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ABSTRACT

This review addresses the importance of animal models for understanding the
effects of normal aging on the brain and cognitive functions.First, studies of
laboratoryanimalscan help todistinguishbetweenhealthyagingandpathologi-
cal conditions that may contribute to cognitive decline late in lif e. Second,
research on individual differences in aging, a theme of interest in studies of
elderly humanbeings, can beadvancedby theexperimental control afforded in
theuseof animal models. Thereview offers a neuropsychological framework
to compare the effects of aging in human beings, monkeys, androdents. We
consideraging in relation to theroleof themedial temporal lobein memory, the
information processing functionsof theprefrontal cortex in thestrategic useof
memory, and theregulation of attentionby distributedneural circuitry. Wealso
provideanoverview of the neurobiological effects of aging that mayaccount
for alterations inpsychological functions.
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INTRODUCTION

From a life-span perspective,the study of aging seeksto understandthe
changingcapacitiesof theelderlyasa normaldevelopmental process.Within
this framework, the biology of aging is an important determinant.Just as
functionsandadaptivecapacitiesdependon thebiological developmentof the
youngchild or adolescent,later life providesa distinctive biologicalsettingin
which familiar tasksareperformedandnew challengesaremet. In addition,
environmentalfactorslate in life combinewith many decadesof a person’s
history to influencethe capacitiesof an individual. We offer the view that
importantinsights into agingasa developmentalprocesscanbe providedby
thestudyof animalmodels.Thereviewcoversareasof researchthat illustrate
and supportthis premise.

NORMAL AGING AND ANIMAL MODELS

A majorchallengein thestudyof agingis to definetheboundariesof normal
changeas distinct from pathological conditions. Suchboundariesare recog-
nized for developmentin early life. For example,landmarksaredefinedfor
physicalgrowthandcognitivefunctions;departurefrom the normis identified
by a failure to manifest certainchanges that areexpectedin the usual courseof
development.The boundariesof normal aging,as distinct from pathological
conditions, arelessclearlydefinedbecausecertainexpectedchangesin cogni-
tion during agingdo not differ from theearliestmanifestations of age-related
pathologicalconditions. For example,the incidenceof Alzheimer’s disease
(AD) increaseswith advancingage.Although the occurrenceof AD is rela-
tively rare before the age of 60, it becomesincreasinglyprevalentin the
decadesthatfollow. Impairedmemory,which is thehallmarksymptom of AD
in its earlieststages,is also one of the most commoncognitive featuresof
nondementedelderly individuals(Craik & Jennings1992,Crook et al 1986).
Currently no definitive test can diagnoseAD in its earlieststagesso that
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memoryimpairmentassociatedwith this pathological conditioncanbe sepa-
ratedfrom memorydeclinethat might be attributableto nonpathological ag-
ing.

Age-relatedneurodegenerativediseasessuchas Alzheimer’s havea slow
progressivecourse.If suchdiseasesremainundetectedfor manyyearsbeforea
clinically significantphaseof decline,relativelysubtlechangesin presumably
healthyolder individuals that areascribedto normalagingmight, at leastin
part,bedueto occultpathologicalprocesses.Effectsof Alzheimer’s diseaseon
the brain, such as plaques and neurofi brillary tangles, that meet neuro-
pathologicalcriteriafor diagnosis have been detectedin autopsymaterialfrom
individuals not judgedto havebeenimpairedby clinical assessmentbefore
death(Crystal et al 1988,Morris et al 1991).On this basis,it is likely that
studiesof elderlyhumansubjectswill includesomeindividualswith unrecog-
nized neurologicaldisease.

Additional findings from neurologicalassessments combinedwith func-
tional testingsupportthis conjecture.Elderly individuals who haveradiologi-
cal evidenceof medial temporallobe atrophy in the brain along with mild
cognitive impairmentdeterminedby clinical screeningwere found to be at
high risk for developingdementia(de Leon et al 1993). At follow-up four
yearsafter the original assessment,25 of 86 such subjectshad receiveda
diagnosisof AD. Brain atrophicchangesarealsofound in someelderly indi-
viduals who show no evidenceof cognitive impairment in clinical assess-
ments.In a sampleof approximately150 elderly subjects(ages55–88years,
mean70.0 years)who were presumedto be healthy,Golomb et al (1993)
foundatrophyof themedialtemporallobein certainindividuals.Althoughno
participantsin this studyshowedevidenceof cognitiveimpairmentin clinical
assessments,differencesbetweenthesubjectswith andwithout medialtempo-
ral lobe atrophywere evident in more sensitivetestsof cognitive function.
Subjectswith atrophyperformedmorepoorly on testsof recentmemorythan
theneurologically normalindividuals.Muchcurrentinterestis alsofocusedon
a biological marker,the e4 allele of apolipoprotein E, associatedwith higher
risk for dementia (Corderet al 1993).Recentreportsindicatethatpresumably
healthyindividuals bearingthis markerperform lesswell on assessmentsof
memorythantheir agedcohorts(Bondi et al 1995,Helkalaet al 1996).Such
findings raisethe questionof whetherevenmild memoryimpairmentmight
represent a very early indicatorof a pathologicalprocess.

Notwithstanding thefindings discussed above,otherevidenceindicatesthat
cognitivealterationsin agingoccurapartfrom degenerativeneurologicaldis-
ease.Age-associatedmemoryimpairment(AAMI) wasdefineda decadeago
(Crook et al 1986) to identify elderly individuals who complainof memory
impairmentby self-reportand have memory test performanceat least one
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standarddeviationbelowthemeanestablishedfor youngadults.Accordingto
thesecriteria it is estimated that the occurrenceof AAMI substantially exceeds
what would be expectedbasedon the prevalenceand incidenceof probable
Alzheimer’s disease(prevalenceandincidenceof AAMI about35%and6.6%
per year comparedwith 13% and 3% per year for probableAD) (Lane &
Snowdon 1989). Furthermore, Youngjohn & Crook (1993) reported that
AAMI is stable in elderly individuals basedon follow-up assessmentfour
yearslater. Theseinvestigatorsconcludedthat AAMI is a relatively benign
conditionthatdoesnot follow a progressivecourse.Severallimitationsof this
study,however,areworth noting.First, a considerablenumberof participants
that did not return for follow-up testing might havehadgreaterdeclinethan
thosethat did, a phenomenonthat is problematicfor researchof this type.
Second,the subjectsin this study,who were on average intheir early sixties at
the first assessment,werefollowed for a relativelybrief intervalof four years
whentheincidenceof Alzheimer’s diseasecontinuesto below. Furtherexami-
nation of such individuals into later decadesmight be neededto provide a
better indication of thecourse of AAMI.

A relatedissuein thedefinitionof normalagingconcernstheobservationof
individual differencesin theelderlypopulation. As indicatedabove,cognitive
declineis evidentin someindividuals in theelderly population (e.g.AAMI),
whereas functionis betterpreservedin otheragedindividuals.In contrastwith
the usual individual differencesthat exist at earlier points in development,
variability is often describedas markedly increasedwith advancingage.In
accordancewith this description, a recentsurvey of publisheddata found
greatervariability (coefficientsof variation)amongtheelderlycomparedwith
youngadultsonanumberof measureswidely reportedto besensitiveto aging,
e.g. reactiontime,memory,andfluid intelligence(Morse1993). Although this
phenomenonis often observed,the origin of increasedvariability in aging is
not well defined. Perhapsvariability  in aging reflects differencesthat are
expressedonly in thelaterdecadesof life. Alternatively, individual differences
might becomemagnified late in life becauseof the cumulative impact of
different biological and experientialbackgroundsover many decades.More
informationaboutfactorsunderlyingindividual differenceswill be important
for understandingnormalaging.

Thediscussionaboveprovidesa background for consideringthe usefulness
of animalmodelsin thestudyof aging.Thelikelihoodthatthesamepathologi-
cal processes inhumandisease occur andaremanifest in identicalwaysacross
severalspeciescouldbeconsideredquite low. Many progressiveneurological
diseasessuchasAlzheimer’s do not afflict speciescommonlyusedin labora-
tory researchon aging,e.g.rats,mice,monkeys.However,it is reasonableto
expect that at least somefeaturesthat characterizebiological aging of the
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mammalianbrainwould be evidentin differentspecies.Thus,commonalities
acrossspeciesmight helpto identify normalneurobiological aging,asdistinct
from pathologicalconditions,andthosepsychological functionsmostaffected
by aging.

The useof laboratoryanimalscan addressother aspectsof humanaging
that haveprovendifficult to study in a systematic way. If normal aging is
characterizedby increasedvariability, this phenomenonof individual differ-
ences mightbeevident in otherspecies. Because cohorts oflaboratory animals
can be maintained under relatively controlled conditions it should also be
possibleto isolatefactors contributing tosuchindividualdifferences.

The relevanceof researchwith laboratoryanimalsfor anunderstandingof
humanaging,however,dependsonwhetherthespecificfunctions andbiologi-
cal systemstargetedfor studyareappropriatemodelsfor humanaging.Scien-
tific advancesover the past few decadeshave  provideda foundation for
developingusefulanimalmodelsof aging.We outlinea frameworkcurrently
employedfor investigating theneurobiologicalbasisof functionalchangesin
aging.Theapproachis built on a backgroundof researchin neuropsychology,
cognitivepsychology, and neuroscience.

The field of neuropsychology originally led to clinical descriptionsand
psychometricprofilesfor certaintypesof braindamageasanaid to diagnosis.
Becausetheconsequencesof certainformsof damagewereremarkablyselec-
tive, neuropsychological studiesalso cameto serveas a basis for making
inferencesabout  the  normal  functionof specific  brainregions.  Alongside
developmentsthat camefrom neuropsychological research, cognitivepsychol-
ogy hasgreatlycontributed to our understandingof psychological processes.
Cognitive psychology studiesthe components and organizationof functions
suchas memorywithin the frameworkof informationprocessingand repre-
sentation.As a relatedburgeoningfield, cognitive neuroscienceis building on
advances in psychology using new technologies, such as functional neuro-
imagingandmethodsfor recordingtheensembleencodingof information by
neurons,to studyinformationprocessingin the brain.Researchderivedfrom
thesetraditionsof neuropsychologyand cognitive neurosciencehascontrib-
utedto thedevelopmentof animalmodelsin thestudyof aging,asexemplified
by theareascovered inthefollowing sections.

MEDIAL TEMPORAL LOBE SYSTEM

PsychologicalFunctionsof theMedial Temporal Lobe
Patientswith medial temporal lobe damagehave circumscribeddeficits in
memory; the syndromeincludesan anterogradeamnesiaand sparesremote
memoryandgeneralintellectualcapacities(Corkin 1984,Scoville & Milner
1957).Anterogradeamnesiarefersto the inability to remembernew informa-
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tion and episodesof life that occurafter medial temporallobe damage.The
anterogradememoryimpairmentis consideredto representa defectin mecha-
nismsthat allow long-termretentionof new material.In supportof this con-
cept many domainsof information processingand immediate memory(e.g.
digit span)arepreservedin theseamnesicpatients.Moreover,therecognition
thatpatientswith suchamnesiahaveareasof preservedmemory,e.g.priming
and skill learning, advancedthe conceptthat the brain possessesmultiple
memorysystems(Cohen& Squire1980).The domainof memoryin medial
temporallobe amnesiais variouslydescribedasdeclarativeor explicit mem-
ory, referring to representationsin memorythat providea basisfor the con-
sciousrecollectionof facts andevents.

Researchusinganimalmodelshassoughtto definethecomponentsof the
medial temporallobe that contribute to the amnesicsyndrome.Considerable
evidencefor deficitsin declarative memory has beenobtained inotherspecies,
but agreementhasnot yet beenachievedabouttheunderlyingstructuressub-
servingmemorywithin the medial temporalsystem.The most widely used
animal model under study inthis areaof researchis arecognition memory task
performed by rhesus (or cynomolgous) monkeys(Squire  & Zola-Morgan
1991).In this delayednonmatch-to-sample task,monkeysarepresentedwith
anobjecton an information trial. After a variabledelay,theoriginal objectis
presentedwith a novel object,andselectionof the novel object is rewarded.
Considerable  consensussurrounds  theobservation  thatdamageto cortical
regionsof the medial temporallobe (perirhinal,entorhinal,parahippocampal
cortex)producesa significant delay-dependentdeficit in this object-recogni-
tion task (Meunier et al 1993,Suzuki et al 1993).Lessconsensushasbeen
achievedconcerning the effectsof damageconfinedto thehippocampus (Mur-
ray1996).However,it is clearthatdamageto thehippocampusaloneproduces
lesssevereimpairmentthan damagerestrictedto the cortical regionsof the
medial temporallobe. It is interestingto note that relatively similar findings
have been reportedin studies  ofrodentsdesignedto  parallel the delayed
nonmatch-to-sample task usedwith monkeys.Damageto cortical structures
associatedwith thehippocampal formationproducesdelay-dependentimpair-
mentsthatarenotobservedafterselectivedamageto thehippocampus(Otto&
Eichenbaum1992,Wilner et al 1993).

Different perspectivesare offered to accountfor findings in this line of
research.By oneview, acommon function inmemoryis servedby thecompo-
nent medial temporallobe cortical regionsand the hippocampus, with more
severe impairment resulting from more extensive damage to this system
(Squire& Zola-Morgan1991).Another view is that the componentsof this
systemmay servesomewhatdifferent functionsin declarativememory.For
example,the relative insensitivity of delayednonmatch-to-sampletasks to
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damage  ofthe  hippocampusalone  may  indicate  that  themedial  temporal
cortical regions cansubservememory representationfor individual items inde-
pendent ofthehippocampus, while thehippocampusis essential fortheforma-
tion of morecomplexrepresentationsin memory(Eichenbaumet al 1994).In
agreementwith this distinction, certainrepresentationsthatprovidea basisfor
the flexible useof information in memoryappearto be highly sensitive to
selectivehippocampaldamagein laboratoryanimals.For example,it hasbeen
arguedthat spatialinformation is an exemplarof this type of representation,
andit is well documented that severedeficitsin spatialtasks areobservedafter
lesionsof thehippocampus.Anotherinstanceof memoryrepresentationsensi-
tive to disruption of the hippocampuscomesfrom a study using probesfor
memoryafter animalswere trainedon a set of nonspatialstimulus-stimulus
associations.Normal rats demonstrated two forms of flexible memory that
were not shownby rats with selectivehippocampallesions,i.e. transitivity,
reflectedin theability to compareacrossstimulus pairsthat sharea common
element,and symmetry,referring to the ability to associatepairedelements
presented inthe reverse of thetrainingorder (Bunsey& Eichenbaum1996).

Additional researchis neededto establishmore firmly whetherthe brain
regionsthatcomprisethemedialtemporallobeare functionallyheterogeneous
with respectto their rolesin declarativememory.Furtheradvances inthis area
of cognitiveneurosciencewill continueto providean importantbackground
for understanding theneurobiologicalbasisof alteredmemoryprocessesin the
elderly.

PsychologicalFunctionsof theMedial Temporal Lobe in
Normal Aging:HumanBeings
The characteristicsof memory impairment in presumablyhealthy elderly
adultsappearto parallelthegeneralfeaturesof medialtemporallobeamnesia
(Craik & Jennings1992).Remotememoryandimmediatememory(e.g.digit
span)arespared.Elderly subjects,however,performmorepoorly on typical
testsof declarativememory(e.g.pairedassociates,delayedparagraphrecall).
Suchdeficits point to involvementof medial temporallobe structures.Evi-
dencethatalterationsin themedialtemporallobemayunderlieage-associated
memoryimpairmentis notedabove;Golomb et al (1993) found that elderly
individualswith hippocampalatrophyperformedlesswell on testsof delayed
recall.

Functionalneuroimagingstudiesarenow providing newinformation about
the relativeactivationof this systemin youngandelderly individualsduring
performanceof memory tasks.Grady et al (1995) measuredcerebralblood
flow during encodingand recognitionof faces.They reportedthat poorer
memory performancein healthyelderlyindividualsrelativeto youngindividu-
als was associatedwith a reductionin hippocampaland prefrontal cortical
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activationduringencoding.In thecontextof this observation, it is noteworthy
thathypoactivity in themedialtemporallobeis not invariablyobservedin the
brainsof elderly subjects.In contrastwith the resultsof Gradyet al, another
recentstudyfound comparablemedialtemporallobe activationin youngand
elderly subjectsduring successfulrecall (Schacteret al 1996).In that experi-
ment,a word-stemcompletion taskwas administeredto produce eitherhigh or
low recallof studywords.When neuroimaging wasdoneduringretrievaltests,
equivalenthippocampalactivation in young and agedgroupswas observed
during successful recollection (high recallversus either low recallor baseline),
which indicatesthatanage-relateddeficiencylocalizedto themedialtemporal
lobe doesnot occur in all conditions where hippocampalactivation is ob-
served.Theseresultsalsosuggestthat memorydeficits in the elderly arenot
dueto deficientmedialtemporalfunction during the retrievalof information.
Rather,deficitsmaybeattributable,at leastin part,to a functionalimpairment
in medial temporallobe processingof new information, i.e. encoding,that
serves as a basisfor later recognitionor recall.

Beforeturning to theexaminationof memoryperformancein agedlabora-
tory animals,we reiteratethat age-associatedmemoryimpairmentis not evi-
dent inall individualsin the elderly human population. Thus, it is ofinterestin
studiesof laboratoryanimalsto assesswhethersimilarities can be foundin the
effectsof agingonmemory thatresemblethosefeaturesencounteredin human
beingsand to determinewhether individual differencesalso exist in other
species over thecourse of aging.

PsychologicalFunctionsof theMedial Temporal Lobe in
Normal Aging:AnimalModels

The delayednonmatching-to-sampletaskusedto assessrecognitionmemory
in youngmonkeyswith medial temporallobe damagehasalsobeenusedto
testagedmonkeys(Mosset al 1988,Prestyet al 1987,Rapp& Amaral1989).
Althoughagedmonkeyshavedifficulty in learningthis taskwith a very brief
retentioninterval,givensufficient trainingvirtually all oldersubjectsareable
to reacha criterionequivalentto youngmonkeys.Whenthememorydemands
arethenmanipulatedby increasingdelays,monkeysapproximately25yearsor
olderareimpaired.Individual differencesin recognitionmemoryamongaged
monkeysarealsoobserved,with an impairmentin a subsetof agedmonkeys
that qualitatively resemblesthe effect of medial temporal lobe damagein
young monkeys(Rapp & Amaral 1991). Furthermore,agedmonkeyswith
suchdeficits alsoperformmorepoorly on rapidly learnedtwo-choiceobject
discrimination problems, another assessmentthatis sensitive to medial tempo-
ral lobe damage(Rapp1993).An additionalparallelin thepatternof impair-
ment acrossagedmonkeysand young monkeyswith medial temporallobe
damageis found in a task that increasesthe load of information in memory.
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Subjectsare testedfor identification of eachnew item addedto an array of
previouslypresenteditems(Killiany et al 1995).Thus,studiesof nonhuman
primateshave demonstratedmemory impairments on testssensitiveto the
integrity of the medialtemporallobe.Moreover,thepresenceand/orseverity
of suchdeficitsvariesconsiderablyin theagedpopulation.Becausetheneural
substratewithin themedialtemporallobesystemfor themostcommonly used
task in this research,delayednonmatching-to-sample,is not clearly defined,
age-relatedimpairmenton this assessmentmight reflect alterationsin medial
temporallobe cortical systemseitheraloneor togetherwith alterationsin the
hippocampus.

Otherevidencefor alterationsin thehippocampusin agedmonkeyscomes
from a reportof impairmentin the flexible useof informationin memory.As
notedin the prior section,a testfor the useof information in memorythat is
sensitiveto selectivedamageof the hippocampus hasrecentlybeendemon-
stratedby probesfor transitive inferencein rodents.After learninga set of
stimulus-stimulus associations,young intact rats infer relationsamong the
items,anability that is lacking in ratswith lesionsconfinedto thehippocam-
pus(Bunsey& Eichenbaum1996).In a recentstudy,monkeysthat learneda
hierarchyof object-objectdiscriminationswere tested for theiruse ofinforma-
tion in memory.The performanceof agedmonkeysduring probesfailed to
showresponselatencyeffectsthataretakento reflectthe relationalprocessing
of informationthatunderliestransitiveinference (Rappet al 1996).

Deficits that are widely studiedin agedrodentsin spatialtasksmay also
reflect a declarativememory impairment. Aged rats, like young rats with
damageto thehippocampus,havedeficits in a varietyof spatialtasks(for an
overview,seeGallagheret al 1995).Moreover,impairedspatial learningin
agedratsor in youngratswith hippocampaldamagecanbe demonstratedto
occur independentof decline in sensorimotor/motivational functionsand in
learningthat is guidedby a stimulus or objectusedasa local cue(Gageet al
1989, Gallagheret al 1993). In addition, individual differenceshave been
particularlywell documentedin this line of research.Amongcertainstrainsof
rats, a proportionof agedanimalsexhibit highly preservedperformanceon
such tasks,while other agedcohortsperform entirely outsidethe rangeof
youngrats (Gallagher etal 1993).

With respectto the neurologicalbasisfor impairmentsof agedrodentson
spatialtasks,notethat thesetestsdo not providean entirely selectiveassess-
ment of the function of the hippocampus (Gageet al 1984). For example,
youngratswith lesionsof corticalsystemsinterconnectedwith hippocampus,
e.g.entorhinal/perirhinal cortex,alsoexhibit deficitsin spatial tasks(Nagahara
et  al 1995). Thus additional assessment  is  needed  to  distinguish  between
impairmentthat may havea basisin the alteredstatusof the hippocampus
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versusthesecorticalregions.As notedearlier,a versionof delayednonmatch-
to-sampledevelopedfor studiesof rodentshasrevealeda sensitivity to en-
torhinal/perirhinal cortexdamagethat wasnot seenafter selectivedamageto
the hippocampus in young rats (Otto & Eichenbaum1992). A recentstudy
reportedthat agedrats that learnedthis task at short retentionintervalsper-
formedno differently thanyoungratswhenincreasingdelayswere introduced
(Zyzaket al 1995).Thesameratsusedin this assessmentwerealsoevaluated
in aspatial task whereanage-relateddeficit wasobserved.Thus,agedratsthat
areimpairedin a spatialtaskthat is sensitive to theintegrity of thehippocam-
puscandisplayintact performanceon an assessmentthat is moreselectively
sensitiveto the integrity of relatedcortical regionsin the temporallobe.Such
resultssupportthe conceptthat impairment inspatialtasksreflects an effect of
agingon thehippocampus.

Behavioralstudiesdemonstratinga decline in functions associatedwith
medial temporallobe structuresin laboratoryanimalsprovide evidencefor
age-associatedmemory impairment independentof pathological conditions
that affect the elderly humanpopulation.Moreover,individual differencesin
aging are often documentedin studiesof nonhuman primatesand rodents,
which providesanadditionalparallelwith observationsin humanbeings.

Neurobiology ofAging in the MedialTemporalLobe
Much currentresearchin laboratoryanimalsis directedat theneurobiological
basisof decline in cognitive functionsassociatedwith the medial temporal
lobe. Two conceptsabout the basis for this decline in aging, which have
prevailedfor severaldecades,haverecentlycomeundernew scrutiny.In the
first case,neurodegeneration withinthehippocampushadbeenthought toplay
a significantrole (Meaneyet al 1988).A secondinfluential conceptheld that
degenerationin thebasalforebraincholinergicsystem, a componentof which
innervates thehippocampusand relatedcortical structures, provides abasisfor
memory deficits in aging (Bartus et al 1982). In eachcase,recentstudies
indicatethat theselong-standing conceptsmay be incorrect.After discussing
the researchdealingwith thosetopics,we considerotherpotentialsubstrates
for age-related lossof functionin the medialtemporallobe system.

The conclusion that neuron loss occurs  inthe aged  hippocampus  was
reachedin earlier studiesof human,nonhuman primate,and rodent brains
(Brizzee etal 1980, Dam 1979, Issaet al1990, Meaney etal 1988). Insome of
thesereports,theconceptthatneurodegenerationcausesage-relatedcognitive
declinewas further bolsteredby evidencethat the presenceand severityof
behavioralimpairmentwere correlatedwith loss of principal neuronsin the
hippocampus(Issaet al 1990).It is importantto note,however,thatstudiesof
neurodegenerationwere originally basedon methodsfor estimating neuron
density.Neurodegenerationis now beingstudiedusingnew methodsthat are
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unbiasedfor many factorsthat could influencemeasuresof neurondensity,
suchasthesizeof neuronsandthesizeor composition of nonneuralcells,and
so forth. Recentresults  usingthesenew methods  formeasuring  thetotal
numberof neuronsin a brainstructureindicatethatno neuronlossappearsto
occur in thehippocampusduringnormalagingacross a variety ofspecies.

Studiesof aging in human,nonhuman primate,and rat brain have now
shown equivalent numbersof theprincipal neurons(Figure1) in thehippocampus
(Rapp& Gallagher1996,Rasmussenet al 1996,West1993,Westet al 1993).
Moreover, therecent anatomicalstudiesof ratsshowed that even agedanimals
with substantial deficits indicating hippocampal dysfunctionexhibitedno loss
of neurons in this structure. Forexample, Rapp& Gallagher(1996)observeda
wide range of  spatial ability  in the aged  ratsincluded in their study but
relatively little variability in numbers of hippocampal neurons and no suggestion
of a declinein neuronnumberassociated withage orbehavioral impairment.

Additionalevidenceindicates thatneuronnumberis preservedin thehippo-
campalformationof agednonhumanprimates,including thosemonkeyswith
identified memoryimpairment(West et al 1993). In addition to comparable
numbersof principalneuronsin thehippocampusproper,this studyfoundno
significantlossof neuronsin corticalregionsassociatedwith thehippocampal
formation(e.g.entorhinalcortexandsubiculum). This finding is particularly
noteworthybecausea subsetof theagedmonkeyshaddeficits in recognition
memory assessed indelayednonmatch-to-sample, a taskthatis sensitive tothe
integrityof cortical areas inthe medialtemporallobe.

Neurodegenerationin thehippocampuswasformerly viewedasaninevita-
ble consequenceof normal aging.Reportsthat the principal neuronsof the
hippocampusarepreservedacrossa varietyof species,evenin thepresenceof
substantialbehavioralimpairment,mayprompta shift in theview thatneuro-
nal loss in this structureservesas a basisfor age-relatedcognitive decline.
Neurodegenerationin the hippocampus also appearsto distinguish certain
pathologicalconditions from normal aging. In contrastwith normal aging,
stereologicalmethodsdetectsignificantreductionsin thenumberof principal
neuronsin the hippocampusin individualswith diagnosedAlzheimer’s dis-
ease (Westet al 1994).

A secondlong-standingconceptaboutthe neurobiological basisof cogni-
tive decline in aging hasfocusedon the basalforebraincholinergicsystem
(Bartuset al 1982).Cholinergicneuronswithin this systemthatarelocatedin
the medialseptumandvertical limb of the diagonalband(MS/vDB) provide
innervationof thehippocampusandrelatedmedialtemporalcortex(Koliatsos
et al 1990). Atrophy and degenerationof theseneuronsis detectedin aged
brains (Fischeret al 1989, Smith & Booze 1995, Stroessner-Johnsonet al
1992), and marked pathology affects this system in Alzheimer’s disease
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(Coyle et al 1983,Davies& Maloney1976).It is furthernoteworthythat the
numberand size of theseneuronsare affectedby age acrossa variety of
species, including rats, monkeys, and human beings.The  possibility that
neurodegenerationwithin this population of neuronscontributesto functional
impairmenthasfound supportin numerousstudies showingthat theamount of
cholinergicneurondeteriorationis relatedto theseverityof behavioraldeficit
in agedsubjects(for anoverview,seeGallagheretal 1995).Notethatthevast
majority of thesecorrelationalstudies haveusedrat performanceon spatial
tasksasthebehavioralassessment. Recentevidence,however,challengesthe
conclusionthat deteriorationof cholinergicneuronscan accountfor age-re-
lated impairmentsin spatialtasks(Gallagher& Colombo 1995).At issuein
this line of researchis not whetherdegenerationoccurswithin thebasalfore-
brain cholinergicsystem,but whetherthat effect of aging causesbehavioral
decline.

One way to assessthe contribution of the septohippocampalcholinergic
systemto age-relatedimpairments  is to examinewhether  removingthese

Figure 1 The schematic shows the principal neurons of the hippocampal formation, the granule
cells of the dentate gyrus (DG), and the pyramidal neurons of the hippocampus proper (areas
CA1–CA3). Twomajor input pathwaysto thehippocampal formationareil lustrated.Input fromthe
lateral andmedial entorhinal cortex (Lat Ent and MedEnt) provideshighly processed information
andterminatesprimarily on the dendritesof the granule cells in the dentategyrus. A subcortical
pathway(Septal Inputs) entersthrough another route andprovideswidespreadinnervation of the
hippocampal formation. This latter input includesthe cholinergic innervation of the hippocampal
formation. A trisynaptic circuit through the hippocampus (not shown) begins with the synapses
formedby theentorhinal cortexprojection onto thedentategranulecells.Thosecells in turn project
to the CA3 area.The CA3 pyramidal neurons form a third setof synapseswithin this structure,
projecting onto thepyramidal cells inthe CA1area.
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neuronsin younganimalsreproducesthedeficitsobservedin aging.A newly
developedimmunotoxin 192 IgG-saporincan be usedto target selectively
basalforebraincholinergic neurons.After injection of the immunotoxin into
theMS/vDB, a nearlycompleteremovalof thecholinergicinnervationof the
hippocampuscanbeachieved.It hascomeasa surprise,giventhecholinergic
hypothesisof age-relatedimpairment, that immunotoxin-inducedlesionsof
theseptohippocampal cholinergicsystemfail to producereliablespatiallearn-
ing deficits(Baxteret al 1995a,1996;Berger-Sweeneyet al 1994,Torreset al
1994).Young ratswith over 90% depletion of thecholinergic-specific enzyme
cholineacetyltransferase(ChAT) in hippocampusperformnormallyon a spa-
tial learningprotocolthat is highly sensitiveto deficits in agedrats(Baxteret
al 1995a),andno impairmentis even detectedafter removalof the entirebasal
forebraincholinergic system,including theinput to thehippocampalformation
and the widespreadinnervationof the cerebralcortex (Baxter et al 1996).
Moreover,comparablecholinergiclesionsin agedratsdonotappearto exacer-
bateor induceimpairmentin spatialtasks(Baxter& Gallagher1996).Thusit
is unlikely that deteriorationin the septohippocampalcholinergicsystemby
itself providesa sufficient basisfor age-relateddeficits that are commonly
observedin spatial tasks.We return in a later sectionof this review to the
function of the cholinergic innervationof the hippocampus and its possible
contribution tobehavioral deficitsin aging.

A current themein researchon normal aging is that a reductionin the
numberof synaptic connections, ratherthanfrankneurodegeneration,provides
a basis  for  age-relatedalterationsin  cognition. For example,  atrophyand
degenerationin the basalforebraincholinergicsystemis likely to result in
somelossof hippocampal innervation by theseneurons.In agreementwith this
expectation,thecholinergicresponsemediatedby stimulationof theseptohip-
pocampalinput is reducedin all areasof theagedrat hippocampalformation
(Shen& Barnes1996).However,the failure of specificcholinergic lesionsto
reproducememorydeficits that havebeenwell documentedin agedrodents
makesit unlikely thatthis alteration,by itself, servesa broadbasisfor impair-
mentsin aged rats.

Apart from the subcorticalinput to the hippocampus that originatesin the
septalregion,anadditional lossof synapticinput from anothersourceis well
documentedto occur in aging.That input, which providesthe primary route
for transferof highly processedcortical informationto the hippocampus,de-
rives from neuronsin theentorhinalcortex(refer to Figure1). Ultrastructural
studiesof rat brain havedemonstrateda significant loss of synapticconnec-
tions in thehippocampalformationthatareformedby entorhinalcortexinput
(Geinismanet al1992). Inaddition,individualdifferencesin cognitive decline
amongagedratsare reportedto coincidewith differencesin the lossof this
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innervation(Geinismanetal 1986).Reducednumbersof synapticconnections
may also occur in other areasof the hippocampalformation (Barneset al
1994).

It might bereasonableto expectthat reducednumbersof synapticconnec-
tions in thehippocampal formationcouldprovidea basisfor behavioraldefi-
cits that dependon the integrity of this system.However,it shouldbe recog-
nized that a numberof factorsmight argueagainstthat outcome.Neurobi-
ologicalsystemspossessa numberof mechanismsthataregearedto maintain
function.Considerableevidenceindicatesthatsuchmechanisms arerecruited
in theagedbrain.For example,althoughfewersynapticconnectionsaremade
in thedentategyrusof thehippocampalformationin agedrats,the responseto
input at the remainingsynapsesis greatly increased(Fosteret al 1991). In
addition,a lossof synapses from corticalinput induces asproutingresponse in
which newconnectionsareformedby inputsfrom othersources.Evidencefor
suchsproutingin the hippocampaldentategyrus hascomefrom studiesof
agedbrainsand is alsoobservedin Alzheimer’s disease(Geddeset al 1992,
Nicolle et al 1996).This typeof sproutingmaybecompensatoryin nature,as
newconnectionsaremadeto replacethosethatarelost. However,suchreac-
tive growth may not alwaysbe beneficial.New connectionsmight addto the
adverseeffectsof agingbecausethey comefrom a different sourcethan the
original input. Studiesof agingoften lack thefunctionalanalysisnecessaryto
distinguishbetweenthesepossibilities. Recentstudiesusingbehavioralassess-
ment along with neurobiologicalanalysisare being conductedto evaluate
whethersuch alterationsin the brain provide protectionor impose further
adverseeffects onoutcome(Nicolle etal 1996,Stack et al 1995,Stenverset al
1996).If a neurobiological responsein the agedbrain is compensatory,then
thedegreeto which this responseoccursshouldpredicta betteroutcome,i.e.
lessbehavioralimpairment. However,if a reactiveprocessonly addsto dys-
function thenthe presenceof sucha changein the brain might be associated
with greaterimpairment.Researchof this type shouldleadto a betterunder-
standingof the consequencesof reactiveandreorganizationalprocessesthat
occur in theaged brain.

Studiesof neurodegenerationandsynaptic connectivity provideimportant
information aboutstructuralfeaturesof the brain during aging. Apart from
suchstructuralfeatures,effectsof agingareevidentin thefunctionalintegrity
of existingneuronsandconnections.Suchchangesmaybeimportantfactorsin
diminishingtheoverall performanceof themedialtemporallobesystemdur-
ing aging.

Neuronsin thehippocampalsystempossessa complexarrayof biological
mechanismsfor information processing.In addition to specializedreceptors
for specificinputs,receptorsarecoupledto a varietyof transductionsystems
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thatarenecessaryto producephysiological responsesto thoseinputs(refer to
Figure 2). Furthermore,transduction mechanisms are not only usedfor the
processingof informationtransmittedbetweenneuronsbut alsoplay a role in
alteringthefunctionalpropertiesof synapticconnections.Long-termpotentia-
tion (LTP), referringto thelong-lasting increasein theeffectivenessof synap-
tic connectionsthat can be readily inducedin the hippocampalsystem, has
attractedwidespreadinterestas a possible physiological mechanismfor the
storage of information in the mammalian brain.

Studieson transduction mechanismsmayprovideinsight into thebasisfor
changesin informationprocessingandinformation storageduringaging.The
findings from such researchare especiallyinformative in a systemwhere
neurodegeneration  is  not  a  prominentfeature of aging. In such a setting,
measurable decreases in componentsof transductionsystems,includingrecep-
tors, couplingmechanisms, andsecondandthird messengers,do not merely
reflect a loss of neuronsbut indicatea changein the functional integrity of
existing neurons.For this reason,recentevidencefor preservednumbersof

Figure 2 Schematic il lustratesinterneuroncommunication. Transmission from aninput produces
a postsynaptic responsethrough a variety of transduction mechanisms.The components of this
communicationsystemincludereceptorsthateitherdirectly regulateaneuron’s excitabil ity orwork
through biochemicalcascades (2nd and3rd messengersystems).
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neuronsin the hippocampus is important for interpretingthe effectsof aging
on otherneurobiological measures.

In additionto anabsenceof frank neurodegenerationwithin thehippocam-
pus during aging, at least sometypesof receptorsthat serveas targetsfor
neurotransmittersarealsorelativelyunaffectedby agingin this structure.For
example, substantial preservationof postsynaptic receptorsfor acetylcholine is
reportedin a numberof studies(Chouinard et al 1995, Quirion et al 1995,
Smith et al 1995).To the extentthat postsynaptictargetsarepreserved,then
strategiesto addressthe effects of aging might be  developedto increase
function at thesesites.Sucha rationalehasservedasa basisfor developing
drugs to compensate for age-related deterioration of the basal forebrain choliner-
gic neurons.Acetylcholinesterase inhibitors (e.g.Tacrine) areintendedto aug-
menttheactionof acetylcholineat its receptorsin theforebrainby preventing
thedegradationof this transmitter (Davisetal 1992,Thal etal 1989).Because
such drug treatmentscan improve cognitive function in young rats, some
benefitmight beachievedin agedanimalsevenif thebasisfor impairmentis
not solely due to a cholinergic defect (Gallagher& Colombo 1995). The
effectivenessof augmentingcholinergicfunction would depend,however,on
an intact physiological responseat cholinergic receptors. In thecaseof those recep-
tors,however,a bluntedresponseto cholinergicstimulationhasrecentlybeen
documentedin theagedrodenthippocampus(Chouinardet al 1995,Undieet
al 1995). In one of these studies, a greater reduction in the postsynaptic re-
sponseto cholinergicstimulation wasseenin agedratsthatwerefoundto have
morepronouncedcognitive impairment(Chouinard etal 1995).Moreover,the
neurobiological defect in this caseappearedto resideat a point in the bio-
chemical machinery that would potentially affectthephysiologicalresponseto
other transmitter/receptor inputsthat usethe sametransductionpathway.

In addition to the role that transductionmechanismsservein information
processing,long-lasting changesin the propertiesof synapsesdependon the
functionalintegrity of neurons.It haslong beenrecognizedthatalterationsin
themechanismsrequiredfor neuralplasticity couldprovidea basisfor cogni-
tive declineduringaging.Oneof theearlieststudiesof individual differences
in spatiallearningin agedratsshowedthat this impairmentcorrelatedwith a
deficiencyin neuralplasticity in hippocampus(Barnes1979).In thoseexperi-
mentsanin vivo studyof LTP at perforant/dentatesynapseswasconductedin
thesameratsthatwerebehaviorallytestedin a spatiallearningtask.Although
asymptotic (saturated)LTP did not differ betweenthe agegroups,this LTP
wasachievedlessreadily anddecayedmore rapidly in the agedrats than in
young rats.Furthermore,the impairmentin behaviorallearningwas signifi-
cantlycorrelatedwith theeffectof agingon LTP. Additional studiescontinue
to documentthatLTP is adverselyaffectedduringtheagingprocess(Barnes&
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McNaughton1985,Mooreet al 1993).A modestlossof the receptorsrequired
for inductionof LTP mayoccur inthe aged hippocampus inbothprimatesand
rodents(Clark et al 1992,Gazzaleyet al 1996,Nicolle et al 1996,Wanget al
1996). A highly active areaof researchaimedat defining the mechanisms
underlyingLTP in adultanimalswill providea routefor betterunderstanding
the basisof thedeteriorationseen inaging.

Consistentwith a varietyof evidencefor functionalalterationsin theaged
hippocampalformation,recordingthe activity of hippocampal neuronswhile
animalsperformcertaintaskshasprovidedevidencethattherepresentationof
information inthissystem isalteredin olderanimals.Suchstudieshaveshown
less reliability and specificity of the information encodedby hippocampal
neurons(Barneset al 1983,Mizumori et al 1996;but seeMarkuset al 1994).
In a recent studyof aged rats,individual differenceswerealsoevident.In aged
rats that were impairedin a cognitive assessmentof spatial learning,repre-
sentationsof relationships amongstimuli in a spatialenvironment wererela-
tively impoverishedand inflexible comparedwith either young rats or aged
cohortswith preservedbehavioralfunctions(Tanila et al 1996).Furtherre-
search of thistypewill help toelucidatethe computationalcost ofthe neurobi-
ological effectsof aging within this brain system.Identification of mecha-
nismsunderlyingdiminishedfunction within that circuitry will undoubtedly
providean impetusto the development of new therapeuticstrategiesto treat
age-related impairment.

In conclusion,cognitive impairments that resemblethoseseenin elderly
humanbeingscanbe observedin the studyof agedlaboratoryanimals.Indi-
vidual differencesin the effectsof agingon taskssensitive to the integrity of
the medial temporallobe are also mirrored in the presenceand severityof
some  neurobiological changes  found  in  this  system. Beyond  theeffort to
constructa descriptionof normalaging,researchusinganimalmodelsprom-
ises toprovide a setting forproductive researchon mechanismsof brainaging.
This may includea betterunderstandingof how the rateor severityof aging
providesa basisfor individualdifferences in cognitive abilitieslate inlife.

FRONTAL LOBE SYSTEMS

PsychologicalFunctionsof FrontalLobe Systems

In contrastwith amnesiaresultingfrom medialtemporallobedamage,human
beingswith frontal lobe lesionsperformaccuratelyon manystandardtestsof
declarativememory(reviewedin Moscovitch & Ulmita 1991).Currentper-
spectivesinsteademphasizethat the prefrontalcortex supportsa variety of
organizationalprocessesthat importantly influencethe strategicuseof mem-
ory. In addition, compelling evidencehasrevealedfunctional heterogeneity
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acrossthe regionscomprising the prefrontalcortex. A popularview is that
theseareasfunction in a “central executive”capacity,mediatingthe on-line
manipulation of memory,particularly undercircumstancesemphasizingthe
spatial,temporal,or other contextualattributesof acquiredinformation (re-
viewedin Moscovitch & Ulmita 1991).Recentevidenceconsistentwith this
view comesfrom neuroimagingstudiesin normal humansubjects.Cerebral
blood flow is selectivelyincreasedin a region of the dorsolateralprefrontal
cortexwhenmemoryfor temporalorderis necessaryfor successfulperform-
ance relativeto conditionsinvolving thesamesensoryandmotordemandsbut
lackinga temporalordercomponent(Petrideset al 1993a,b).A slightly more
posteriorprefrontalregion(area8), by comparison,is activatedduringacondi-
tional discrimination procedure  placingrelatively  greateremphasison  the
environmentalcontingencies governing ongoing behavior (Petrides et al
1993a).Suchdatasupportthe conceptthat the prefrontalcortexcomprisesa
variety of functionally distinct subsystems. In addition, this backgroundof
informationhelpsto accountfor the patternof impairmentsobservedfollow-
ing frontal lobe damage,which includesprominent deficits in memory for
temporalorder, impaired recall for the sourceof acquiredinformation (i.e.
sourceamnesia),anddifficulties modifying behaviorappropriately inresponse
to changingenvironmentalcontingencies(i.e. perseveration)(Janowskyet al
1989a,b;Shimamuraet al1990).

Another featureof specializationwithin the prefrontalcortexis suggested
by studiesfocusingon the componentprocessesof declarativememory,e.g.
encoding,retrieval,andsoforth. As notedpreviously,encodingprocessesand
thesuccessfulconsciousrecollectionof eventsareassociatedwith hippocam-
pal activation (Gradyet al 1995,Schacteret al 1996).Lateralizedprefrontal
corticalactivationis particularlyassociatedwith effortful retrievalof informa-
tion from memory (Schacteretal 1996).This observationsupports theconcept
that theactivity of prefrontalcortexis engagedby specificretrievalstrategies
in support ofdeclarative memory (Buckner & Petersen1996).By this account,
successfulperformanceon testsof declarativememoryin patientswith frontal
damagepresumablyreflectsthe utilization of alternateretrievalmechanisms
mediatedby intact structures.Findingsfrom studiesof normalhumanaging,
reviewed inthe nextsection,are consistentwith this proposal.

PsychologicalFunctionsof FrontalLobe Systemsin Normal
Aging: HumanBeings

Althoughdeficitsin declarativememoryarefrequentlyobservedin theelderly,
oldersubjectsexhibit a varietyof impairments thatwould notbeanticipatedas
a consequenceof dysfunctionrestrictedto themedialtemporallobe.Many of
the most prominentand consistentsignsof age-relatedcognitivedeclinein-
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steadoccur in the information-processingcapacitiestraditionally associated
with the prefrontal cortex (for recent reviews, seeRapp & Heindel 1994,
Shimamura1994). For example,normal elderly individuals have difficulty
rememberingthesourceof acquiredinformation(Janowskyetal 1989b,McIn-
tyre& Craik1987, Naveh-Benjamin &Craik1995),evenundercircumstances
where explicit recollectionof target items is relatively intact (Dywan et al
1994, Glisky etal 1995).Sourcememory deficitscanalsopredictperformance
on othertestsof frontal lobefunction,which suggeststhata commonneurobi-
ological basismay underlietheseimpairments(Craik et al 1990,Glisky et al
1995;but see Spencer& Raz 1994). Afurtherparallel with the effectsof frank
frontal lobe damageis that memoryfor temporalorder appearsparticularly
susceptibleto declineashumanbeingsage(Daigneault& Braun1993,Parkin
et al 1995).

It is noteworthythat certainimpairmentsassociatedwith the function of
prefrontalcortexemergerelatively early in the life span,during middle-age,
andareunrelatedto thestatusof encodingandretrievalprocessesthatsupport
normal declarativememory. Moreover, when age-relatedimpairments that
resemblebothmedialtemporalandprefrontaldysfunctioncoexistin thesame
persons,thesecognitive deficitsmaybesomewhatdissociable.A particularly
interestingreport relevantto this point studied healthyagedindividuals be-
tween the agesof 65 and 87 years(Glisky et al 1995). Two factors were
obtainedin a factor analysisof the neuropsychologicaltestdata.Teststradi-
tionally viewed as assessingthe statusof prefrontalcortex (e.g. Wisconsin
Card  Sorting)  loaded  onto  one  factor,whereasassessmentsof declarative
memorysensitive to medial temporallobe status(e.g. pairedassociates,de-
layedcuedrecall)loadedstronglyontoa secondfactor.A subsequentstudyof
item and sourcememoryshoweda doubledissociation amongtheseelderly
individualsthatcorrespondedwith their relativefunctioning on medialtempo-
ral lobe andprefrontal assessments,respectively. In addition to suggesting that
thereis not necessarilyanobligatoryrelationshipin theeffectsof agingacross
different information processingdomains, thesedatasuggestthat theunderly-
ing biological alterations  that  causedecline in medial  temporal  lobe-and
prefrontal cortex–dependentfunctionsmay occur somewhatindependently.

In agreementwith theneuropsychological assessments of agedhumanbe-
ings notedabove,assessmentof the neurobiologicalstatusof the prefrontal
cortexindicatesits susceptibility to age-relateddecline.Cortical atrophydur-
ing normal humanagingis especially pronouncedin thefrontal lobe,progress-
ing at a rate greatlyexceeding atrophyobserved in the cerebralhemispheres as
a whole (Coffey et al 1992).Measurementsof regionalcerebralblood flow
undera varietyof testingconditionsalsoprovidean indicationof diminished
function. Oneof the principal findings to emergefrom this approachis that
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task demandssufficient  to produceprefrontal cortical activation in young
subjectsfail to increase activityin this sameregion inolder adults(Grady et al
1995).Neuroimaginghasalsolocalizeddifferentpatternsof activation coinci-
dent with efforts to retrieveinformation, relative to activity inducedby the
consciousrecollectionof targetitems(Schacteret al 1996).In youngsubjects,
retrievalefforts areaccompaniedby significant activationin anterioraspects
of the frontal lobe, but a more posteriorfrontal region is activatedin aged
subjectsunderthesametestingconditions.No agedifference,in contrast,was
observedduring the successfulrecollectionof targetinformation, which pre-
dominantly engagesmedialtemporallobestructures.The interestingimplica-
tion of theseresultsis that whenrecollectionis not readily achieved,young
andagedsubjectsmay usedifferent retrievalstrategies,mediatedby distinct
prefrontalprocessingsystems.Independentof the validity of this particular
hypothesis, itis evident thatabnormalitiesin theactivationof prefrontalcortex
occur in relationto cognitive aging.

PsychologicalFunctionsof FrontalLobe Systemsin Normal
Aging: AnimalModels

The developmentof a nonhumanprimatemodelof normal cognitiveaging has
revealeda numberof interesting parallelswith findings in humanbeings.
Deficits on delayedresponsetestsof short-termmemoryareamongthemost
conspicuousand well characterizedsigns of behavioraldecline in the aged
monkey(Bartuset al 1978, Dean& Bartus1988). In the standarddelayed
responsetask, a reward,placedin one of two locations,is retrievedby the
monkeyafter avaryingdelay.There iscompelling evidence,however, thatthe
delayedresponsedeficit is not necessarilysymptomatic of a generalmemory
impairmentof the type that resultsfrom damageto themedialtemporallobe.
For example,agedmonkeyswith pronounceddelayedresponsedeficits often
performnormally on standardtestsof recognitionmemory(i.e. delayednon-
match-to-sample) and on a variety of other proceduresthat are sensitive to
medialtemporallobe lesions(Bachevalieret al 1991,Rapp& Amaral1989).
In addition, delayedresponseimpairmentsemergerelatively early in the life
span,precedingthe decline in memory abilities that require the functional
integrity of themedialtemporallobe(Bachevalieret al 1991).Consistentwith
conclusionsfrom humanresearchdiscussedin the prior section(Glisky et al
1995),thesefindingsemphasizethatageeffectsarenot uniform acrossdiffer-
ent information-processingdomains,andthat medial temporallobe dysfunc-
tion alonemay fail to accountfor certainkey featuresof cognitiveaging in
nonhumanprimates(for recent reviews,see Dean & Bartus1988,Rapp 1995).

A numberof thebehavioralimpairmentsobservedin agedmonkeysappear
to reflect a declinein memory-relatedprocessesmediatedby the prefrontal
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cortex(Dean& Bartus1988,Rapp1995).In this context,a noteworthyaspect
of standarddelayedresponsetestingis that it makessubstantial demandson
memoryfor temporalorder.This is a consequenceof theproceduralarrange-
mentin which a rewardis hiddenrandomly, acrosstrials, amonga relatively
small numberof possible locations.Accurateperformancethereforerequires
memoryfor the locationbaitedmost recently,andthe ability to discriminate
thecurrenttrial from information presentedearlierin testing. Standarddelayed
response testingalso incorporatesan explicitspatialcomponentthat is thought
to specificallyengageprocessingfunctionsof the dorsolateralprefrontalcor-
tex(Wilsonetal 1993).Consistentwith theview thatdelayedresponsedeficits
reflectprefrontalcorticaldecline,agedmonkeysexhibit deficitson other tasks
as a function of demandson temporalordering(Rapp& Amaral 1989). In-
creasedperseverationis alsoobservedin agednonhumanprimates(Anderson
et al 1993,Bartuset al 1979),similar to effectsseenin agedhumanbeings
(Janowskyet al 1989b),and qualitatively resemblingthe difficulties young
subjectswith frontal lobedamagedisplayin modifying behaviorundercondi-
tionsof shifting taskcontingencies(Janowskyet al1989a).

A unifiedperspectiveon thefunctional organizationof theprefrontalcortex
thataccommodatesresultsfrom bothratsandprimateshasyet to beachieved.
Nonetheless,studiesof agedratshavenoteda numberof qualitative similari-
tieswith thebehavioraleffects offrontal lobedamagein youngadultrats.In a
direct comparisonof this type,Winocur (1992)evaluateddelayednonmatch-
to-sampleperformancein young and agedgroups,and in young rats with
lesionsof either the prefrontal cortex or dorsal hippocampus.The sample
stimulus in this operantprocedureconsistedof a panellight that was illumi-
natedat one of two intensities. During the recognitionphaseof eachtrial,
rewardwascontingenton the rat’s committing orwithholdinga leverresponse
(i.e. “go,” “no-go”) dependingon whethera matchingor nonmatching light
intensitywaspresented.Similar to delayedresponsetestingin monkeys,the
opportunity for  intertrial interference  issubstantial  in this procedure,  and
successfulperformancerequiresanimalsto distinguish betweenthe current
sampleandthesameitems presentedin earliertrials. Agedrats,andyoungrats
with prefrontalcortical lesions,displayed substantial acquisitiondeficits under
conditionswhereno delaywasimposedbetweenthesamplepresentationand
recognitiontest.In contrast,youngratswith hippocampal lesionsacquiredthe
taskat a normalrate.Thesefindings broadlyparallelresultsin monkeysand
humanbeings,consistent  withthe view that the temporal organizationof
memory is significantly disrupted intheagedrat.Qualitativesimilaritiesin the
effectsof aginganddirectprefrontalcorticaldamagehavealsobeennotedin
studiesusingotherbehavioraltestingprocedures(Winocur1991,Zyzaket al
1995).
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Neurobiology ofAging in Frontal LobeSystems

Comparedwith the researchon the medial temporallobe systemreviewed
above,only limi tedexperimentalattentionhasfocusedon defining theneuro-
biological consequencesof prefrontal cortical aging. Recentneuroimaging,
however,hasrevealedthatmetabolic activity in themonkeyprefrontalcortex
declineswith age,and interestingly, that variability amongagedsubjectsis
substantially greaterthanamongyounganimals(Eberlinget al 1995).On this
basis,it is temptingto speculatethat individual differencesin metabolicactiv-
ity might predictthe statusof cognitiveprocessesmediatedby the prefrontal
cortex.Preliminaryfindingsfrom a studycombining functionalneuroimaging
anddelayedresponseassessmentin thesame subjectssuggestthatthis maybe
the case (Robertset al1996).

Changesin the structural integrity of the prefrontal cortex are currently
underexamination asa possible basisfor age-relatedcognitivedecline.Con-
sistentwith a growing body of evidenceindicating that neuronnumber is
generallypreservedduring normalagingin the medialtemporallobe cortical
structures(Rapp& Gallagher1996,Rasmussenetal 1996, West1993,Westet
al 1993;andseesectionon “Neurobiologyof Aging in the Medial-Temporal
Lobe”), Peterset al (1994)failed to observeanyage-relateddeclinein neuron
density in the dorsolateralprefrontal cortex. A subjective scoring of white
matterpathology in the samesubjects,however,revealedprominentageef-
fects, with the greatestdegreeof changeapparentlyobservedamongaged
monkeysthat weremost impairedon standardtestsof learningandmemory.
Subtle age-relatedalterationsin other morphological parametershave also
beennoted,  including  adecline in the dendritic arborizationof prefrontal
corticalneurons(Cupp& Uemura1980). Providingan additionalparallel with
studiesof themedialtemporallobe,structuralfeaturesin theprefrontalcortex
arerelatively intact,with possiblygreateralterationsin neuropilandconnec-
tivity as opposedto frank neurodegenerationof cortical neurons.

Comparedwith the relatively preservedstructural featuresof prefrontal
cortex,considerable evidence pointsto asubstantial impact ofageonsubcorti-
cal systemsthatprojectto cortex.In additionto thecholinergicneuronsin the
basalforebrain system, several collectionsof monoamineneuronsin thebrain-
stemappearto undergosignificantdegenerationand/oratrophyduring aging
(DeKeyseret al 1990,Irwin et al 1994).In youngsubjects,systemicpharma-
cologicalmanipulations of noradrenergicanddopaminergic function signifi-
cantly influencespatialandtemporalaspectsof memory,andat leastsomeof
theseeffectsappearto bemediatedat thelevel of corticalprojectiontargetsin
the frontal lobe (Murphy et al 1996).Thesenormative findings, then,leadto
theexpectationthatage-relatedalterationsin neurochemicallydefinedsubcor-
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tical projection systemsmight significantly disrupt information processing
functionsdependenton theprefrontal cortex.

Concerningthe function of prefrontalcortex,considerableevidenceindi-
catesthat age-relatedalterationsin its dopaminergic innervationmay be par-
ticularly important. This interpretationis consistentwith electrophysiological
resultsdemonstrating that applicationof dopaminereceptorantagonistscan
modulatethe memory-relatedfiring propertiesof single prefrontal cortical
neurons(Will iams& Goldman-Rakic 1995).Researchaddressingthe neuro-
chemistryof agingin themonkeyindicatesthatendogenousdopamineconcen-
trationsaremarkedlyreducedin the prefrontalcortexandthat this declineis
substantially greaterthan that observedin other cortical regions(Goldman-
Rakic & Brown 1981, Wenk et al 1989). In addition, Luine et al (1990)
observedthat during aging in the rat, a dopaminedeficiency in the frontal
cortexwassignificantly correlatedwith impairedworking memoryperform-
anceon a radial maze.Although dopamineagonistadministrationin young
subjectscanaffecta variety of behavioraldomains including motor function,
effectsof dopaminergicagentsin agedmonkeysareselectivelyattenuatedon
tasksthat requirethe functionalintegrity of theprefrontalcortex,suchasthe
standarddelayedresponsetask(Arnstenetal 1995).Combinedwith asubstan-
tial body of earlierresearch(reviewedin Arnsten1993),thesefindings raise
thepossibility thatalterationsin subcorticalsystems,suchasthemesocortical
dopaminergicneurons,might contributeto certainaspectsof cognitive aging
by disrupting theinformationprocessingfunctionsof corticaltargetregionsin
the frontal lobe.This areaof researchalsosupportsthebroadertheme,devel-
opedthroughout this review, that cortical and subcorticalbrain systemsare
differentially sensitive to the neurobiological consequencesof normalaging.
The neurodegenerationoften associatedwith brain agingappearsto be more
characteristicof certainsubcorticalsystemsthat innervateforebrainstructures
than ofcortical neuronsthemselves.

AGING AND ATTENTION IN HUMAN BEINGSAND
ANIMAL MODELS

As  notedin the preceding  sections,certain  effects  ofaging on  cognition
resemble,in mild form, damageto systemsin the forebrain, including the
medial temporal lobe and prefrontal cortex, for which a substantial back-
ground of neuropsychological researchexists.Furthermore,neurobiological
studiesarebeginningto providean understandingof alterationsin the brain
that are most likely to serveas a basis for cognitive decline in functions
associatedwith thosesystems.Alongside theseareasof research,interestin
the studyof attentionin aginghas grownin recent years.
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Attention refersto multiple componentfunctionsthat areimportantin the
selectionand processingof information. The study of attention in aging is
currentlybenefitingfrom advancesin cognitiveneurosciencethatareprovid-
ing a betterdefinition of the neuralsystemsthat are critical for the normal
regulationof attention.For example,theseincludesystemsthatregulateover-
all levels of sustainedattention (arousalor vigilance) and systemsthat are
importantfor the selective processing ofinformation among competing inputs.
Sustainedattentioncanbe assessedin settingsthat requireperformanceof a
simple taskwithout the subjectlosing track of the taskobjective, a function
that appearsto be little affectedby aging(Albert & Moss1996).In contrast,
other evidencepoints to an effect of aging on the selectiveprocessingof
information,particularlyunderconditionsof competition amongmanyitems
for processingresources(Greenwoodet al 1993, Mouloua & Parasuraman
1995).

As recountedin thechapterin thisvolumeon“CentralCholinergicSystems
andCognition” (Everitt & Robbins 1997),a role in theregulationof attention
mayrepresenttheprimary functionof thebasalforebraincholinergic neurons
that innervate cortex. Furthermore, a growing consensus now views the
neurodegenerationwithin this systemthat occurs in aging, and to a more
severedegreein  Alzheimer’s disease,as providing a basis for deficits in
attentionratherthanunderlyinga declinein memoryprocesses(Parasuraman
& Haxby 1993).

The cholinergic neuronsin the basal forebrain that provide widespread
innervationof the cortex in rats, monkeys, and humanbeingsare located
posterior to the cholinergic neuronsin the basal forebrain  thattarget the
hippocampalformation(Koliatsos et al 1990).Previousstudieshaverevealed
deficits in attention asa consequenceof lesioning the areaof the basalfore-
brain that suppliescortical cholinergicinnervation.In onewell-studied para-
digm, suchlesionsinterferewith theability of ratsto detectandrespondto a
briefly presentedtargetstimulus that can appearin any of severallocations
(five-choicereactiontime task)(Muir et al 1994,Robbinset al 1989).Those
lesionsdecreasetheaccuracyof performance,aneffect that canbeovercome
by increasingthetargetduration,which suggeststhat the impairmentis atten-
tional in nature.Impairmentsin theability of agedratsto detecttargetsin the
five-choice reaction time task that resemblethe effects of basal forebrain
lesionsin youngratshaverecentlybeenreported(Joneset al 1995).Another
paradigm,a spatialcueingtaskoriginally designedfor studiesof attentionin
humanbeings,hasalsoshownsensitivity to lesionsof the basalforebrainin
monkeys(Voytko etal 1994).Althoughthe lesionmethods used inthis line of
researchwith laboratory animals, untilrecently, havebeenrelativelynonselec-
tive, removingbothcholinergicandnoncholinergic neuronsin thebasalfore-
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brain, studiesusing a selectiveimmunotoxin for cholinergic neuronshave
successfullyproduceddeficits in attentionwhenthe cortical cholinergicpro-
jectionsare removed (Chibaetal 1995a,b).

The role of thebasalforebraincholinergic systemin attentionmay extend
to thecomponentof this systemthatprovidesinnervationof thehippocampal
formation. As noted in an earlier sectionof this review, removal of those
neuronswith the selectiveimmunotoxin fails to reproducedeficits in spatial
tasksthatarereadilyobservedin agedrats(Baxteret al 1995a).In thechapter
by Everitt& Robbins,theeffects oflessselectivelesionsare citedas evidence
that the septohippocampalcholinergicsystemplaysa role in memory.How-
ever, whetherany substantial deficit in memory is observedwith selective
removalof thesecholinergicneuronshasyet to be demonstrated.In contrast,
youngratswith selectiveimmunotoxic lesionsof thecholinergicneuronsthat
projectto thehippocampalformationdohaveamarkedimpairmentin ataskin
which attentional processingis modified in intact young rats (Baxter et al
1995b).The taskinvolvesrepeated exposureto acuethat is subsequentlyused
as a conditioned stimulus in associativelearning. Preexposureto the  cue
usuallyretardssubsequentlearning,a phenomenonreferred toaslatentinhibi-
tion. Although more than one psychologicalexplanationof latent inhibition
has beenoffered, a numberof explanationsconvergeon the conceptthat
decrementsin attention to, or processingof, the preexposedcue serveas a
basis for latent inhibition. In this context it is notablethat either selective
damageto the hippocampus (Han et al 1995) or selectiveremoval of the
cholinergic projection to the hippocampus impairs latent inhibition in rats
(Baxteret al 1995b).Theconceptthata latentinhibition deficit might exist in
agedratsbecauseof diminishedfunction of the cholinergicprojectionto the
hippocampus hasnotyetbeentesteddirectly.It is interesting to note,however,
thata recentstudyshowedthatinformation encodingof neuronsin hippocam-
pus in young  ratswill  becomeunresponsive  tocues that are not  reliable
featuresof a spatialenvironment,aneffectnot seento thesameextentin aged
rats(Tanila et al 1996).Thus,apparentlythe selectionof informationthat is
subjectto processingandencodingby hippocampal neuronsis alteredduring
aging in a manner that might be predictedfrom the effects  of  removing
cholinergicneuronsin youngrats.

CONCLUSION

As informationaccumulatesaboutthealterationsthatoccurduringagingin the
brain,it becomesincreasingly clearthatanumberof differenttypesof changes
canbeidentifiedin differentneuralsystems.Moreover,theseverityof age-re-
lated changesin particularbrain systemsoften coincideswith the extentof
declinein cognitive functionsassociatedwith thosesystems.Certainevidence
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has also indicated that  heterogeneityin  the effects of aging may exist in
different cognitive domainsand neurobiological systems. All theselines of
evidencesuggestthat aging is not a global process,a conclusionthat canbe
applied to the information derived from animal modelsas well as human
studies.

In thosecaseswherecomparisonscan be madeacrossstudiesof human
beingsandlaboratoryanimals, an importantinsight into the neurobiologyof
aging is emerging.Researchusingadvancedstereologicalmethods indicates
that neuronlossis not characteristicof cortical systems, including thehippo-
campus,but thatneurodegenerationdoesaffectdistinctpopulationsof subcor-
tical neuronsthat  providecortical innervation.  Apartfrom such structural
featuresof the brain, other aspectsof functional integrity are also affected
duringaging.Althoughmany ofthedetailedanalysesavailablefrom studiesof
animal modelshaveyet to be extendedto studiesof humanbrains,neuro-
imagingresearchprovidessupportfor the conceptthat processingwithin the
existingcircuitsof the braincan be compromisedduringaging.

The comparisonof functional analysesacrossspecies,including neuro-
imaging researchwith humanbeings,highlights the needto advancenew
modelsfor understandingthe neurobiologicalbasisof cognitive alterations
that occur late in life. Aging differs from many conditionsinvolving brain
damage,which neuropsychological studieswere originally intendedto ad-
dress.Animal models for thoseconditions frequentlyentail thevirtual destruc-
tion of a brain systemto test hypothesesaboutthe underlyingsubstratefor
cognitive functionsof interest,e.g. the medial temporallobe anddeclarative
memory.During normal aging, in contrast,substantial structuralintegrity is
preservedover the entire life span,and neuronsthat do exhibit appreciable
neurodegeneration,suchas thosein the basalforebrain cholinergicsystem,are
by no meanseliminated.For this reason,lesion modelsmay have limi ted
utility for capturingthe performanceof neuralsystemsin the agedbrain, in
which considerableremodelingoccursanda variety of functionalalterations
within theexistingsystems can be detected(Gallagher et al1994).

Finally, the themeof individual differencesin aging is well supportedby
studiesof laboratoryanimals,including behavioralmodelsdevelopedfor their
sensitivity to memoryfunctionssubservedby themedialtemporallobe.More-
over,individual differencesin behavioralcapacitieswithin thesemodelsoften
correlatewith the severityof neurobiological alterationsin the relevantbrain
systems.Theselinesof researchgive credenceto theconceptthatage-associ-
atedmemorydeclinein humanbeingscanreflect a normalagingprocess,as
distinct from a preclinicalconditionthat heraldsdementia.An understanding
of the basisfor individual differencesin the effectsof aging is likely to be
advancedby further studies on theneurobiologyof agingusinganimalmodels
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asanimportantadjunctto thestudyof humanbeings.In this endeavor,it will
be particularly importantto determinethe factorsthat distinguishthoseaged
individuals that maintain preservedfunction from thosethat experiencede-
cline, an undertakingthat will benefit from the bridgesthat can be formed
betweenhumanbeingsandthestudyof agingin well-developedanimalmod-
els.
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