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ABSTRACT

This review addresses theimportane of animal mockls for undestarding the
effects of normd agng on the brain ard cognitive functions. First, studies of
laboratory animals can hdp to distinguishbetveen hedthy agng and pathologi-
cd conditions tha may contribute to cognitive decline late in life. Secord,
reeach on individud differenesin agng, a theme of interestin studies of
elderly humanbengs can beadvanedby the expeiimentd cortrol afforded in
theuseof animd modds. Thereview offers a neuops/chological framewak
to compae the effeds of agng in human beings morkeys, androdents. We
corsideragngin relaion to therole of themedal temparal lobein menory, the
informaton pracessing functionsof the prefrontal cortexin thestratege use of
memay, and thereguation of attention by distributedneural circuitry. We also
provide an overview of the neurohiologicd effects of agng tha may account
for alterations inpsychdogicd functions

CONTENTS

INTRODUCTION. c.ccv e 340

NORMAL AGING AND ANIMAL MODELS. e 340

MEDIAL TEMPORAL LOBE SYSTEM......ocouiiioimiccicssnscee e 343
339

0084-6570/9710201-0339$0&0



Annu. Rev. Psychol. 1997.48:339-370. Downloaded from www.annuareviews.org
by University of Texas - Dallas on 08/25/11. For personal use only.

340 GALLAGHER & RAPP

Psychobgical Functions ofthe Medid Tempaal Lobe.... . R
Psychobgical Functions ofthe Medid Tempaoal Lobeln Normal Agng Human
Beirgs.... cerneen. 345
Psychobgical Functlons ofthe Medla Tempcnal Lobeln Normal Agng Anlmal
IMIOOEE ..ttt et st sttt ettt 346
Neurddiology of Agingin the Medal Tempaoal Lobe... v 348
FRONTAL LOBE SYSTEMS...cc.oviiuiiieieieieeieee UG 15 )
Psychobgical Functions ofFrontal Lobe Sysems.............c..u... rre e 30D
Psychobgical Functions ofFrontal Lobe Sysems inNormal Aging: Human Beirgs....... 356
Psychobgical Functions ofFrontal Lobe Sysems inNormal Aging: Animal Models....... 358
Neurddiology of Agingin Frontal Lobe SYSEMS..........uevuiiiiiuiiiiiie e 360
AGING AND ATTENTION IN HUMAN BEINGS AND ANIMAL MODELS w361

INTRODUCTION

From a life-span perspective the study of aging seeksto understandthe
changingcapacitief the elderly asa normaldevelopmersal processWithin
this framework, the biology of aging is an important determinant.Just as
functionsandadaptivecapacitieslependon the biological developmenbf the
youngchild or adolescentaterlife providesa distinctive biological settingin
which familiar tasksare performedand new challengesare met. In addition,
environmentalfactorslate in life combinewith many decadef a persors
history to influencethe capacitiesof an individual. We offer the view that
importantinsights into aging asa developmentaprocesscanbe providedby
the studyof animalmodels.Thereview coversareaf researchhatillustrate
and supporthis premise.

NORMAL AGING AND ANIMAL MODELS

A majorchallengen the studyof agingis to definethe boundarieof normal
changeas distinct from patholajical conditiors. Suchboundariesare recog
nizedfor developmenin early life. For example,Jandmarksare definedfor
physicalgrowthandcognitivefunctions;departurdrom the normis identified
by a failure to manifest certaifianges that aexpectedn the usual coursef
developmentThe boundarief normal aging, as distinct from pathol@ical
conditions arelessclearly definedbecause&ertainexpectecchangesn cognk
tion during agingdo not differ from the earliestmanifestatios of age-related
pathologicalconditiors. For example,the incidenceof Alzheimers disease
(AD) increaseswith advancingage.Although the occurrenceof AD is rela
tively rare before the age of 60, it becomesincreasinglyprevalentin the
decadeshatfollow. Impairedmemory,whichis the hallmarksymptan of AD
in its earlieststages,js also one of the most commoncognitive featuresof
nondementeelderly individuals (Craik & Jenningsl992,Crook et al 1986).
Currently no definitive test can diagnoseAD in its earlieststagesso that
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memoryimpairmentassociatedvith this pathologcal conditioncanbe sepa
ratedfrom memorydeclinethat might be attribu@able to nonpathdogical ag
ing.

Age-relatedneurodegenerativdiseasesuch as Alzheimers havea slow
progressiveourself suchdiseasesemainundetectedor manyyearsbeforea
clinically significantphaseof decline,relatively subtlechangesn presumably
healthyolder individuals that are ascribedto normalaging might, at leastin
part,bedueto occultpathologicaprocesse<ffectsof Alzheimers diseasen
the brain, such as plagues and neuofibrillary tangles that meet neuro-
pathologicakriteriafor diagnoss have been detectadautopsymaterialfrom
individuals not judgedto havebeenimpairedby clinical assessmerttefore
death(Crystal et al 1988, Morris et al 1991). On this basis,it is likely that
studiesof elderlyhumansubjectswill includesomeindividualswith unrecog
nized neurologicallisease.

Additional findings from neurologicalassessmestcombinedwith func
tional testingsupportthis conjecture Elderly individuals who haveradiologk
cal evidenceof medial temporallobe atrophyin 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 assessmenf5 of 86 such subjectshad receiveda
diagnosisof AD. Brain atrophicchangesrealsofoundin someelderlyindi-
viduals who show no evidenceof cognitive impairment in clinical assess
ments.In a sampleof approximatelyl50 elderly subjects(ages55-88years,
mean70.0 years)who were presumedto be healthy, Golomb et al (1993)
found atrophyof the medialtemporallobein certainindividuals.Althoughno
participantsn this studyshowedevidenceof cognitiveimpairmentin clinical
assessmentdjfferencesbetweerthe subjectswith andwithout medialtempec
ral lobe atrophywere evidentin more sensitivetestsof cognitive function.
Subjectswith atrophyperformedmore poorly on testsof recentmemorythan
theneurologcally normalindividuals. Much currentinterestis alsofocusedon
a biological marker,the e4 allele of apolipoproten E, associatedvith higher
risk for dementa (Corderet al 1993).Recentreportsindicatethat presumably
healthyindividuals bearingthis markerperformlesswell on assessmentsf
memorythantheir agedcohorts(Bondi et al 1995, Helkalaet al 1996).Such
findings raisethe questionof whetherevenmild memoryimpairmentmight
represent a very early indicatira pathologicaprocess.

Notwithstanding théindings discussed abowvetherevidencdandicateshat
cognitivealterationsin agingoccurapartfrom degenerativeeurologicaldis-
ease Age-associatedhemoryimpairment(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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standardieviationbelowthe meanestablisikedfor youngadults.Accordingto
thesecriteria it is estimated that the occurren€&AMI substantialy exceeds
what would be expectedbasedon the prevalenceand incidenceof probable
Alzheimets diseasdprevalencendincidenceof AAMI about35%and6.6%
per year comparedwith 13% and 3% per year for probableAD) (Lane &
Snowdon 1989). Furthemmore, Youngjohn & Crook (1993) reported that
AAMI is stablein elderly individuals basedon follow-up assessmenfour
yearslater. Theseinvestigatorsconcludedthat AAMI is a relatively benign
conditionthatdoesnot follow a progressiveeourse Severalimitationsof this
study,however,areworth noting. First, a considerablewumberof participants
that did not returnfor follow-up testirg might havehad greaterdeclinethan
thosethat did, a phenomenorthat is problematicfor researchof this type.
Secondthe subjectin this study,who were on average their early sixts at
the first assessmentyerefollowed for arelatively brief interval of four years
whentheincidenceof Alzheimers diseaseontinuedo below. Furtherexami
nation of suchindividualsinto later decadesmight be neededto provide a
better indicatin of thecourse of AAMI.

A relatedissuein the definition of normalagingconcerngheobservatiorof
individual differencesn the elderly populaton. As indicatedabove cognitive
declineis evidentin someindividuals in the elderly populaton (e.g. AAMI),
whereas functiofis betterpreservedn otheragedindividuals.In contrastwith
the usualindividual differencesthat exist at earlier points in developnent,
variability is often describedas markedlyincreasedwith advancingage.In
accordancewith this description, a recentsurvey of publisheddata found
greatewariability (coefficientsof variation)amongthe elderly comparedvith
youngadultson anumberof measuresvidely reportedo besensitiveto aging,
e.g. reactiotime, memory,andfluid intelligence(Morse1993). Althoudp this
phenomenoris often observedthe origin of increasedrariability in agingis
not well defined. Perhapsvariability in aging reflects differencesthat are
expresseanly inthelaterdecadesf life. Alternatively, individual differences
might becomemagnified late in life becauseof the cumulative impact of
different biological and experientialbackgroundsover many decadesMore
information aboutfactorsunderlyingindividual differenceswill beimportant
for understandingormalaging.

Thediscussioraboveprovidesa background for consideritige usefulness
of animalmodelsin thestudyof aging.Thelikelihood thatthe samepathologt
cal processes inumandisease occur aratemanifest in identicalvaysacross
severalspeciesould be consideredjuite low. Many progressiveneurological
diseasesuchasAlzheimers do not afflict speciesccommonlyusedin labora
tory researchon aging,e.g.rats,mice, monkeys.However,it is reasonabl¢o
expectthat at least somefeaturesthat characterizebiological aging of the
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mammalan brain would be evidentin differentspeciesThus,commonalites
acrossspeciegnight helpto identify normalneurobiologcal aging,asdistinct
from pathologicalconditions,andthosepsychologcal functionsmostaffected
by aging.

The useof laboratoryanimalscan addressother aspectsof humanaging
that have provendifficult to studyin a systemats way. If normal agingis
characterizedby increasedvariability, this phenomenorof individual differ-
ences mighbeevident in othespecies. Because cohortdatjoratory animals
can be maintaned under relatively controlled conditions it should also be
possibleto isolatefactors contribuhg to suchindividual differences.

Therelevanceof researctwith laboratoryanimalsfor an understandingf
humanaging,however depend®nwhetherthe specificfunctions andiologi-
cal systemdargetedor studyareappropriatanodelsfor humanaging.Scien
tific advancesover the past few decadeshave provideda foundation for
developingusefulanimalmodelsof aging.We outline a frameworkcurrently
employedfor investigathg the neurobiobgical basisof functionalchangesn
aging.Theapproachs built on a backgroundf researchin neuropsycholgy,
cognitivepsychology, and neuroscience.

The field of neuropsycholgy originally led to clinical descriptionsand
psychometriqrofilesfor certaintypesof braindamageasanaid to diagnoss.
Becausehe consequencesf certainforms of damagevereremarkablyselee
tive, neuropsychologial studiesalso cameto serveas a basisfor making
inferencesabout the normal functioof specific brainregions. Alongside
developmentshat camdrom neuropsycholdgal research, cognitivesychot
ogy hasgreatly contributd to our understandingf psychologtal processes.
Cognitive psycholay studiesthe componerg and organizationof functions
suchas memorywithin the frameworkof information processingand repre
sentationAs arelatedburgeonindield, cognitive neurosciencés building on
advarcesin psychology using new technologies such as functional neuro-
imagingand methodsfor recordingthe ensembleencodingof information by
neuronsto studyinformationprocessingn the brain. Researchderivedfrom
thesetraditionsof neuropsychologynd cognitive neurosciencéas contrib-
utedto thedevelopmenbf animalmodelsin thestudyof aging,asexemplified
by theareascovered irthefollowing sections.

MEDIAL TEMPORAL LOBE SYSTBM

PsychologicaFunctionsof theMedial Temporal Lobe

Patientswith medial temporallobe damagehave circumscribeddeficits in
memory;the syndromeincludesan anterogradeamnesiaand sparesremote
memoryand generalintellectualcapacitiegCorkin 1984, Scoville & Milner
1957).Anterogradeamnesiaefersto theinability to remembemnew informa
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tion and episodeof life that occur after medialtemporallobe damage The
anterogradenemoryimpairmentis consideredo represena defectin mecha
nismsthat allow long-termretentionof new material.In supportof this con
cept many domainsof information processingand immediae memory (e.g.
digit span)arepreservedn theseamnesigatientsMoreover,the recognition
thatpatientswith suchamnesichaveareasf preservednemory,e.g.priming
and skill learning, advancedthe conceptthat the brain possessesultiple
memorysystemsgCohen& Squire1980). The domainof memoryin medial
temporallobe amnesias variously describedas declarativeor explicit mem
ory, referringto representationsy memorythat provide a basisfor the con
sciousrecollectionof facts ancevents.

Researchusinganimalmodelshassoughtto definethe component®f the
medial temporallobe that contribue to the amnesicsyndrome.Considerable
evidencdor deficitsin declarative memory has beeltained irotherspecies,
but agreemenhasnot yet beenachievedaboutthe underlyingstructuresub
serving memorywithin the medial temporalsystem.The most widely used
animal model under study this areaf researchis arecognition memory task
performed by rhests (or cynomolgous) monkeys (Squire & Zola-Morgan
1991).In this delayednonmatch-to-saple task, monkeysare presentedvith
anobjecton aninformation trial. After a variabledelay,the original objectis
presentedvith a novel object,and selectionof the novel objectis rewarded.
Considerable consensgsirrounds theobservation thatlamageto cortical
regionsof the medialtemporallobe (perirhinal,entorhinal,parahippocampal
cortex) producesa significant delay-dependerdeficit in this object-recogni
tion task (Meunier et al 1993, Suzukiet al 1993). Lessconsensufiasbeen
achievecconcerning the effectsf damageconfinedto the hippocampus (Mur
ray 1996).However,it is clearthatdamageo the hippocanpusaloneproduces
less severeimpairmentthan damagerestrictedto the cortical regionsof the
medialtemporallobe. It is interestingto note that relatively similar findings
have beenreportedin studies ofrodentsdesignedto parallelthe delayed
nonmatch-to-saple task usedwith monkeys.Damageto cortical structures
associateavith the hippocanpal formationproduceslelay-dependenipair-
mentsthatarenot observedfterselectivedamageo thehippocampugOtto &
Eichenbaun1992,Wilner et al 1993).

Different perspectivesare offered to accountfor findings in this line of
researchBy oneview, acomma function inmemoryis servedby thecompo
nentmedial temporallobe cortical regionsand the hippocamps, with more
severe impairmernt reulting from more extensve damage to this system
(Squire& Zola-Morgan1991). Anotherview is that the componentf this
systemmay servesomewhatdifferent functionsin declarativememory.For
example,the relative insensitvity of delayednonmath-to-sampletasksto



Annu. Rev. Psychol. 1997.48:339-370. Downloaded from www.annuareviews.org
by University of Texas - Dallas on 08/25/11. For personal use only.

NEUROBIOLOGYOF COGNITIVE AGING 345

damage ofthe hippocampuslone may indicate that thmedial temporal
cortical regions casubservenemory representatidor individual items inde
pendent ofhehippocampuswhile thehippocampisis essential fotheforma
tion of morecomplexrepresentations memory(Eichenbaurret al 1994).In
agreementvith this distincion, certainrepresentationthat providea basisfor
the flexible use of informationin memory appearto be highly sensitve to
selectivehippocampatiamagen laboratoryanimals.For examplejt hasbeen
arguedthat spatialinformationis an exemplarof this type of representation,
andit is well documented that sevateficitsin spatialtasks ar@bservedfter
lesionsof the hippocampis. Anotherinstanceof memoryrepresentatiosensi
tive to disruptin of the hippocampusomesfrom a study using probesfor
memory after animalswere trained on a set of nonspatialstimulus-stimuus
associationsNormal rats demonstated two forms of flexible memory that
were not shown by rats with selectivehippocampalesions,i.e. transitivity,
reflectedin the ability to compareacrossstimulus pairsthat sharea common
element,and symmetry,referring to the ability to associategairedelements
presented ithe reverse of thigainingorder (Bunsey Eichenbauni996).

Additional researchis neededto establishmore firmly whetherthe brain
regionsthatcomprisethe medialtemporallobe are functionallyheterogeneous
with respecto their rolesin declarativememory.Furtheradvances iithis area
of cognitive neuroscienceavill continueto provide an importantbackground
for understanding theeurobiologtal basisof alteredmemoryprocesses the
elderly.

PsychologicaFunctionsof theMedial Temporal Lobe in
Normal Aging:HumanBeings

The characteristicsof memory impairment in presumablyhealthy elderly
adultsappeato parallelthe generaffeaturesof medialtemporallobe amnesia
(Craik & Jenningsl992).Remotememoryandimmediatememory(e.g.digit
span)are spared Elderly subjects however,performmore poorly on typical
testsof declarativememory(e.g.pairedassociatesjelayedparagraptrecall).
Suchdeficits point to involvementof medial temporallobe structures Evi-
dencethatalterationgn the medialtemporallobe may underlieage-associated
memoryimpairmentis notedabove;Golomb et al (1993) found that elderly
individuals with hippocampahtrophyperformedesswell on testsof delayed
recall.

Functionalneuroimagingstudiesarenow providing newinformation about
the relative activationof this systemin youngandelderly individualsduring
performanceof memorytasks.Grady et al (1995) measureccerebralblood
flow during encodingand recognition of faces. They reportedthat poorer
memory performanc@ healthyelderlyindividualsrelativeto youngindividu-
als was associatedvith a reductionin hippocampaland prefrontal cortical
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activationduring encodingIn the contextof this observationit is noteworthy
thathypoactiviy in the medialtemporallobeis notinvariably observedn the

brainsof elderly subjects.in contrastwith the resultsof Grady et al, another
recentstudyfound comparablenedialtemporallobe activationin youngand

elderly subjectsduring successfutecall (Schacteret al 1996).In that expert

ment,a word-stenctompletion taskwas adminisgredto produce eithehigh or
low recallof studywords.When neuroimaging watoneduringretrievaltests,
equivalenthippocampalactivationin young and agedgroupswas observed
during successful recollection (high recadtsus either low recatlr baseline),
whichindicateshatanage-relatedieficiencylocalizedto themedialtemporal
lobe doesnot occurin all conditiors where hippocampalactivation is ob-

served.Theseresultsalso suggesthat memorydeficits in the elderly are not

dueto deficientmedialtemporalfunction during the retrieval of information.

Rather deficits maybe attributabg, at leastin part,to a functionalimpairment
in medial temporallobe processingof new information, i.e. encoding,that
serves as a badisr later recognitioror recall.

Beforeturning to the examinationof memoryperformancen agedlabora
tory animals,we reiteratethat age-associateshemoryimpairmentis not evi-
dent inall individualsin the elderly human populatiofhus, it is ofinterestin
studiesof laboratoryanimalsto assessvhethersimilarities can be founoh the
effectsof agingon memory thatesemblehosefeaturesencountereth human
beingsand to determinewhetherindividual differencesalso exist in other
species over theourse of aging.

PsychologicaFunctionsof theMedial Temporal Lobe in
Normal Aging:AnimalModels

The delayednonmatchingd-sampletask usedto assessecognitionmemory
in young monkeyswith medialtemporallobe damagehasalso beenusedto
testagedmonkeys(Mossetal 1988,Prestyetal 1987,Rapp& Amaral1989).
Although agedmonkeyshavedifficulty in learningthis taskwith a very brief
retentioninterval, given sufficienttraining virtually all older subjectsareable
to reacha criterionequivalento youngmonkeys Whenthe memorydemands
arethenmanipuhtedby increasinglelaysmonkeysapproximate\25 yearsor
olderareimpaired.Individual differencesn recognitionmemoryamongaged
monkeysare alsoobservedwith animpairmentin a subsetof agedmonkeys
that qualitatvely resemblesthe effect of medial temporallobe damagein
young monkeys(Rapp & Amaral 1991). Furthermore,aged monkeyswith
suchdeficits also perform more poorly on rapidly learnedtwo-choiceobject
discriminaton problemsanother assessmehttis sensitve to medial tempo
ral lobe damaggRapp1993).An additionalparallelin the patternof impair-
ment acrossaged monkeysand young monkeyswith medial temporallobe
damageis found in a taskthatincreaseghe load of information in memory.
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Subjectsare testedfor identification of eachnew item addedto an array of

previously presentedtems (Killiany et al 1995). Thus, studiesof nonhuman
primateshave demonstratednemory impairments on tests sensitiveto the

integrity of the medialtemporallobe. Moreover,the presenceand/orseverity
of suchdeficitsvariesconsiderablyin the agedpopulation.Becausedhe neural
substratevithin the medialtemporallobe systemfor the mostcommony used
taskin this researchdelayednonmatchingd-sample s not clearly defined,
age-relatedmpairmenton this assessmemnight reflect alterationsin medial
temporallobe cortical systemseitheraloneor togetherwith alterationsin the
hippocampus.

Otherevidencefor alterationsn the hippocampusn agedmonkeyscomes
from areportof impairmentin the flexible useof informationin memory.As
notedin the prior section,a testfor the useof information in memorythatis
sensitiveto selectivedamageof the hippocampis hasrecentlybeendemon
stratedby probesfor transitive inferencein rodents.After learninga set of
stimulus-stimuls associationsyoung intact rats infer relationsamongthe
items,an ability thatis lackingin ratswith lesionsconfinedto the hippocam
pus(Bunsey& Eichenbauni996).In a recentstudy, monkeysthatlearneda
hierarchyof object-objectiscriminationswere tested for theirse ofinforma
tion in memory.The performanceof agedmonkeysduring probesfailed to
showresponsédatencyeffectsthataretakento reflectthe relationaprocessing
of informationthatunderliegransitiveinference (Rappt al 1996).

Deficits that are widely studiedin agedrodentsin spatialtasksmay also
reflect a declarativememory impairment. Aged rats, like young rats with
damageo the hippocampis, havedeficitsin a variety of spatialtasks(for an
overview, seeGallagheret al 1995). Moreover,impaired spatiallearningin
agedratsor in youngratswith hippocampaldamagecanbe demonstatedto
occur independenbf declinein sensorimotodmotivational functionsand in
learningthatis guidedby a stimulus or objectusedasa local cue (Gageet al
1989, Gallagheret al 1993). In addition, individual differenceshave been
particularlywell documentedn this line of researchAmong certainstrainsof
rats, a proportionof agedanimalsexhibit highly preservedperformanceon
suchtasks,while other aged cohorts perform entirely outside the range of
youngrats (Gallagher el 1993).

With respecto the neurologicalbasisfor impairmentsof agedrodentson
spatialtasks,note that thesetestsdo not provide an entirely selectiveassess
ment of the function of the hippocamps (Gageet al 1984). For example,
youngratswith lesionsof cortical systemsanterconnectedvith hippocampis,
e.g.entorhinalperirhinal cortexalsoexhibit deficitsin spatial task§Nagahara
et al 1995). Thus additional assessment is needed to distisly between
impairmentthat may have a basisin the alteredstatusof the hippocanpus
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versusthesecorticalregions.As notedearlier,a versionof delayednonmatch-
to-sampledevelopedfor studiesof rodentshasrevealeda sensitivty to en
torhinal/perirhnal cortexdamagethat was not seenafter selectivedamageo
the hippocampis in young rats (Otto & Eichenbauml992). A recentstudy
reportedthat agedrats that learnedthis task at short retentionintervalsper
formedno differently thanyoungratswhenincreasingdelayswere introduced
(Zyzaketal 1995).The sameratsusedin this assessmenterealsoevaluated
in aspatial task wheranage-relatedleficit wasobservedThus,agedratsthat
areimpairedin a spatialtaskthatis sensiti\e to theintegrity of the hippocam
puscandisplayintact performanceon an assessmerihatis more selectively
sensitiveto the integrity of relatedcortical regionsin the temporallobe. Such
resultssupportthe concepthat impaiment inspatialtasksreflects an effect of
agingon thehippocampus.

Behavioral studiesdemonstratinga declinein functions associatedvith
medial temporallobe structuresin laboratoryanimalsprovide evidencefor
age-associatethemory impairment independentbf patholgical conditions
that affect the elderly humanpopulation.Moreover,individual differencesin
aging are often documentedn studiesof nonhunan primatesand rodents,
which providesanadditionalparallelwith observationgn humanbeings.

Neurobiology oAging inthe MedialTemporalLobe

Much currentresearchn laboratoryanimalsis directedat the neurobiol@ical
basisof declinein cognitive functions associatedvith the medial temporal
lobe. Two conceptsabout the basisfor this declinein aging, which have
prevailedfor severaldecadeshaverecentlycomeundernew scrutiny.In the
first caseneurodegeneration withthe hippocampishadbeenthought toplay
a significantrole (Meaneyet al 1988).A secondnfluential conceptheld that
degeneratiotin the basalforebraincholinergicsystem a componenbf which
innervates thaippocanpusand relateaortical structures, providesasisfor
memory deficits in aging (Bartus et al 1982). In eachcase,recentstudies
indicatethat theselong-stanéhg conceptanay be incorrect.After discussing
the researctdealingwith thosetopics,we considerother potentialsubstrates
for age-related lossf functionin the mediatemporallobe system.

The condusion that neuon loss occurs inthe aged hippocampu was
reachedin earlier studiesof human,nonhunan primate, and rodent brains
(Brizzee efal 1980, Dam 1979, Issd al1990, Meaney el 1988). Insome of
thesereports,the conceptthat neurodegeneratiocausesage-relateaognitive
declinewas further bolsteredby evidencethat the presenceand severity of
behavioralimpairmentwere correlatedwith loss of principal neuronsin the
hippocampuglssaetal 1990).1t is importantto note,however thatstudiesof
neurodegeneratiowere originally basedon methodsfor estimaing neuron
density.Neurodegeneratiois how beingstudiedusing new methodsthat are
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unbiasedfor many factorsthat could influence measure®f neurondensity,
suchasthe sizeof neuronsandthe sizeor composiion of nonneuratells,and
so forth. Recentresults usingthesenew methods formeasuring theotal
numberof neuronsn a brain structureindicatethat no neuronlossappeargo
occur in thehippocampusluringnormalagingacross a variety apecies.

Studiesof aging in human,nonhunan primate, and rat brain have now
shown equivaent numbers of the principa neurons (Figure 1) in the hippocampus
(Rapp& Gallagher1996,Rasmussertal 1996,West1993,Westetal 1993).
Moreover, theecent anatomicatudiesof ratsshowed that even agedimals
with substantl deficitsindicating hippocampl dysfunctionexhibitedno loss
of neurons in this structure. Fexample, Rapg Gallaghe1996)observech
wide range of spatialability in the aged ratsincluded in their study but
relaively little variability in numbers of hippocampal neurons and no suggestn
of a declindn neuronnumberassociated witlge orbehavioral impament.

Additionalevidenceandicates thaheuronnumberis preservedn the hippo
campalformationof agednonhumarprimates,including thosemonkeyswith
identified memoryimpairment(West et al 1993). In additionto comparable
numbersof principal neuronsn the hippocampusgproper,this studyfound no
significantlossof neuronsn corticalregionsassociateavith the hippocampal
formation (e.g. entorhinalcortexand subiculim). This finding is particularly
noteworthybecause subsetof the agedmonkeyshad deficits in recognition
memory assessed delayedhonmatch-to-same, ataskthatis sensitive tahe
integrity of cortical areas ithe mediatemporallobe.

Neurodegeneratioim the hippocanpuswasformerly viewedasaninevita
ble consequencef normal aging. Reportsthat the principal neuronsof the
hippocampusirepreservedicrossa variety of speciesevenin the presencef
substantiabehavioralimpairment, may prompta shift in the view thatneure
nal lossin this structureservesas a basisfor age-relateccognitive decline.
Neurodegeneratioim the hippocamps also appearsto distingush certain
pathologicalconditions from normal aging. In contrastwith normal aging,
stereologicamethodsdetectsignificantreductionsin the numberof principal
neuronsin the hippocampusn individualswith diagnosedAlzheimers dis-
ease (Westt al 1994).

A secondong-stindingconceptaboutthe neurobiologcal basisof cogni
tive declinein aging hasfocusedon the basalforebraincholinergic system
(Bartuset al 1982).Cholinergicneuronswithin this systemthatarelocatedin
the medial septumandyvertical limb of the diagonalband (MS/vDB) provide
innervationof the hippocampusndrelatedmedialtemporalcortex(Koliatsos
et al 1990). Atrophy and degeneratiorof theseneuronsis detectedin aged
brains (Fischeret al 1989, Smith & Booze 1995, Stroessner-Johnsaogt al
1992), and marked patology affects this system in Alzhdmers disease
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Hippocampal Formation

Figure 1 The schemat shaws the principal neuons of the hippocampl formation, the granuke
cells of the dertate gyrus (DG), and the pyramidal neuons of the hippocampus proper (areas
CA1-CA3). Two maja input pahways to the hippocampal formationareil lustraed.Input fromthe
lateral andmedgl enprhinal corex (Lat En and MedEnt) provideshighly processed iformation
andterminatesprimarly on the derdritesof the grarule cellsin the dertategyrus. A subcatical
pahway (Sepal Inputs) enersthrough andher route and provideswidespreadnnenation of the
hippocampl formaion. This latter input includesthe chdinergc innenation of the hippocampal
formation. A trisynapic circuit through the hippocampus (not shavn) begns with the syngses
formedby the enbrhinal cortex projection onto the dertate grarule cells. Thosecellsin turn project
to the CA3 area.The CA3 pyramidal neuons form a third setof syrapseswithin this structure,
projecting onto the pyramidal cells inthe CAlarea.

(Coyleetal 1983,Davies& Maloney1976).It is further noteworthythatthe
numberand size of theseneuronsare affectedby age acrossa variety of
species including rats, monkeys, and human beings. The possillity that
neurodegeneratiowithin this population of neuronscontribuesto functional
impairmenthasfound supporin numerousstudies showinghat theamount of
cholinergicneurondeteriorationis relatedto the severityof behavioraldeficit
in agedsubjectqfor anoverview,seeGallagheret al 1995).Notethatthe vast
majority of thesecorrelationalstudies have usedrat performanceon spatial
tasksasthe behavioralassessmenRecentevidence however,challengeghe
conclusionthat deteriorationof cholinergicneuronscan accountfor age-re
lated impairmentsin spatialtasks(Gallagher& Colonmbo 1995). At issuein
this line of researchs not whetherdegeneratiomccurswithin the basalfore-
brain cholinergicsystem,but whetherthat effect of aging causedehavioral
decline.

One way to assesghe contribution of the septohipocampalcholinergic
systemto age-relatedmpairmens is to examinewhether removinghese
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neuronsin younganimalsreproduceshe deficits observedn aging.A newly
developedimmunotoxin 192 IgG-saporincan be usedto target selectively
basalforebraincholinergc neurons After injection of the immundoxin into

the MS/vDB, a nearlycompleteremovalof the cholinergicinnervationof the
hippocampuganbe achievedIt hascomeasa surprise giventhe cholinergic
hypothesisof age-relatedmpairment that immundoxin-inducedlesions of

the septohippocaipal cholinergicsystemfail to producereliablespatiallearn

ing deficits (Baxteretal 1995a,1996;Berger-Sweenegtal 1994, Torresetal

1994).Young ratswith over 90% depletion of theholinergic-specifi enzyme
cholineacetyltransferas@ChAT) in hippocampis performnormally on a spa

tial learningprotocolthatis highly sensitiveto deficitsin agedrats(Baxteret
al 1995a),andno impairmentis even detectedfter removabf the entirebasal
forebraincholinergt systemjncluding theinputto the hippocampaformation
and the widespreadinnervationof the cerebralcortex (Baxter et al 1996).
Moreover,comparableholinergiclesionsin agedratsdo notappearto exacer

bateor induceimpairmentin spatialtasks(Baxter& Gallagherl996).Thusit

is unlikely that deteriorationin the septohppocampalkholinergicsystemby

itself providesa sufficient basisfor age-relateddeficits that are commorty

observedin spatialtasks.We returnin a later sectionof this review to the
function of the cholinergicinnervationof the hippocamps and its possible
contributian tobehavioral deficitén aging.

A currentthemein researchon normal aging is that a reductionin the
numberof synaptt connections, rathéhanfrank neurodegeneratioprovides
a basis for age-relatediterationsin cognition. For example, atrophyand
degeneratiorin the basalforebrain cholinergic systemis likely to resultin
somelossof hippocampl innervation by theseneuronsin agreemenith this
expectationthe cholinergicresponsenediatedoy stimulation of the septohip
pocampalnput is reducedn all areasof the agedrat hippocampaformation
(Shen& Barnesl1996).However,the failure of specificcholinergt lesionsto
reproducememory deficits that have beenwell documentedn agedrodents
makesit unlikely thatthis alteration by itself, servesa broadbasisfor impair-
mentsin aged rats.

Apart from the subcorticalinput to the hippocampa that originatesin the
septalregion,an additioral lossof synapticinput from anothersourceis well
documentedo occurin aging. Thatinput, which providesthe primary route
for transferof highly processedortical informationto the hippocanpus, de-
rives from neuronsn the entorhinalcortex(referto Figure 1). Ultrastructural
studiesof rat brain have demonstrateé significantloss of synapticconnee
tionsin the hippocampaformationthatareformedby entorhinalcortexinput
(Geinismaret al1992). Inaddition,individual differencesn cognitive decline
amongagedrats are reportedto coincidewith differencesin the loss of this
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innervation(Geinismaretal 1986).Reducechumbersf synapticconnections
may also occur in other areasof the hippocampalformation (Barneset al
1994).

It might be reasonabléo expectthatreducechumbersof synapticconnee
tionsin the hippocampl formationcould provide a basisfor behavioraldefi-
cits that dependon the integrity of this system.However,it shouldbe recog
nized that a numberof factors might argueagainstthat outcome.Neurobk
ological systemspossess numberof mechanismshataregearedo maintain
function. Considerablesvidenceindicatesthat suchmechanisra arerecruited
in the agedbrain. For example althoughfewer synapticconnectionaremade
in the dentategyrusof the hippocampaformationin agedrats,the responst
input at the remainingsynapsess greatly increasedFosteret al 1991). In
addition,a lossof synapses from corticalputinduces aproutingresponse in
which new connectionsreformedby inputsfrom othersourcesEvidencefor
such sproutingin the hippocampaldentategyrus has come from studiesof
agedbrainsandis alsoobservedn Alzheimers diseasqGeddeset al 1992,
Nicolle etal 1996).This type of sproutingmay be compensatoryn nature,as
new connectionsare madeto replacethosethat arelost. However,suchreace
tive growth may not alwaysbe beneficial.New connectionsnight addto the
adverseeffectsof aging becausehey comefrom a different sourcethanthe
original input. Studiesof agingoftenlack the functionalanalysisnecessaryo
distingush betweerthesepossiblities. Recenstudiesusingbehaviorabssess
ment along with neurobiologicalanalysisare being conductedto evaluate
whethersuch alterationsin the brain provide protectionor impose further
adverseeffects omoutcome(Nicolle etal 1996,Stack et al 199%5tenverst al
1996).1f a neurobiobgical responsén the agedbrainis compensatorythen
the degreeto which this responseccursshouldpredicta betteroutcome;i.e.
lessbehavioralimpairment However,if areactiveprocessonly addsto dys
function thenthe presencef sucha changein the brain might be associated
with greaterimpairment. Researctof this type shouldleadto a betterunder
standingof the consequencesf reactiveand reorganizationaprocesseshat
occur in theaged brain.

Studiesof neurodegeneratioand synaptc connectiviy provideimportant
information about structuralfeaturesof the brain during aging. Apart from
suchstructuralfeaturesgffectsof agingareevidentin the functionalintegrity
of existing neuronsandconnectionsSuchchangesnaybeimportantfactorsin
diminishingthe overall performanceof the medialtemporallobe systemdur-
ing aging.

Neuronsin the hippocampakystempossess complexarray of biological
mechanismgor information processingln additionto specializedreceptors
for specificinputs, receptorsare coupledto a variety of transductiorsystems
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thatarenecessaryo producephysidogical responseso thoseinputs(referto
Figure 2). Furthermore transductio mechanisra are not only usedfor the
processingf informationtransmited betweermeuronsbut alsoplay arole in
alteringthe functionalpropertiesof synapticconnectionsLong-termpotentia
tion (LTP), referringto thelong-lasing increasen the effectivenes®f synap
tic connectionghat can be readily inducedin the hippocampalystem has
attractedwidespreadnterestas a possibé physidogical mechanismfor the
storage of informatin inthe mamnalian brain.

Studieson transductbn mechanismsnay provideinsightinto the basisfor
changesn informationprocessingandinformation storageduring aging. The
findings from such researchare especiallyinformative in a systemwhere
neurodegeneration is not a prominédture of aging. In such a setting,
measurable decreases in componefitsansductiorsystemsincludingrecep
tors, coupling mechanisrg, and secondand third messengergjo not merely
reflect a loss of neuronsbut indicatea changein the functional integrity of
existing neurons.For this reason recentevidencefor preservechumbersof
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Figure 2 Schemat illustraesintemeuon commuication. Trarsmissim from aninput produces
a postsynapic respmsethrough a vaiety of trarsdiction mecharéms. The commnens of this
communicationsystemincluderecepbrsthateitherdirectly reguateaneuon's excitahlity or work
through biochemicalcascades (2hand3rd messengesystems).
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neuronsin the hippocamps is important for interpretingthe effectsof aging
on othemeurobiologcal measures.

In additionto an absencef frank neurodegeneratiowithin the hippocam
pus during aging, at leastsometypes of receptorsthat serveas targetsfor
neurotransmitrsarealsorelatively unaffectedby agingin this structure For
example, substaratipreservatiorof postsynapti receptorgor acetylcholine is
reportedin a numberof studies(Chounard et al 1995, Quirion et al 1995,
Smith et al 1995).To the extentthat postsyaptictargetsare preservedthen
strategiesto addressthe effects of aging might be developedo increase
function at thesesites.Sucha rationalehasservedas a basisfor developing
drugs to compensate for age-related deterioration of the basal forebrain choliner
gic neuronsAcetylcholinestrase inhikibrs (e.gTacrine) aréntendedto aug
mentthe actionof acetylcholineatits receptorsn the forebrainby preventing
the degradatiorof this transmiter (Davisetal 1992, Thal etal 1989).Because
such drug treatmentscan improve cognitive function in young rats, some
benefitmight be achievedn agedanimalsevenif the basisfor impairmentis
not solely due to a cholinergic defect (Gallagher& Colombo 1995). The
effectivenes®f augmentingcholinergicfunction would dependhowever,on
an intact physiologica response at cholinergic receptors. In the case of those recep
tors, however,a bluntedresponséo cholinergicstimulation hasrecentlybeen
documentedn the agedrodenthippocanpus (Chouinardet al 1995, Undie et
al 19%). In one of these studes, a greder redudion in the podsynaptic re-
sponsdo cholinergicstimulation wasseenin agedratsthatwerefoundto have
morepronouncedognitive impairment(Chouirard etal 1995).Moreover,the
neurobiologtal defectin this caseappearedo resideat a point in the bio-
chemical machinery that would potentyadiffectthe physiobgicalresponseo
other transmter/receptor inputthat usehe samédransductiorpathway.

In additionto the role that transductiormechanismservein information
processinglong-lasing changesn the propertiesof synapseslependon the
functionalintegrity of neuronslt haslong beenrecognizedhat alterationsin
the mechanismsequiredfor neuralplasticity could providea basisfor cogni
tive declineduring aging.Oneof the earlieststudiesof individual differences
in spatiallearningin agedrats showedthat this impairmentcorrelatedwith a
deficiencyin neuralplasticity in hippocanpus(Barnes1979).In thoseexpert
mentsanin vivo studyof LTP at perforant/dentateynapsesvasconductedn
the sameratsthatwerebehaviorallytestedin a spatiallearningtask.Although
asymptott (saturated) TP did not differ betweenthe age groups,this LTP
was achievedessreadily and decayedmore rapidly in the agedratsthanin
young rats. Furthermore the impairmentin behaviorallearningwas signifi-
cantly correlatedwith the effectof agingon LTP. Additional studiescontinue
to documenthatL TP is adverselaffectedduringtheagingprocesgBarnes&
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McNaughton1985,Mooreet al 1993)A modestiossof the receptorsequired
for inductionof LTP mayoccur inthe aged hippocamig inboth primatesand
rodents(Clark etal 1992,Gazzaleyet al 1996, Nicolle etal 1996,Wangetal
1996). A highly active areaof researchaimed at defining the mechanisms
underlyingLTP in adultanimalswill providearoutefor betterunderstanding
the basi®f thedeterioratiorseen imaging.

Consstentwith a variety of evidencefor functionalalterationsin the aged
hippocampaformation, recordingthe activity of hippocanpal neuronswhile
animalsperformcertaintaskshasprovidedevidencethatthe representationf
information inthis system isalteredin olderanimals.Suchstudieshaveshown
less reliability and specificity of the information encodedby hippocampal
neurongBarneset al 1983,Mizumori etal 1996;but seeMarkuset al 1994).
In a recent studgf aged ratsindividual differencesverealsoevident.ln aged
rats that were impairedin a cognitive assessmenif spatiallearning,repre
sentationsof relationshig amongstimuli in a spatialenvironnentwererela
tively impoverishedand inflexible comparedwith eitheryoung rats or aged
cohortswith preservedbehavioralfunctions (Tanila et al 1996). Furtherre-
search of thisypewill help toelucidatethe compudtionalcost ofthe neurobi
ological effects of aging within this brain system.ldentification of mecha
nismsunderlyingdiminishedfunction within that circuitry will undoubedly
provide animpetusto the developnent of new therapeuticstrategiego treat
age-related impairment

In conclusion,cognitive impairmens that resemblethoseseenin elderly
humanbeingscanbe observedn the study of agedlaboratoryanimals.Indi-
vidual differencesn the effectsof agingon taskssensitie to the integrity of
the medial temporallobe are also mirrored in the presenceand severity of
some neurobiologal changes found in this systeBeyond theeffort to
constructa descriptionof normalaging,researchusinganimalmodelsprom-
ises toprovide a setting foproductive researclon mechanismsf brainaging.
This may include a betterunderstandingf how the rate or severityof aging
providesa basidor individualdifferences in cognitie abilitieslate inlife.

FRONTAL LOBE SYSTEMS

PsychologicaFunctionsof Frontal Lobe Systems

In contrastwith amnesiaesultingfrom medialtemporallobe damagehuman
beingswith frontal lobe lesionsperformaccuratelyon manystandardestsof
declarativememory (reviewedin Moscovich & Ulmita 1991). Currentper
spectivesinsteademphasizethat the prefrontal cortex supportsa variety of
organizationaprocesseshatimportantly influencethe strategicuseof mem
ory. In addition, compellng evidencehasrevealedfunctional heterogeneity
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acrossthe regionscomprisig the prefrontal cortex. A popularview is that
theseareasfunction in a “central executive”capacity,mediatingthe on-line
manipulaton of memory, particularly under circumstanceemphasizinghe
spatial,temporal,or other contextualattributesof acquiredinformation (re-
viewedin Moscovitth & Ulmita 1991). Recentevidenceconsistentith this
view comesfrom neuroimagingstudiesin normal humansubjects.Cerebral
blood flow is selectivelyincreasedn a region of the dorsolateraprefrontal
cortexwhenmemoryfor temporalorderis necessaryor successfuperform
ance relativeo conditionsinvolving the samesensoryandmotordemandsut
lacking a temporalordercomponeniPetrideset al 1993a,b) A slighty more
posteriomprefrontalregion(area8), by comparisonis activatedduringa condk
tional discrimination procedure placingelatively greateremphasison the
environmental contingencies governing ongoing behavior (Petrides et al
1993a).Suchdatasupportthe conceptthat the prefrontalcortex comprisesa
variety of functionally distinct subsyseéms. In addition, this backgroundof
information helpsto accountfor the patternof impairmentsobservedollow-
ing frontal lobe damage which includespromirent deficits in memory for
temporalorder, impaired recall for the sourceof acquiredinformation (i.e.
sourceamnesia)anddifficulties modifying behaviorappropriately irresponse
to changingenvironmental contingenciegi.e. perseverationfJanowskyet al
1989a,b;Shimamuraet al1990).

Another featureof specializatiorwithin the prefrontalcortexis suggested
by studiesfocusingon the componenfprocesse®f declarativememory,e.g.
encodingretrieval,andsoforth. As notedpreviously,encodingprocesseand
the successfutonsciougecollectionof eventsareassociatedvith hippocam
pal activation (Grady et al 1995, Schacteret al 1996). Lateralizedprefrontal
corticalactivationis particularlyassociatedavith effortful retrievalof informa
tion from memory (Schactetal 1996).This observatiosupports theoncept
thatthe activity of prefrontalcortexis engagedy specificretrievalstrategies
in support ofdeclarative memory (Buckner & Peterdé&¥96).By this account,
successfuperformancen testsof declarativememoryin patientswith frontal
damagepresumablyreflectsthe utilization of alternateretrieval mechanisms
mediatedby intact structuresFindingsfrom studies of normalhumanaging,
reviewed inthe nextsectionare consistenwith this proposal.

PsychologicaFunctionsof Frontal Lobe Systemis Normal
Aging: HumanBeings

Althoughdeficitsin declarativenemoryarefrequentlyobservedn theelderly,
oldersubjectexhibit a varietyof impairmens thatwould notbeanticipagdas
a consequencef dysfunctionrestrictedto the medialtemporallobe. Many of
the most prominentand consistentsigns of age-relatedcognitive declinein-
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steadoccurin the information-processingapacitiestraditionally associated
with the prefrontal cortex (for recentreviews, see Rapp & Heindel 1994,
Shimamural994). For example,normal elderly individuals have difficulty
rememberinghe sourceof acquirednformation(Janowskyetal 1989b,Mcln-
tyre & Craik 1987, Naveh-Benjamin &raik 1995),evenundercircumstances
where explicit recollectionof targetitemsis relatively intact (Dywan et al
1994, Glisky etl 1995).Sourcememory deficitsanalsopredictperformance
on othertestsof frontal lobe function,which suggestshata commonneurobi
ological basismay underlietheseimpairments(Craik et al 1990, Glisky et al
1995;butsee Spence& Raz 1994). Afurtherparallel with the effectsf frank
frontal lobe damageis that memoryfor temporalorder appearsparticularly
susceptiblgo declineashumanbeingsage(Daigneault& Braun1993,Parkin
et al 1995).

It is noteworthythat certainimpairmentsassociatedvith the function of
prefrontalcortex emergerelatively early in the life span,during middle-age,
andareunrelatedo the statusof encodingandretrievalprocessethatsupport
normal declarativememory. Moreover, when age-relatedmpairments that
resembleéboth medialtemporaland prefrontaldysfunctioncoexistin the same
personsthesecognitive deficits may be somewhatissociableA particularly
interestingreport relevantto this point studied healthy agedindividuals be-
tweenthe agesof 65 and 87 years(Glisky et al 1995). Two factors were
obtainedin a factor analysisof the neuropsychologicalestdata. Teststradr
tionally viewed as assessinghe statusof prefrontal cortex (e.g. Wisconsn
Card Sorting) loaded onto one factahereasassessmentsf declarative
memorysensitve to medial temporallobe status(e.g. pairedassociatesge
layedcuedrecall)loadedstronglyontoa secondactor. A subsequergtudyof
item and sourcememory showeda double dissociatbn amongtheseelderly
individualsthatcorrespondedbith their relativefunctioning on medialtempo
ral lobe andprefrontal assessmentsspectively. In addition to suggesgithat
thereis not necessarilyanobligatoryrelationshipin the effectsof agingacross
differentinformation processinglomairs, thesedatasuggesthatthe underly
ing biological alterations that caus#ecline in medial temporal lobeand
prefrontal cortex—dependefuinctionsmay occur somewhatdependently.

In agreementvith the neuropsycholgical assessmesbf agedhumanbe
ings noted above,assessmentf the neurobiologicalstatusof the prefrontal
cortexindicatesits susceptibity to age-relatediecline.Cortical atrophydur-
ing normal humaigingis especially pronouncdd thefrontallobe,progress
ing at a rate greatlgxceeding atrophgbserved in the cerebitaémispheres as
a whole (Coffey et al 1992). Measurementsf regionalcerebralblood flow
undera variety of testingconditionsalsoprovidean indicationof diminished
function. One of the principal findings to emergefrom this approachis that
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task demandssufficient to produce prefrontal cortical activationin young
subjectdail to increase activityn this sameregion inolder adultGrady et al
1995).Neuroimaginghasalsolocalizeddifferentpatternsof activatian coinck
dentwith efforts to retrieveinformation, relative to activity inducedby the
consciougecollectionof targetitems(Schacteetal 1996).In youngsubjects,
retrieval efforts are accompaniedby significant activationin anterioraspects
of the frontal lobe, but a more posteriorfrontal region is activatedin aged
subjectaunderthe sametestingconditions.No agedifference,jn contrastwas
observedduring the successfutecollectionof targetinformation, which pre-
dominanty engagesnedialtemporallobe structuresThe interestingimplica
tion of theseresultsis that whenrecollectionis not readily achievedyoung
and agedsubjectsmay usedifferent retrieval strategiesmediatedby distinct
prefrontal processingsystems.Independenbdf the validity of this particular
hypothesis, its evident thagbnormalitesin theactivationof prefrontalcortex
occur in relatiorto cognitive aging.

PsychologicaFunctionsof Frontal Lobe Systemis Normal
Aging: AnimalModels

The developmentf a nonhumaprimatemodelof normal cognitve aging has
revealeda number of interestng parallelswith findings in humanbeings.
Deficits on delayedresponsdestsof short-termmemoryareamongthe most
conspicuousand well characterizecigns of behavioraldeclinein the aged
monkey (Bartuset al 1978, Dean& Bartus 1988). In the standarddelayed
responsdask, a reward,placedin one of two locations,is retrievedby the
monkeyafter avaryingdelay.There iscompellng evidencehowever, thathe
delayedresponseleficit is not necessarilysymptonatic of a generaimemory
impairmentof the type thatresultsfrom damageo the medialtemporallobe.
For example agedmonkeyswith pronouncedlelayedresponseleficits often
performnormally on standardestsof recognitionmemory(i.e. delayednon
match-to-samg@) and on a variety of other procedureghat are sensitve to
medialtemporallobe lesions(Bachevalieret al 1991,Rapp& Amaral 1989).
In addition, delayedresponsempairmentsemergerelatively early in the life
span,precedingthe declinein memory abilities that require the functional
integrity of the medialtemporallobe (Bachevalieetal 1991).Consigentwith
conclusionsfrom humanresearctdiscussedn the prior section(Glisky et al
1995),thesefindings emphasizéhatageeffectsarenot uniform acrosdiffer-
entinformation-processinglomains,and that medialtemporallobe dysfune
tion alonemay fail to accountfor certainkey featuresof cognitive aging in
nonhumarprimates(for recent reviewssee Dean & Bartus988,Rapp 1995).
A numberof the behavioraimpairmentsobservedn agedmonkeysappear
to reflect a declinein memory-relatecprocessesnediatedby the prefrontal
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cortex(Dean& Bartus1988,Rapp1995).In this context,a noteworthyaspect
of standarddelayedresponsdestingis thatit makessubstan&l demandson
memoryfor temporalorder. This is a consequencef the procedurakrrange
mentin which a rewardis hiddenrandomly acrosdtrials, amonga relatively
small numberof possibk locations.Accurateperformancehereforerequires
memoryfor the location baitedmostrecently,andthe ability to discrimnate
thecurrenttrial from information presenteéarlierin testing Standardielayed
response testinglso incorporatean explicitspatialcomponenthat is thought
to specifically engageprocessingunctionsof the dorsolateraprefrontalcor-
tex (Wilson etal 1993).Consktentwith theview thatdelayedesponseleficits
reflectprefrontalcorticaldecline,agedmonkeysexhibit deficitson other tasks
as a function of demandson temporalordering (Rapp & Amaral 1989).In-
creaseerseveratioris alsoobservedn agednonhumarprimates(Anderson
et al 1993, Bartuset al 1979), similar to effectsseenin agedhumanbeings
(Janowskyet al 1989b), and qualitatively resemblingthe difficulties young
subjectswith frontal lobe damagedisplayin modifying behaviorundercondk
tionsof shifting taskcontingenciegJanowskyet al1989a).

A unified perspectiveon thefunctional organizationf the prefrontalcortex
thataccommodategesultsfrom bothratsandprimateshasyetto be achieved.
Nonethelessstudiesof agedratshavenoteda numberof qualitative similari-
tieswith the behaviorakeffects offrontal lobe damagen youngadultrats.ln a
direct comparisorof this type, Winocur (1992) evaluateddelayednonmatch-
to-sampleperformancein young and aged groups,and in young rats with
lesionsof either the prefrontal cortex or dorsal hippocampusThe sample
stimulus in this operantprocedureconsistedof a panellight thatwasillumi-
natedat one of two intensites. During the recognitionphaseof eachtrial,
rewardwascontingenbonthe rats commiting orwithholding aleverresponse
(i.e. “go,” “no-go”) dependingon whethera matchingor nonmatchmg light
intensity was presentedSimilar to delayedresponsdestingin monkeys,the
opportunity for intertrial interference issubstanial in this procedure, and
successfulperformancerequiresanimalsto distingush betweenthe current
sampleandthesametems presenteith earliertrials. Agedrats,andyoungrats
with prefrontalcortical lesionsdisplayed substaiat acquisitiondeficits under
conditionswhereno delaywasimposedbetweenthe samplepresentatiorand
recognitiontest.In contrastyoungratswith hippocanpal lesionsacquiredthe
taskat a normalrate. Thesefindings broadly parallelresultsin monkeysand
human beings, consistent withthe view that the temporal organizationof
memory is significanyl disrupted irtheagedrat. Qualitative similaritiesin the
effectsof aginganddirect prefrontalcortical damagehavealsobeennotedin
studiesusing otherbehavioraltestingproceduregWinocur 1991,Zyzaket al
1995).
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Neurobiology oAging in Frontal Lobe Systens

Comparedwith the researchon the medial temporallobe systemreviewed
above only limited experimentahttentionhasfocusedon definingthe neure
biological consequencesf prefrontal cortical aging. Recentneuroimagig,
however hasrevealedthat metabolc activity in the monkeyprefrontalcortex
declineswith age,and interestindy, that variability amongagedsubjectsis
substantidy greatethanamongyounganimals(Eberlingetal 1995).0n this
basis,it is temptingto speculate¢hatindividual differencesn metabolicactiv-
ity might predictthe statusof cognitive processesnediatedby the prefrontal
cortex.Preliminaryfindings from a studycombiring functionalneuroimagig
anddelayedresponsessessmerin the same subjectsuggesthatthis maybe
the case (Robertt al1996).

Changesin the structuralintegrity of the prefrontal cortex are currently
underexaminatio asa possibe basisfor age-relatecognitivedecline.Con
sistentwith a growing body of evidenceindicating that neuronnumberis
generallypreserveduring normalagingin the medialtemporallobe cortical
structuregRapp& Gallagherl996,Rasmusenetal 1996, WesiLl993,Westet
al 1993;andseesectionon “Neurobiology of Aging in the Medial-Temporal
Lobe"), Peterset al (1994)failed to observeany age-relatedieclinein neuron
density in the dorsolateralprefrontal cortex. A subjective scoring of white
matterpatholoy in the samesubjectshowever,revealedprominentage ef-
fects, with the greatestdegreeof changeapparentlyobservedamongaged
monkeysthat were mostimpairedon standardestsof learningand memory.
Subtle age-relatedalterationsin other morphologcal parametershave also
beennoted, including aeclinein the dendritc arborizationof prefrontal
corticalneurongCupp& Uemural980). Providingan additionaparallel with
studiesof the medialtemporallobe, structuralfeaturesn the prefrontalcortex
arerelatively intact, with possiblygreateralterationsin neuropilandconnee
tivity as opposetb frank neurodegeneratiar cortical neurons.

Comparedwith the relatively preservedstructural featuresof prefrontal
cortex,considerable evidence poirtitsa substantial impact ageon subcortt
cal systemghatprojectto cortex.In additionto the cholinergicneuronsn the
basalforebrain system, several collectiafsnonoamineneuronsn thebrain
stemappearto undergosignificantdegeneratiorand/oratrophyduring aging
(DeKeyseret al 1990, Irwin etal 1994).In youngsubjects systemicpharma
cological manipulatons of noradrenergi@nd dopamnergic function signifi-
cantlyinfluencespatialandtemporalaspectof memory,andat leastsomeof
theseeffectsappeato be mediatedat the level of cortical projectiontargetsin
the frontal lobe (Murphy et al 1996). Thesenormatiwe findings, then,leadto
the expectatiorthatage-relatedlterationan neurochemicallylefinedsubcor
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tical projection systemsmight significantly disrupt information processing
functionsdependentn theprefrontal cortex.

Concerningthe function of prefrontalcortex, considerablesvidenceindi-
catesthat age-relatedlterationsin its dopamirergic innervationmay be par
ticularly important This interpretationis consistentwvith electrophysiolgical
resultsdemonstating that applicationof dopaminereceptorantagonistan
modulatethe memory-relatediring propertiesof single prefrontal cortical
neurons(Williams & Goldman-Rikic 1995). Researctaddressinghe neure
chemistryof agingin themonkeyindicateghatendogenoudopamire concen
trationsare markedlyreducedn the prefrontalcortexandthatthis declineis
substantidy greaterthanthat 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 dopaminedeficiencyin the frontal
cortexwas significantly correlatedwith impairedworking memoryperform
anceon a radial maze.Although dopamineagonistadminitrationin young
subjectscanaffecta variety of behavioraldomairs including motaor function,
effectsof dopaminergiagentsn agedmonkeysareselectivelyattenuaten
tasksthat requirethe functionalintegrity of the prefrontalcortex,suchasthe
standardielayedresponseask(Arnstenetal 1995).Combiredwith asubstan
tial body of earlierresearchreviewedin Arnsten1993),thesefindings raise
the possibility thatalterationsn subcorticalsystemssuchasthe mesocortical
dopaminergiceuronsmight contributeto certainaspectof cognitive aging
by disruptirg theinformationprocessindgunctionsof corticaltargetregionsin
the frontal lobe. This areaof researctalsosupportsthe broadertheme,devet
opedthroughot this review, that cortical and subcorticalbrain systemsare
differentially sensitve to the neurobiobgical consequencesf normal aging.
The neurodegeneratiooften associatedvith brain agingappeargo be more
characteristiof certainsubcorticalsystemghatinnervateforebrainstructures
than ofcortical neuronshemselves.

AGING AND ATTENTION IN HUMAN BEINGSAND
ANIMAL MODELS

As notedin the preceding sectiongertain effects ofging on cogniton
resemble,jn mild form, damageto systemsin the forebrain, including the
medial temporallobe and prefrontal cortex, for which a substarial back
ground of neuropsychologal researchexists. Furthermore neurobiolaical
studiesare beginningto provide an understandingf alterationsin the brain
that are most likely to serveas a basisfor cognitive declinein functions
associatedvith thosesystemsAlongside theseareasof researchjnterestin
the studyof attentionin aginghas growrin recent years.
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Attention refersto multiple componenfunctionsthatareimportantin the
selectionand processingof information. The study of attentdn in aging is
currentlybenefitingfrom advancesn cognitive neurosciencéhat are provid-
ing a betterdefinition of the neural systemsthat are critical for the normal
regulationof attention.For example theseinclude systemghatregulateover
all levels of sustainedattentdbn (arousalor vigilance) and systemsthat are
importantfor the selective processingiaformation among competing inputs.
Sustainedattentioncan be assesseth settingsthat requireperformanceof a
simple task without the subjectlosing track of the task objective, a function
thatappeardgo be little affectedby aging (Albert & Moss1996).In contrast,
other evidencepoints to an effect of aging on the selectiveprocessingof
information, particularly underconditions of competiton amongmany items
for processingresourceqGreenwoodet al 1993, Mouloua & Parasuraman
1995).

As recountedn thechapteiin this volumeon “Central Cholinergic Systems
andCogniion” (Everitt & Robbirs 1997),arole in the regulationof attention
may representhe primary function of the basalforebraincholinergt neurons
that innervate cortex. Furthermore, a growing consensus now views the
neurodegeneratiowithin this systemthat occursin aging, and to a more
severedegreein Alzheimets disease,as providing a basisfor deficits in
attentionratherthanunderlyinga declinein memoryprocesseg¢Parasuraman
& Haxby 1993).

The cholinergic neuronsin the basalforebrain that provide widespread
innervationof the cortex in rats, monkeys and humanbeingsare located
posteriorto the cholinergic neuronsin the basalforebrain thattarget the
hippocampaformation (Koliatscs et al 1990). Previousstudieshaverevealed
deficitsin attentbn asa consequencef lesioning the areaof the basalfore-
brain that suppliescortical cholinergicinnervation.In onewell-studied para
digm, suchlesionsinterferewith the ability of ratsto detectandresponcto a
briefly presentedargetstimulus that can appearin any of severallocations
(five-choicereactiontime task) (Muir etal 1994,Robbinset al 1989).Those
lesionsdecreasehe accuracyof performancean effectthatcanbe overcome
by increasinghe targetduration,which suggestshatthe impairmentis attert
tional in nature.Impairmentsn the ability of agedratsto detecttargetsin the
five-choice reactiontime task that resemblethe effects of basalforebrain
lesionsin youngratshaverecentlybeenreported(Joneset al 1995). Another
paradigm.a spatialcueingtask originally designedor studiesof attentionin
humanbeings,hasalso shownsensitvity to lesionsof the basalforebrainin
monkeys(Voytko etal 1994).Althoughthe lesiormethod used irthisline of
researchwith laboratory animals, untiecently, havéeenrelativelynonselee
tive, removingboth cholinergicandnoncholinergi neuronsin the basalfore-
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brain, studiesusing a selectiveimmundoxin for cholinergic neuronshave
successfullyproduceddeficits in attentionwhenthe cortical cholinergicpro-
jectionsare removed (Chibetal 1995a,b).

Therole of the basalforebraincholinergt systemin attentionmay extend
to the componenbf this systemthat providesinnervationof the hippocampal
formation. As notedin an earlier sectionof this review, removal of those
neuronswith the selectiveimmunotoxin fails to reproducedeficits in spatial
tasksthatarereadily observedn agedrats(Baxteretal 1995a).In the chapter
by Everitt & Robbins the effects oflessselectivelesionsare citedas evidence
that the septohippcampalcholinergicsystemplays a role in memory.How-
ever, whetherany substarial deficit in memoryis observedwith selective
removalof thesecholinergicneuronshasyet to be demonstratedn contrast,
youngratswith selectiveimmundoxic lesionsof the cholinergicneuronghat
projectto the hippocampaformationdo haveamarkedimpairmentin ataskin
which attentioral processingis modified in intact young rats (Baxter et al
1995b).The taskinvolvesrepeated exposute acuethat is subsequentlysed
as a conditiored stimulus in associativelearning. Preexposurgo the cue
usuallyretardssubsequenearning,a phenomenomeferred taaslatentinhibi-
tion. Although more than one psychologicalexplanationof latentinhibition
has beenoffered, a numberof explanationsconvergeon the conceptthat
decrementsn attentbn to, or processingof, the preexposedtue serveas a
basisfor latentinhibition. In this contextit is notablethat either selective
damageto the hippocanpus (Han et al 1995) or selectiveremoval of the
cholinergic projection to the hippocanpus impairs latent inhibition in rats
(Baxteretal 1995b).The conceptthata latentinhibition deficit might existin
agedrats becauseof diminishedfunction of the cholinergicprojectionto the
hippocampus hasotyetbeentesteddirectly. It is interestirg to note,however,
thatarecentstudyshowedthatinformation encodingof neuronsn hippocam
pus in young ratswill becomeunresponsive tauesthat are not reliable
featuresof a spatialenvironmentan effectnot seento the sameextentin aged
rats (Tanila et al 1996). Thus, apparentlythe selectionof informationthatis
subjectto processingand encodingby hippocampl neuronss alteredduring
aging in a mannerthat might be predictedfrom the effects of removing
cholinergicneuronsn youngrats.

CONCLUSION

As informationaccumulateaboutthealterationghatoccurduringagingin the
brain,it becomesncreasingly cleathatanumberof differenttypesof changes
canbeidentifiedin differentneuralsystemsMoreover,the severityof age-re
lated changesin particularbrain systemsoften coincideswith the extentof
declinein cognitive functionsassociatedvith thosesystemsCertainevidence
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has also indicatedthat heterogeneityn the effects of aging may exist in
different cognitive domainsand neurobiologtal systens. All theselines of
evidencesuggesthat agingis not a global processa conclusionthat canbe
applied to the information derived from animal modelsas well as human
studies.

In thosecaseswhere comparisonscan be madeacrossstudiesof human
beingsandlaboratoryanimals animportantinsight into the neurobiologyof
agingis emerging.Researchusing advancedstereologicamethod indicates
thatneuronlossis not characteristiof cortical systemsincluding the hippo-
campusput thatneurodegeneratiotioesaffectdistinct populatonsof subcor
tical neuronsthat providecortical innervation. Apartfrom such structural
featuresof the brain, other aspectsof functional integrity are also affected
duringaging.Although many ofthedetailedanalysesvailablefrom studiesof
animal modelshaveyet to be extendedto studiesof humanbrains, neure
imagingresearchprovidessupportfor the conceptthat processingwithin the
existingcircuitsof the braincan be compromisedliringaging.

The comparisonof functional analysesacrossspecies,including neure
imaging researchwith humanbeings, highlights the needto advancenew
modelsfor understandinghe neurobiologicalbasisof cognitive alterations
that occur late in life. Aging differs from many conditionsinvolving brain
damage which neuropsychalgical studieswere originally intendedto ad
dressAnimal models for thoseonditions frequentlgntail thevirtual destrue
tion of a brain systemto test hypothesesboutthe underlying substratefor
cognitive functionsof interest,e.g.the medialtemporallobe and declarative
memory.During normal aging,in contrast,substarial structuralintegrity is
preservedover the entire life span,and neuronsthat do exhibit appreciable
neurodegeneratiosuchas thosén the basaforebrain cholinergisystemare
by no meanseliminated. For this reason,lesion models may have limited
utility for capturingthe performanceof neuralsystemsn the agedbrain, in
which considerableemodelingoccursand a variety of functional alterations
within the existingsystens can be detectd@Gallagher et al994).

Finally, the themeof individual differencesin agingis well supportedoy
studiesof laboratoryanimals,including behavioraimodelsdevelopedor their
sensitivty to memoryfunctionssubservedy themedialtemporallobe. More-
over,individual differencesn behavioralcapacitiesvithin thesemodelsoften
correlatewith the severityof neurobiologcal alterationsin the relevantbrain
systemsTheselines of researchyive credencedo the concepthatage-assoei
atedmemorydeclinein humanbeingscanreflecta normalaging processas
distinctfrom a preclinical conditionthat heraldsdementiaAn understanding
of the basisfor individual differencesin the effectsof agingis likely to be
advancedy further studés on thaeurobiologyof agingusinganimalmodels
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asanimportantadjunctto the studyof humanbeings.In this endeavorit will
be particularlyimportantto determinethe factorsthat distinguishthoseaged
individuals that maintain preservedunction from thosethat experiencede-
cline, an undertakingthat will benefit from the bridgesthat can be formed
betweerhumanbeingsandthe studyof agingin well-developedanimalmod
els.
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