicative, and
behavioraldevelopment,aswell asthehealth,of childrenborn towomenwith
fewer than 12 yearsof education”(Satcher1995,p. 305). Satchercited the
reportof theCarnegieCorporation,mentionedabove:“[It] goesbeyondques-
tionsof intellectualfunctionandunderscorestheimportanceof early(birth to
3 years)experientialandsocial factorsin brain development.The reportem-
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phasizeslong-lastingeffectsof earlyenvironmentalexperienceon both brain
structure andcognitivefunction” (Satcher 1995,p. 305).

The problemsof finding exactly which factorsaremost importantin en-
hancingcognitive developmentshouldnot overshadowthe benefitsof pro-
grams that provide environmentalenrichmentto children in need of  it.  I
believethat currentprogramsshouldbe expandedto include more children
andto retainthemfor longerperiods.Unfortunately, in theUnitedStatessuch
programsappearto be injeopardyin thepresent political climate.

Enriched ExperienceAids“SuccessfulAging”

Enrichedexperience,beginning early in life, alsohelpsto ensuremaintenance
of ability into old age.Thus, infantile handlingor later enrichedexperience
helps preventhippocampaldamagecausedby stressin rats. Meaneyet al
(1988,1991)handledsomeneonatalratpupsduringeachof their first 21 days
andleft otherpupsunhandled.Theyexaminedcognitivefunctionof theratsat
differentagesfrom 3 monthsto 24 monthsandalsomeasuredbasalandstress
levelsof glucocorticoids,numbersof hippocampalneurons,andnumbersof
glucocorticoidreceptors.Chronic excessof glucocorticoidsis toxic to neu-
rons, particularly thoseof the hippocampus,and agedrats are particularly
vulnerable(Sapolsky1992).Handledratsshowedimprovedspatialmemory,
higher numbersof hippocampalcorticoidreceptors,and a morerapidreturn of
corticosteroneto basallevelsafterresponseto a stressfulsituation. In old age,
the handledanimalshad lower basallevels of corticosteroneand lost fewer
hippocampalneuronsthanthe unhandledones.

Young adult ratsgiven 30 daysof EC experiencebeginningat 50 daysof
age,like ratsgiven infantile handling,showedhigherexpressionof the gene
encodingglucocorticoidreceptorsin the hippocampus, andtheyalsoshowed
inductionof genesfor nervegrowth factorsin thehippocampus (Mohammed
et al 1993,Olssonet al 1994).Theinvestigatorssuggestthatenrichedexperi-
encein adulthood,like infantile handling, mayprotecttheaginghippocampus
from glucocorticoid neurotoxicity.

Somekinds of learning and performancedecline with age after middle
adulthood,but otherkinds of learningandmemorydo not. Peoplewho con-
tinue to learnactivelycanmaintainhigh levelsof performance.For example,
professorsin their60sperformaswell asprofessorsin their30son manytests
of learningand memory(Shimamuraet al1995).

Beyondtheageof retirement,stimulationandactivity continueto contrib-
uteto healthandmentalstatus.This claim is borneout in a longitudinal study
that hasassessedthe mentalabilities of more than 5000 adults,having fol-
lowedsomefor aslong as35 years(Schaie1994).Amongtheeightvariables
found to reducethe risk of cognitivedeclinein old age,threeareparticularly
relevanthere:1. Living in favorableenvironmentalcircumstances,aswouldbe
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the case for personsof highsocioeconomic status.Such circumstancesinclude
above-averageeducation,historiesof occupationalpursuitsthat involve high
complexityand low routine,above-averageincome,and the maintenanceof
intact families. 2. Substantialinvolvementin activities typically availablein
complexand intellectually stimulating environments.Suchactivities include
extensivereadinghabits,travel,attendanceat cultural events,pursuitof con-
tinuing educationactivities,andparticipationin clubsandprofessionalasso-
ciations.3. Being marriedto a spousewith high cognitive status.Our studies
of cognitive similarity in marriedcouplessuggestthat thespousewho scores
lesswell on testsof cognitive ability at the beginningof marriagetendsto
maintain or increasehis or her scoresvis-à-vis the spousewho originally
scored higher(Schaie1994,p. 312).

Terry et al (1995)reportthat lossof synapsescorrelatesstronglywith the
severityof symptoms in Alzheimer’s disease.Enrichedexperienceproduces
richer neuralnetworksin the brainsof all speciesso far studied.If similar
effectsoccurin humans,asseemslikely, theresultingreservesof connections
may protectintellectual functionfrom the effects of Alzheimer’s disease.

In adulthoodandold age,is useof thenervoussystembettercharacterized
by thephrase“wearandtear”or by thephrase“useit or loseit” (Swaab1991)?
The researchreviewedhere,along with many commentson Swaab’s paper,
mainly supportthecharacterization“useit or loseit.” But enriched experience
anduseof thecognitive faculitesareespeciallyeffectiveearly in life andset
the basisfor later useand maintenanceof thebrain andof mentalability.

Applications to Recoveryfrom or Compensationfor Brain
Damage

In all partsof the life span,trainingandenrichedexperiencehelp in recovery
from or compensation for effectsof braindamage.We showedthis in experi-
mentswith rats in the 1970s(Wil l et al 1977),and researchalong this line
continues.To what degreedoesexperienceactually aid in recovery,and to
whatdegreedoesit only helpto compensatefor theeffectsof braininjury?At
a minimum, psychological interventions can improve the quality of life of
peoplewith injuries of the brain or of the spinal cord. Beyondthis, various
combinations of physiological and behavioralinterventions may combineto
bring improvement.

In attempts to promote recoveryfrom brain damage,someneuroscientists
aretransplanting fetal brain cells into the regionof a brain lesion.Psycholo-
gists are taking part in this research.Sometimessuchneural transplantsor
implantshelp to restorefunction,but often, for reasonsthat arenot yet fully
understood,theydo not.

A few yearsago,investigatorsstartedto study the separateand the com-
bined effects of enrichedenvironment and neural transplants(Kelche et al
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1988).Undersomeconditions,neitherthe enrichedexperiencenor the trans-
plant alonehada beneficialeffect but the combination of the two treatments
yieldedsignificant improvementin learning.Furtherwork indicatesthat for-
mal training  of rats may  bemore effective than enrichedenvironmentin
promotingtheeffectsof braincell graftson recoveryof learningability (Kel-
che et al 1995). The resultsof such animal researchmay somedaybenefit
humanpatients.At presentthe attemptsto help patientswith Parkinson’s
disease byimplanting fetalbrain cellsaregarneringmixedresults. Perhapsthe
diff erences among clinics in success of cell grafts reflect the kinds and
amountsof training andstimulation given their patients;suchbehavioralfac-
torsmaywell interactwith theskill of theneurosurgeon.Thecombination of
brain tissueimplantationwith cognitive training and stimulation may help
researchersto elucidatefurther the neuralbases of learningand memory.

Researchon Enriched Environments Is BenefitingAnimalsin
Laboratories,Zoos,and Farms

Animals notonly contribute toresearchonmechanismsof memoryandeffects
of environmental enrichment,but they also benefit from suchresearch,as I
havedescribedin somewhat moredetailelsewhere(Rosenzweig1984).Newer
standardsfor housing animals in laboratoriesreflect findings that animals
benefitin developmentof brainandbehaviorfrom adequatespaceandfacili-
ties for species-specificactivities like running, investigating, and so forth.
Zoosarealsoproviding morenaturalsettingsandapparatusthat permit ani-
malsto engagein species-specificactivities.Two of my formerstudentswho
worked with rats in enrichedlaboratoryenvironments havesinceworked to
improvesettings for zooanimals.Somefarmshavefound thatanimalsthrive
better inmore naturalsettings.

CONCLUDING COMMENT

The last half centuryhasbeena fascinatingperiod in which to observeand
take part in the searchfor mechanisms of memory.The invention of new
conceptsand the emergenceof new experimentaltechniqueshave allowed
importantprogressandrejectionof inadequate hypotheses. Excitingnew tech-
niquespromise novel insights. Behavioralresearchcontinuesto distinguish
thevarious types of learning andmemory.Clinical researchin interaction with
biologicalresearchcontinuesto explainproblemsof learning andmemoryand
to yield methods of alleviating cognitive deficits. The next half centurywill
see manymore surprisesand advances inthis complexandengrossingfield.
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