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It rain aging involves rrurofunctiorul, ncurmmtomical, ard
lJ ncurochcmical charryes, and thc dynamic inEractions
bctwcen thcse lewh (see tlbcza, Nybcrg, and Part, 2005;
Lindenberger, Li, and Bickrnan,20(b for rccant rariors). Therc
arc about 100 billion nerve cclls in the human brain and eadr of
thce rrurons communicatcs with at lcast l,(tr0 other rrurons via
synaptic nrchanisrns. Owr 99h of all sympses in thc brain usc
rrurochcmical tnngnissions. This chapter addrcsscs age-rdatcd
ncurochemical dranges that afFct rruronal signal trarsduction.
We focus specifcally on age-relatcd impairmcnt in dopamine
(DA) s)'scms and their rehtiomhips to co8nitiw dcficits latcr in
lift . Other neirrotransmittcr systems-most rrotably rety'choline,
mrepincphrine, scrotonin, and glutamae-aho undcrgo altera-
tions during thc aduh life coursc (sce Morgan ard May, t990;
Scgovia a al, 2(X) l for rwiavs). Thus hr, howevrr, the DA qrstems
haw attractcd thc most attention and thcrc is mounting evidcnce
that DA is a kcy neurotrarsmittcr in thc context ofcognitive aging.
Molccuhr imaging mahods 6r assessing age-rclatcd dcclinc in
pre- ard post-synapic marken of 0re dopaminergic a)BEms, as
*tll as more recant gcnomic imaging multimodal imagin6, ard
computational ncuroscicrrc approaches to invctigate how dopa-
mincrgic modulation affects cognitivc qing wil bc particularly
highlightcd herc.

It was only a halfcentury ato that DA was discovcred as an
in&pendcnt trarumitter in the ncrvous system, as opposcd to a
precursor of other transmitters (sce Bjiirklurd and Dunncft,
2OO7 for review), The dopamincrgic slntems have, however,
alrcady bcen widely studied in the contert of aging researdr,
owing mainly to (a) the number of rrell-charactirized biomar-
kcrs for their pre- ard post-synapti< comporrnts, (b) the markcd
age-rdated dccrcments observe4 and (c) broad invohrcment of
DA in a wi& range of cognitive furrtions and Parkirson's dis-
casc. ln the following section, we first dcscribe the major DA
systems in the human brain and methods for imaging thce
systcms, Thcn we review evidcncc for DA's role in cognition
and the relation*rip bctyrcen age-related &clincs in DA systems
and cognitive aging. In thc last scction, r.rr highlight emcrgnt
thcmcs ard mvel approrhes that arc amenablc for investigatirg

dopaminergic modulation in the aging brain and its furrtional-
consequcncc. Although this chapter focrscs on DA systems,
age-related changes in other transrnitter systcms arc likdy to
also interact with dopaminergic sFtcms to affect cognitive func-
tions. Outstanding issues rcgarding other transmittcr systems
rhat are likely to interact with dopaminc in affcting cognitive
furxtions will bc disctsscd as well.

DA Stnt mr In th. Hum.n Br.in

Originating in the mid-brain, DA nanrons havc wide innerva-
tions lo various subcortical and cortical regions that make up
thc nigrostriatal, mcsocortical, and mesolimbic (sec Lcwis and
Scsack, t997 for review), as wdl as the thalamic dopaminergic
systcms (Sindrez-(iomilez ct d., 2005; scc Figure 5.1 for a
schematic diagram of the four pathways). Thc nigrostriatal
and mcsolimbic pathvrays form the thD major subcortical DA
systems. The cell bodies of the nigro*riatal DA system arc
located in the substantia nigra in the vcntral mescncephalon.
Thc ncurons project to thc striatum-a rcgion with derue
dopamircrgic innerrrations. The mcsolimbic DA sysfcm origi-
natcs from a more difrrse collcction of neurons in the ventral
mcencephalor; medial to thc sub'stantia nigra, This region is
called thc ventral tegmentum. Orr portion of the nanrons herc
projects to limbi< rcgions such rs thc nuclcu accumbens, the
amygdala, the hippocampug and the anterior cingulate concx.
A third pathway, rcferrcd to as thc mcsocortical DA synem, also
origimtcs from thc ventrd tegmentum and projects throughout
thc ncocorter. A fourth pathway that projects to thc thalamus,
and may bc indepcrdent Fom the nigrostriatal ard mesolimbic
slstems, has only rccently bccn idcntified in the primatc brain
(Sinchez4onzilez et al., 2005). ln line with findings in pri-
matcs, thc thalamus in humans is also inncryated by dopaminc.
For irstancg relatiwly high dopemine D2-rcceptor binding in
thc thalamus has bccn idcntified in both rccepor imagirg
(c.&, lto ct al., 2m8) ard in postmortem (Ricck ct al., 2m4)
studies
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Fls!. !l A rctranetic diegnm of o{c &prmirrrgk pertnrep in thc hulun brrin. (Adeptod from Bic*men md Fudc, 2fl15 erd
Sindrcz4onzilcz a rl. 2fl)5; sFirl thuls to th. bb of C Crnde fc pmvidin3 rn crrlicr draft of thc figrrc.)

P6t- rrd Drrrynrptlc GorDorrrilr of DA
tyt.nrl

Tft phyiolodcsl effccts of DA an mcdiatcd by binding to any of
the ffve cunertly i&rtified rcccpor subt'?$ (Dl-Ds). The DA
recptor subqpc hn'c distinct enatomicC distributiors in the
bnin (Mcedor-Woodnff, l9{) td crn drus bevised as mertcrs
for dif,crtrt cbstn of DA-rtletcd funcbrc. Thc fna subtypc erc
grouped into two femilics on thc blsb of strrtural homology ard
biodrcrnkd cherrtcristks Th. funit'' of Dl-[b rccpiors
inclu&s thc Dl end D5 obtypcs end thc farnilyof D2-like rccp-
tors indudirg the D2, D3, end Dl rubtpc. DA rccptors ahibit
ti*rrr- erd cdl-spccific erprtssions ther alt modulated during
danlopmcnt, rgir6 and in onditbns srrh as Parkinsn's dircasc
(Larricr, O'Doud, and Gcorgc t994 Sdrembn c rl, l99l; SocsC
and de h Fucrtc.Femerdcz, 2m3). Thc moleanlar medrenirms
reguleting erprcsionr of DA rtaeptors an mt viell un&rstood,
end rcrcerdr in rhis aree is juc sterting (c&, hsuit, Ll .nd
Kuhilrrdethil, 2uX). Thc peuity of knowlodge malcs the task
of dcvdoping distina biornertcrs for DA rccpton difficult md
complic.tc thc interprctatbns of findirryr. tn thc folloring thc
two Eceptor familio an rcfcrrcd to as Dl .td D2 rcaptorq as
thcrc ell thc moa higbly crprcsrd DA rccptor 3ubtl?ca in lhe
hunren brein In addition, mort of thc ligar& currcrtly rscd 6r
recptor ir|.girg do rret diftrcnthte among thc rcspcctirc frmily
mcmbcrs.

Dl rcccptorr arc more aburdant then D2 rcc?tors, rc&ctirE
high oncartntion not only in the *riatum but elso thmughou
the ltocortq (Hdl a d., l99l). D2 tlccptors art highly conccr-
tratad in the striatum. [owr oncntations art erprescd in thc

brain stem srd thrbmus and corrcntrstions ere minutc
throughout thc rao@rtcr (Kcsslcr et d., 199). Conkdly, tlE D2
rcccptors have a rcgioml-rpccific lrnimr distributiorr locatod in
Lemim 2 of thc lowcr tcmporal corter md in Lemina 6 of the
ranuining neocortq (Kohlcr, Ericsoru and Radcratcr, l99l ).

Early wort with rodcrts srrygctcd an anterbr-to-poetcrior
grediot of dopemirryk proicctiors to th. rEo@rlct, with .
prcftrotial DA inncrratbn of the frontel cortc (Ungcctcdt,
l97t). This gerraly rcccpcd csumption hag howcvtr, mt bccn
confirmod by more rcent in vitro (Hdl c al., l9lX; Ke*der et al,
t992) ard in viro (Ferdc a al.,l9n dat " SFciftdly, studics in
human subiccts &monstnE a homoganou dicibutbn of Dl
rcccptors across drc noocortcr, and a preFrtntid locrliratbn of
D2 receptors in thc rrcntrel tanporal orter The pccics differcrres
in recesor distribrtion ge consistcnt with findingr that dopemi-
ncrgk tcrmina& ar rcctricted to thc frontel lobcs in todcnt$
whcrtas thcy are tinre widely dlrtrihfe4 though with Brying
&gres of corrantraions, aao*r tlE entirc cortcr in monLqa
and humans (Brwn and Goldmeq 1977; Gasprr ct d., l9t9).

Mct DA recpton arc locatcd on posrryrnptic rruronsr
dthough r:mdl proportion L crprcscd on dopamirt ncrrrc tcrm-
inals. Thc autotlccpbtr th.t arc prcsynaptically locatcd on rrrve
tcrminals (C-ar}rcn, 1975) EguLtcdopeminc synthcsisand rclcasc
ard belong to thc family of D2-likr Eccplors (Roth, l9t{). DA is
synthcgiad at tlre pr€3yn8ptic terminal+ process that is dccr-
minod by thc emyme tfrc.inc hydroryL$ (TH) that co[errts
tFoefur to thc DA prccursor, dope (sc Fiprc 5J). Tlt DA
tnnsport (DAT) ir r rndDbratE-bound protin that *rvts as a
rcgulator of the syo4tic corrantratioo of DA et rrrvc tcrminals
(Giroe et aL, t99). Thc DAT providcs a rapid and cfficicnt
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ligw a-2 A rhtmatic diagun of a DA synapx. in thc striatum with prc- lrxl prsts;-naplic compon'nt!. (Adlptcd $'ith pcmision from Bicktron

ud frdc,2005; cop;-right Oxford Llnivcnit,v Prrs.)

mechanism for reuptake ofsynaptic dopamine, and is escntial for
the regulation ofdopaminc ncurolransmission ((;iros et al., 1996).
It has been sup;gested that the con<entration ofDA'l may sen'e as a
marker of the homeostatic tone of the DA sy*em (laber et al., 1997;
lones ct al., 1998). ln addition, it should be noted that a small
population of presynaptic D2 receptors alm participate in the
regulation of DA release (Roth, 1984). 'lhe highcst conccntration
of the DA'l'is found in the striatum, with much loh'er concentra-
tion in thc brain stem and thc thalamus (lto et al.,2008).
lmportantly, DA'I' is not apresscd in the neocortex, where thc
noradrenaline tnnsporter sen'es as a regulator of DA conr-entrs-
tion. Othcr than the DA'l', which is a DA specific transportcr, thc
vesicular monoamine trarlsporter (VMAI) is another preslnaptic
protein that transports monoamines, including DA, norepi-
nephrine, and serotonin ((lhen et aL, 2008; 'l 'ay'or et al, 2000).
'lhe VMA'I- specifically dre qpe-2 tnnsporter VMA'l'2-{rans-
ports intratellular monoamines into the synaptic vesicles and is
expresscd in all monorminergic neurons ln the srriatunt 9596 of
the VMA'I'2 binding trkes plac-e in dopaminergic neurons ('l a1'lor
et al.,2CI)O). A schematic illustraion ofthe different components of
the srriatal DA slnapse is shown in l'igure 5.2.

lmag ing Dopamincrgic Systcms

'lt€ conr-€ntration ofmost receptor proteins in the brain is in the
nanomolar range. Such low concentrations cannot bc detected
using magnaic resnance (MR)-based techniquc. 'l 'he nuclear
medicine imaging techniques, positron emission tomography

(PE'l') and single photon emission tomograPhy (SPE(l'l), are
ideal for this purpor, as they have a clear sensitivity advantagc
over MR-based techniques (Biickman and Farde, 2005).'l he PH'l'
and SPE(ll' tcchniques employ' radioactive tracers to generite
images reflecting the distribution of ligands (i.e., signal triggering
molecules that bind to spccific target receptors of transmitlers) for
specific molecules in the brain, and they can be uscd to study thc
synthesis and release of ncurolransmitten and thc avrilability of
receptors (see Mc(iuire er al.,2008 for revie*'). PH'l'detects rather
short-lircd radionuclides that decay via release of r positron,
whereas SPE(ll' detects more long-lived radionuclides that decry
b1' rclease of a gammr n1'.

Various ligands for imaging the difftrent pre- and
posslnaptic markers of the dopaminergic systems in thc humrn
brain hrye been doreloped (see Orople,v a al., 2006; Halldin et al.,
2001, for overviews). PE't studies on birxhemical markers for
specific neurotransmission syslems depend on the availability of
suitable ligands that can be rapidly labded nith short-lived radio-
nuclides such as carbon- I l, which has a half-lift of 20.3 minutes.
An adrantage of radio-hbeling with carbon-l l, b1' substitution of
the naturalll'occurring carbon-l 2, isthat the stru(tute and proper-
ties of the molecule remain unchanged. When conducting a PE'l'
study, a tnce amount ofabout I pg of the radioligand is injocted
intrare noudy and brain radioactivity is mearurcd continuously for
about one hour while the subject lics on a ranner trble rith thc
head fixated. 'lhe relatively long acquisition time is one reamn for
the excellent test-retcst reproducibility, *trich is usualll'
within 5% of discrepancy (Nordstrdm et al., 192). 1he binding
potential (BP) is a commonly used parameter in P!-l research on
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nanrorcccplor birdirg. This parametc rcptlscnts thc raio Bmar/
K4 where Bmar is thc correntration of a pmtcin in a brain rcgion
and Kd is thc appartnt in vivo afrnity of thc radioligard for tre
reccPtor.

Thc bcnzazepinc [llClSCH23390 b'as thc 6rst radioligand
do'elopcd br PET visalization of thc Dl rcccpor (Farde et d.,
1987) ard has sirrc bccn a rdcrcncc ligand for this purpose.

ll lClNNCl 12 is a morc rcccndy dcrrdopcd ligand that providcs
a higbcr sigrral-to-noise rdio for cqrtical Dl rcccptots (Halldin
et al., 1998). Thc most commonly uscd radiolgard for PET sam-
ination ofD2 rcccptors is | | lClraclopri& (Fardc ct al" 1985). Thir
ligand is suit$lc for quentification in rcgions with a high dcnsityof
D2 reccflors (ic., thc stridum). Amthcr radioligrrd,

Il lClFtB{57, has a wry high affinity for D2 rtccptors and is one
eramplc of ligan& oitable for visualization of bw-&nsity D2
populations in the limbic slntem and the ncocortex (lhrdc et al,,
1997). More rccantly, the BP of IltClFLB{57 in the hippocampu.s
hc bccn fourd to be positivdy correlatd with measrres of
cpisodk mcmory ard erccutive contol in purg adults
(Takahashi ct al., 20tr).

The L-IISFIDOPA was thc first radiotracer dewlopcd 6r
imagirry of the prcsynaptic DA ncuron (Gamat et d., 1983). PET
sMics with t-[lSFlmPA provide thc ratc constant k3, which is
assumed to scrrrc as an index of DA synthesis. The trrer
5-[lSFlfluoro-L-rn-tyrosir (FMT) is amthcr martcr for quanti-
fying prcynaptic DA synthesis ((bols ct d., 208; Ebcrling et al.,
2(tr4; Nahmias et al., 1995). Furthcr, difftrcnt cocaine analogms
have bccn dcveloped for quantifring DAT BP. Of thcsc [l23ll
8-CtT is the most widdy used [gard for SPE{--T imaging of lhe
DAT (Ncumcyer et d" l99l). This ligur4 ho*rver, also has an
affinity for scotonin and noradrenalirr trarcportcr:. Analogrrs
strh as [IIC]&CIT-FE (Fardc ct d., 2m0) and [lCl PE2l
(Halldin ct al., 2003) provide a more sdective signal and are
currcntly used in PET studics. ln particular, [llClPE2l is also
prcmisirg for dctailcd aamination of strastriatd DAT popula-
tions, srrh as thos in thc midbrain. Regarding PET imaging of
striatd VMAT, | | lCldihydrotetrabcnazir (DTBZ) is a commonly
used ligard (Fny et al" 195).

ln summary, various ligands have bcen do'doped for imagirry
different comporrnB of the dopaminergic sy*cms using PET or
SPECT tcchniq*s lt is currently possible o usc a rangc of molc-
cular imaging methods to asscss iriatal or cxtrastriatal dopamine
Dl and D2 reccptor bindin& DAT bidLry, and endogenous DA
synthcsis rae, with some ligands bcing appropriate for thc
striatd ( I I lClradopridc) and othcrs for lhe qtnstriatd
(e€., Il |C]FLB{57} comporrnts of the DA sysEms (see Franlle,
2UJ7 for ro'iov). Efforts at otabli*ring a rnrmativc molecular
imagiry &tabas of DA systcms in hcalthy irdMduls arc crncr-

FrE (lto cl d., 2m8). With thcse mahodologicd &vdopmcnts,
rcccpor imaging echrnlogies providc no avenues for under-
stardirry thc age-rdated declirr in prc- and postsynrytic mcchen-
isms of DA systcms ard thcir irnplications for cognitive dcficits in
late lift.

DArrd @gnition

Data from animal worh clinical and pharmacological rcseardr,
cardidate gcrre association studic, and computdional neu-
roscicnce al convtrgc to demorutrdc a maior inflrrrre of dopa-
mincryic npdulation on a wi& range of cognrtive functions,
Amplc cvi&rre from animal studic dro*s tlut lcions on the

DA qntcms et multiplc sitc (e,9, prcftrontal @rtc& nucbus
accumbctr$ srbthrlamic nuclcus) cause impairmcnt in highcr-
or&r cognitivr functiom strh es attention, mcmory ard inhibi-
tion (see Biclsnan ct d" 2006 for ro'ior'). Clinical sudic on
patient groups with ss'cre alterations of the DA systems
(eg, Parkinson's discase and Huntingon's disease) rcved &ficits
in so'erd cogrritiw functioru such as crecutive functioning epi-
sodic memory, and cognitive specd (Brown and Marsdcn, l99G
Brardt and Buitcrs, 1985). Morcovtr, PET sMics show stong
rdatioru betrreen DA biomarkcrs ard cogritive pcrformancc
assessed outsidc the scanrrr in both Parkiruon's (Bruck ct al.,
2O5) and Huntir4ton's (Bi*man et al.,19971paticnts.

A nnge of association strdics with cardi&tc geoc impli
cairry dopamincrgic rEurotrensmission providcd furthcr support
for the DA-cognition link. For example, the COMT cnzymc
dcgrades DA in rhe prefontal cortcr (Weinshilboum a al,
199). A common raUmet polymorphisrn accounts for much of
tlrc cnzymatic activity (rral > mct), rcsulting in lcss DA availability
in iontal Dl rcccptors among val carrien (Egan et al.,2ml),
ln erccutively demanding tasks (e&, worhrg mcmory
Wiscorsin tlrd Sortirry) an advantage of mct carrics has bcen
found (scc Croldbcrg ard Weinbergcr, 2(tr,1 br review). Relatdly,
variations in the DAT ganc (i,e,, numbcr oftandcm rcpeats) are
associated with DAT arailability in the stridum (morc repeats >
fover rcpcats), translating into les synalic dopamirr for penons
with morc repeas (Mahcr et cl., 2002). Allclc with 9 or l0 rcpeats
are most common (Mitchell et al., 2(tr0). Bchavioral o'idcnce
shows lower pcrfornance among l0-reFat carricrs in taslcs asscs-
sing speed ard attcntion ([oo et al., 2003) as wdl as rcsponsc
inhibition ((brnish ct d.,2m5).

Whcreas gcne-association strdic on the DA-cogrition link
build on individrul difFrcaccs in gerrtic predispositions for dopa-
mincrgic modulation, pharmaological sMies intcwert directly
with activity in thc dopamirrrgic systcms. Pharmrological
manipuhtiors of thc DA sysEms (i.e., incrcased activity through
agonists or decreasd aaivity thmugh antagonists) havc bccn
shown to affcct cognition in hdmars and animals alilrc. ln gerrral,
agonist *udics indicate performarre bencfts in cognitive asks
(c,g., rrorting mcmory, pced, ancntioru ard reinforccment
learning), whercas antagonist studies strow decrcmcnts in the
sarE ta& domains (Halli&y cr al., 199,1; Luciana ard (bllin*

1997; Pizagilli et al., 20(E; Ramaekers et al., l9{tt Sawagudti
ard Goldman-Rakic, l99l; Scnran-Schreibcr ct al" 1998).
Howevcr, thc effccts ofthcsc compounds arc not cntirely consis-
tent. ln particular, thcy tend to vary with dosagc and baseline
cognitivc capacity (Kimbcrg and DBposito, 2003; Kimbcrg
DBposito, ard Farah, 1997). These findings harrc becn interpreted
in tcms of an inverted U-shaped frurction rdating DA levels to
cogritivc pcrformarre (C:i ald ArnstetL 199; (lools et al.,2(Dl;
Goldrmn-Ral.ic, Muly, urd Williams, 2(trG Knutson and Gibbs,
2(n7; Li and Sfut<im, 2002). &i&rrc in fo'or of this account was
oblaincd in a shdy that combincd molccular gcrEtics with phar-
macologyandbrain imagirry (Mattry ct al.,2m3). In thir $ud)', eal
carriers of thc (DMT gierE (lcss ftrontal DA signaling) had to
recruit more &ontal tissuc lhan mct carriers to achievc thc samc
pcrformancc levcl in a rrorking-mcmory ta*, a pattcrn suggesting
lowcr rrural efrcicncy amorry val carriers Undcr thc influcncc of a
DA agonist, howo'cr, thc pdtern was rcwrsc4 with the val carriers
showinga morc cfrcient frontal responseand thc metcarriers a lcss
efrcicnt rcsporse. Obviously, this pottem of data providcs direct
support for theviability ofthc inverted U-shapeaccount of DA and
cogrrition.
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ln addition to thcse lincs of empirical evidencc, various com-
putational approrhcs harc bccn introduccd to understand thc
mechanigns whcrcby dopamirrrgic modulation afFcb cogrrihon
(sec Rolls ct al., 20(B for review). Thcsc attcmpts rrnge from
rralistic biophysical 6rir6 rate modds.ofhow D I ard D2 reccptors
affcct the lability ofworking mcmory repr€s€ntdions ( Durstewita
Scamans, ond Scinowtsi, 200; scc also Scamans and Yang 20O{,
for rcvicw) to morc ab$ract modcls of dopamincrgic cffccts on the
dynamic connectivity bctri,rcn prgfrontal corter snd basal grrglia
(O'Rcilly and h'rank, 2m6). Othcr modds focus on DA's gencral
computational role in aftcting the signal-to-noise rotio of neu-
ronal signal trrmduction ((lohen and Scrvan-Schreibcr, 1992; Li,
Undenbcrger, and Siktom, 2001 ) or outcomc-based valuation in
rcinforccmcnt lcaming (see Montaguc, Hymur, and (bhen, 20M
for review).

Although thc different computational approrhes diftr in
thcir lo'cl ofanalysis and biophysical spccificity, one basic assrmp-
tion strand by mon thcories is that dopamincrgic modulatron
influences the properties of neuronal representalions ofcognitive

E

and perceptual 6'ents. For instarre, a two-stage model of
dopamincrgic modulation of working mcmory aims at capturing
thc dlnamic interactions bet$Een IJA and NMDA receplors in
aftctirg the neuronal rcprcscntations of memory itcms in thc
prefiontal corter (Durstewit4 Scamans, and lrjrnwksi, 20ffi).
Specifically, when D2 receptor modulation prcdominates during
the first stage, thc prc&ontal corts (Plic)rretuDrk is supposcd o
bc in an cplorotory state with multiple weak rcpresentations,
Hor.,ever, in a sccond stage whcn Dl reccptor moduhtion pre-
dominatcs, heiShteocd inhibitory mcchanigns wecd out we&r
represcntotions, ard enhancc thc rcprccntation of the strongcr
inputs (Seamans and Yang, 2OM; scc Figure 5,3a). This effcct is
nicdy porallded by rcsults from othcr modcls that aim at expli-
cating the computational cffrct of dopamincrgic modulation on
the sigml-to-mise rdio of information proccssing at a more molar
level (Cohen and Semn-Schrcit6v, 1992; Li, Lirdcnbcrgcr, ard
SiksEom, 2O0l). As the gain parameter of a neural nctrrork's
activation funrlion is attcnuded or irxreascd to mimic
dcficient or exccssiw dopaminergic modulation, respectively, the

5. Dopanin ryic Moduledon of Cognition in Human Aghg

Egut 5-3 (r) A nro-sragc model of dopamirrrgic
m*iulation of mcmory reprcscntrlions in thr prcfronlal

cul€r. Pldlcd arc simulations of rtintion in Pl'C. Pcd6
&notc arinul slat6, cdrsp(ndin8 to ahe susraincd
Kur.nt rclivity rcquircd to hold itcms in working
memrr,v.-l hr lcft pmc{ slnws thc cxflfratbn statc, whrrc
D2 mululation prcrlomimtra, with a rrt roluction in
inhibition rtsulting in multiflc wr.ah rcprrscnations. 'l hc
right puel sh<rus thc rrpr*nratirn drarpcnirg statc,
urhcrc Dl mduhtim prcdminatc\ with I net incrca*

in inhbition rcuhing stnrrg ftrcusd rcpreerlation.
(Adaptd wilh p(rmbsion from Scanuns md Ymg, 200.t,
copyri$rt Llscvicr.) Dopaminc modulatcs the
sipnal-tonoi* ratio ofneural informatbn prc'singand
affe'ts thc (b) distirrtivcrrss of mcmory rcprcsrntltions
(c) and mcmory spm. Simuladng drfricnt or ercruivc
dopminergic modulatim, by rapcctiEly aneNatin8 or
irreasing thc gain puamaer ( C) of fte activation
function of a noral rEtwork, rcsullr in lcs distinctivc
intcmal rcprccntations, Ls dirtinctivc rcprtxntalionsn
in tum, reult in limited mcmory spms. (Adapted with
permSsion from Li md Siktrirm,2002; copgright
Lh*icr.)
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t6 lmaghg thc Aging Erah

distinctiverrs of stored memory items' internal presentatiors is
reduced. Les distinctive reprcentations result in morc limied
memorv span, and account for the aforementioned inverted-U
function relating DA signaling to rrorking memorv perforrnance
(Li ard Silatrom, 2002; see !'igure 53b apd 5.3c).

Chenges in DA Systcms during Aging

During the coune of nor-al aging, dopaminergic systems
undergo subsrantial decline (sec l'igure 5.4 and 'l 'able 5.1 for
overview). Much of the work on the relationship between aging
and DA ncurotransmission has focused on the Gudatc and
thc putamen-two major nuclei in the slriatal complex raith
densc dopaminergic innervrtion from the substantia nigra.
'l 'hus, thc conditions for reliable analyscs of DA biomarters are
prrrticularly farorable in the striatum. 'lhere is strong cidence
for age-relatcd losses ofpre- and postsynaptic biochemical mar-
kers of the nigrostriatal DA sptem. Reg;rrding pres)'nirptic
mcchanisrns, both PL-l' rnd SPE(i'l ' studies (Erixon-Lindroth
er al., 2t[5; lvlodey a al., 2001) indicgte mitrked age-related
loses of thc DA'l'in thc striotum (sce l-igure 5..1a), thc averrge
declirp estimated to bc 5-l0c/o per decade from eorly to late
adulthood. f'or postsyrraptic mechanisms, molccular imaging
work rseals age-relatcd losses of both striatal Dl (Suhara
et al., l99l; Wang a al., 1998) and D2 (Antonini et al., l99l;
Nordstriim et al., 1992) rcceptordensities ofcomparable magni-
tude as found for the DA'l ( se !'igure 5..1a and 5..1b ). Age-related
docline in recptor densiqv might contribute ro dendritic spine
loss (lacor, 2m7). An issue for future research to determine is

T.blc S-l Crors-rectional €rtimatcr of percGntagcof
dccad+bydcde dcclinc in dopamhe D2 rc<cptor bindhg
mechanirms in v*io.,' utrartriatal regio(r3 rcportcd in two
rtudiet.

Kdttiffi cl rl. 20{X)

Brain Regionr qD

Frontal I I

Tcmporal l0

Parictal

Ckcipiul

Hipprompu l0

Am;gdila 7

Thdamu 5

lnru ct.l. (200.|)

l4

l2

l l

l l

t2

5

the temponl ordering bctween rge-related changes in DA mar-
kers irrd corresponding anatomical llterrtions, such irs chrnges
in dendritic morphology and ggey-mattcr and *tritc-matter
integrilv.

A similar downwrrd ege trrFctory is seen ftir the mcc-ortical
and mesolimbic dopaminergic pa$r*rys.'lhus, mrrked agc-rclated
losrs in D2 receptor binding har.c bcen obscned throughout the
neoconex as well as in thc hippocampus, amygdala, and thalamus.
'l'ahle 5.1 srmmarizes cros-sectional estimates of percent rcduc-
tion per decade in D2 binding efficacy in Erious extrastriatal
regions from two irdcpendent studics R'ith Asian and (aucasian

samples (lnoue et al., 2001i Kaasinen et a1.,2000). F'igure 5.,1 (c, d)

Strirlr{ DAT 8inr.ihg

Ag tl AtrtC

(c, D1 Recepbr bhdhg

I

E
Ec
a

P
I

a

E
t
6
o

g
P
o

(b) Strirld D2 Rerc.rplqr Birrdilg

D2 Rccaptcr bhdhg

Fmtr cdla

(d)

Ftrr r&.1 c(r 16r

. \ \

-{_..

] .  - i - r :.  'r*

Ago

F[uc A{ Agc-rclatul dr'clinc in prc- rtxl p(btlvnap(ic &rpmin'binling mtrhurismr: (r) Striaral DAI binding (Adaprct with pcmision from
l-riron-Lindroth rr aL,2005; cop,r righr Ltst'vicr.l: (b) Sriatal D2 rcctptor bindirg (Adaptst s'ith pcrmision from Kuincn md Rimc, 2il2: crpyright
L|xvis.); (c) Dl rcccptor bindinB in frontrlcortrx (Adapttd with pcmision from Suhua ct d., l99l: cop,vright Springcr-Vcrlag.); (d) D2 Rrcptor
binlinll in fronhl concx. (Adaptul with pcrmisirm from Kaasincn rnd Rinnc 2ff)2; copyright Llxricr.)
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portrays a dc<line in Dl and D2 rccptor binding in the ftontal
@rtcr acros thc adult [ftgen

Thc gancral age-rebted declirr of DA systems may hene mul-
tiplc surces, irrlrding rruronal loss in thc sbctantia nigra, loss of
synaFcs, and a dccrcase of biomarlqr proteins pcr ncuron with
adrrancing agc (see Bt&man et al., 20{b for ro'ierv). Thcte is an
age-rdated reduction ofDA cdl bodies in substantia nigra with an
avtrage loss of around 3% pcr doca& (Fearnley and Lrcs, l99l).
ln a unique study, post-mortem rtll counts in thc subatantia nigra
rrrrc highly rdatcd to an ante-mortem imaging markcr for DA
s).nthcsii capacity (Smw c d., l99l). This nrgge*s thl ncuronal
numbcr influrrcs lhe total synthesis rac of DA. There is also a
rtduction of synapses that progrcsscs from childhood thrcugh
edulthood b old age, which may rcicct both a&pivc phtic
proces$s durirry dcrdopmart and prcdominantly nonadaptiw
loss in hte life (C'opnic, Mcltzoff, end KuN, 1999). Finally, thcre
is si&rrc sugge*ing an agc-rdrtcd dccrcase in thc nunrbcr of
biomarlcr prcEins Fr cdl. Spccifically, work with rodcnts has
&momtnted substantial age-related losscs in *eady-$ate lo'cls
ard synthcsis of D2 rccepor mcsnEcr ribonrlcic acid (mRNA;
M6co ct el., 1993). Rdatedly, human work shows that thc age-
nlatod dccrcasc in DAT mRNA may erceed thc crtnt of rruronal
loss (Dc Keyscr ci al,, 1990; Sccman ct al,, l98l Scvenon et al.,
1982). Thuq thc bonom line is that age-r&ted altcrations in
rcuronal numbcr, synapscs, and protcin conccntrations may all
contribute to the generd dcline of DA qntcms with advancing
adult age.

Thc fact thar similar age pattcrns are socn for DATs ard
poctsynaptic marlrrs sugge$s that thc cryrcssion oftrarsporters
ard rcccpors may reflect adrytation of major dopamirrrgic

Fthway componcnts One possibility dcrivcd from work on
l@oc&out mice is that the loss of DATs initially rcults in increascd
DA concentrdions; irrrcascd DA lsvels mey $bs.quertt lcad to
down rcguLcion of rrurotrammission in postsynaptic nanrors
(Shintai et al" 1997; Zhang et al, 1995).

fte Comlrtivr Trled Dogrninr, Cognltlon,
ldllging

So far, we haw raliscd cvidcnce irdicatirg (a) a markcd rrgatiw
rtlationstrip bctwecn adult age ard multiple DA markcrs, ard
(b) that DA is inplicaed in a range of cognitivc functioru. Thcre
is also strorg evidcnce ofa negatiw rdation*rip bctwrcn adult age

and performarrc in tad<s assessing rariou3 <otnitive abiliti€s,
irrludirg crccutira furrtionirg, cpisodic mcnnry, and spccd (see

Craik and Sahhousc 2ffi7 for revierrs). The fact drat performarrc
in thc rary samc tasl domains is in0uerrcd by DA functions
sugtests that thcre might be a corrdative triad among adult age,
DA, ard cognition. In aemining dris tria4 thc kcy bsle iswtcthcr
altcratiom in dopamimrgic rruromodulation ovcr thc lifcspan can
bc cmpirically linkcd b ryerdated cogrritira dunges Although
rclatively fov studics haw ad&csscd this issrr, the data pafiern is
strikirgty oonsisEnt

WarE et d. ( 1998) reortd strorg rclatiorshiPc amor€ age,
striatal Dl reccptor bindirg, and performarrc in a psychomotor
tet. Similar rcults wcre obtaincd in a studyexaminingthc associa-
tion bctween age striatd D2 rcceptor binding and fingcr-tappirg
pcrformcrcc (Yang ct d" 2m3). Although thcsc studies rcporttd
bivariatc corrdations only, thc rculs arc important in that thc''
documcnt thc cornlative uiad within the sanr group of
participants.

In a scminal study, Vollow et al. (199E) assrssed strietd D2
bindirg in oniunction witr thc tcsting of trocutive atd motor
furrtionirg, as wdl as perceptual +ced across the adult lift spon.
In linc with earlier sudics (Antonini et al" 1993, Nordstrom ct d.,
1992), D2 rcceptor birding dccreascd with advarrirq age urd thcre
werr rrgative rdationdrip,s bctweor 4c and performarre in cog-
nitive tests. Of critical importarre, pdrtial concldiom revealed
modcratc-to-sttDrg rcbtiorships bctr,rccn D2 birding and cogni-
tirrc ard motor pcrformancc, also after controlling for chromlo-
gical agc. Thesc rcults susest that age-rchted dccrcascs in DA
furrtion are rdated to &6cits in both cognitive and motor furr-
tionirg ord tlBt DA activity may inflrrrre performarre
irregectirc of age.

Thesc firdirrys r.trccorroboratcd in a rdated study(Bt&man
et al, x)m) lhat examincd criatal D2 birdiry and cognitivr pcr-
formarxc (episdic memory and pcrccptual geed) in an adult
lift-ryon sample. Thc kcy firding was that satisticd control of
D2 bindirg cfFctivdy elirainaud the in{ucnce of age on cognitive
pcrformancc whcreas D2 bindirry conributed to pcrformarre
orcr and above that of age (see Table 52). The rerults provi&
furthcr o'idcrrc for thc view that DA is implicated in age-rclattd
cogrritive dcficits as wdl as in cognitive furrtioning in gcneral.

Other rcsearch has qtcn&d these findings o pnsynaptic DA
markcrs srrh as DATs. Mozlcy et al. (2ml) reported age-rclattd
reductiors of DATs in tk strianrm dong with agc-rehted dcficits
in verbd episodic nEmory. lmportandy, striaral DAT birdirry was

Teblo !t-2 llcrrchlcel rrgrrreion enelyrcs rhowlng tho rdrtive infiucnccr d 4c end @mlna m ?*c1l6t
blndng on kcy mc:U|tr of <ognittn qlng. (Ad+lrd wfth pcrmkeion frqn Bldm.n .t .[, 20@; copyrlln
Amria trr hi*k PrAlirhinal

tc{r o{ FlraptJ.l 5pG.d T6G of E;irodk Mmsy
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strorgly assciatcd wirh memory pcrformarre in both yourryer ard
oldcr adults. An 4c-rdated dccrcas of DAT &nsity in the cau&te
and putamcn was also documcnted by Eriron-Lirdroth et al.
(2m5). This study revcalcd 4e-rdated dcficits in te$s of episodic
memory, working mcrnory, and rrDrd fluency, but rrct in a tcst of
gencral knowldgc. As in thc Bickman ct al. (I)m) study on D2
reccptor$ the age-relattd cognitira dcficits wcrc <omplctdy
mcdhted by DAT &ruity, alhoqh DAT dcnsity €ontn:butcd lo
thc performancc rrariation in memory ard fluerry indepcn&nt of
age. Thc lauer finding was substantiatcd by thc rcsrlt that DAT
dcnsity also was relded to pcrformancc in thc age-inscrsitive
kmwlcdgc tc* (Table 5.3).

Taken togahcr, tltc availablc eviderre *rows that prc- and
po*qmaptic markcrs of the nigro*riatd dopaminc systcm arc
sttong BerErd oreliiles of cogritiw pcrformmcc, as wcll as
porrrful mcdhtors of the ogritive (harry6 th.t (xcur acoss
adulthood and old agc. In [ght of DA's critical rolc in age-relacd
cognitirrc dcfcit, a range of rEw rescarch thcrnes and paradignrs
hc rcccntlybeen proposcd for furthcring our urdcrstanding ofthc
medt.nisms through which rhe DA slaterns change ard aftct
cognition during aging ln the rcmainder of this drapter we wil
highlight some of lhcse nov approachcs ard cmergirg thcnes, as
wdl as ddirrate some outstanding issrs br future rcsearch on thc
aging-DA<ognition link.

Emcrtlng Thrnrcr rrd tovrl Approrher

ln terms of ncv thcmcs in cognitiw aging rescarch, the isrrs of
(a) whcthcr the relationhip betlvccr DA and cognitive &6cits is
domain-gemral or function-pccific, (b) redrrtion in a&ptira
flcribility (or plasticity) wtren confrontd with cognitivc challcnges
or intcrver:tion, (c) agc-rdated inccascs ofnoise (or fluctuation)
in neural ard cognitive prccesscs, and (d) chrrrye in decision-
making processcs, could aX bc linkd to age-rdated dcdinc in
dopaminergic modulation. With rcgard to nerv rcscardr para-
digms, genomic imaging and pharmrological interwntion
approadrcs art ert6t&d to investigatc the furrtionirg of the
variou DA sy*cms Similady, multino&l imaging approachcs
tha combine rcceptor imaging and frrnctionel imagirg arc parti-
cuLrly important for undcrstanding thc dynanics of dopamincrgic
modulation. Below rrt pr$cnt thcac new approadrcs in turn.

Gonrrel or sp.clffc Dopaninargic Effoctr on
Cognitivr Aging

Ertdrt er'i&rte scclns to nrygc* that, during thc proccs of girg
diftrtnt cpects of DA gntcms art similady affcctcd ( Bachnan et al.
206). ln this rcgud, thcrt is a disccpancy bctwccn human urd
animal rcscardr conceming the ryccificity of thc DA-ognition rda-
tioruhip. Surdies on aging (Badcnan st al, 2mq Eriron-Lindmth
et al., 2(I)5; Volkow et .1, 1998), as wdl as corrcspording
rccarrh on paticnts with baal g!rylia disordcrs (Bl&man et al.,
1997; lawrencc et al, 1998), dtow that markcrs of Dl, D2, and
DAT binding in both the carddc and thc putamcn sbow sfrorg-
rdationship to erh othcr, as rrtll as to cognitive performarre. By
cmtrast, dissociatirrc patems heve bccn forud in monkcys both
with rcgrrd to rcccplor rubtypes as rrel as rcjions in thc ft,onto
stiatal rtwort. Fc cramplc, Williams and C'oldman-Rakic ( 1995)
shorrtd that a Dl agonist modulated working-memory fidds,
whcrcas a D2 agonist causcd drangcs in thc intcgraion of mota
ard motintional capacitics wurg ct al. (2004) fDurd tltat D2
rcccptors modulatcd mcmcy-gui&d saccades in a working-
menrory ta*., wlrcrec Dl reccpbrs modulatcd pctsistenr
mcmory-rdatcd activity.

To be srrc, mostofihe *udic involving primates arcbased on
acutc pharmacologicd challerrycs, whercas the human strdies
address intcrindividual variability ovcr scwral dccadcs. The possi-
bifity for a&ptivc regulatory mechanisrns (Shinkai ct 

^1., 
1997i

Zhang et d. 1995) redrring thc chancc of finding sdective cffcts
is obvioudy grcater in thc lrtter casc, Also, in contrag to single-cdl
rccordings, one might qrrstion whclhcr the mcasurement dcviccs
in human rcseardr (e.9, PET) are sensitive emugh to detect
potertial diffcrenccs bctrtcn diffcrent DA markcrs rcgarding
their role in cognitirrc furrtions. ln particular, it is still difficult to
apply PET inaging in a dynamic, cvcnt-relded scnsc, whidr is
ccntral for dcciphering functional pecificitic. At the same time,
rdativdy fav molecular-imaging strdic havc addrcsscd the
DA<ogrition rdationship, ard thc rccarch is draractrized by
small sample sizc. Thus, the gerrral fiilurc to obtain diffcrentid
r&tiorships among brain rcgions as wdl as differcnt biochcmical
markcrs may reflect thc limitcd nature of the &tabase abrry with
low statistical po'r'er in irdividual strdics.

Using a sample of middle-aged adults, (irvcaka ct al. (2m8)

recently camimd whethcr D2 rcccptor birdirry in diffcrcnt
rcgions within the griatal complcr are selectively implicatcd in
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Fbulctst (r)Asdrcmdcfigurcofrhcantomielcomrtiviyinstriatum,(b,c)CrmdMRlstiordqictingmuallydnwnRC)lsfcsrriarum

in me ul*rt-prxrais ud utcbr to thc anlcrior cornmisurc, respctrivcly. Right hmisptm is slrmcl, lcft sidc of thc imagc is latcnl. (d' c)

Crxrcspmding PE'l' srions slxrwing ll lCiracbpridc bhding in the smc sulicc, wih ROls supcrimped. LSI' = lirbk srialunx AST = miativc
striatum; md S.W'l = sarmrim;tc striatum. (A&prod wnh pcmision frm (lnenka et al.,20OB copyright Elwir.)

n

cpisodic mcmory, krnwledge, and word flucncy. They subdMdcd
thc *riatum into ventral (nudcus accumbcni rcntral caudate, and
putamen), associativc (mostly caudatc, dorsal putamcn), and scn-
sorimobr ( mostly putanrn, donolatcral caudate) compartmcnts
(sec Figure 55; Alerander, Dclong, and Strick, 1986; Martincz
c al., 2003; Parcnt and Hazrati, 195). Of drief intcrcst was
rvhahcr D2 bindirg in tre vcntral striatum would bc eryecidly
rritical to episodi< mcmory. Supportive a'iderxe for this hypoth-
csis conrs from fMRl rescanh showing that coactivation of vcntral
tcgtnentum, nuclans accumbcns, ard hippocampus *rongly pn-
dicts episodic rccall of rcward-rchtcd itcms (A&ock et al., 2006;
Wittmann et al., 2(tr5). Relatcdly, the BOLD sigml in ventral
t(Ementum has bcen fourd to reflect rovard probability
( D'Ardenne et al., 20ffi), Furficrmore, initial evidencc from phar-
meological fMRI wo* in humans and in rodents $ggcsts that
BOLD nsponses incrcase with drug-indr.rced DA rdeascs in ventral
striatum ard nulans accumbers (sce Knutson and Gibbs, 2007 for
rcview).

In gcrrnl, thc data frrom Ccwenka a al. (2008) unre in
agrcemcnt with the hlpothesis Firc, the relatiorsh.ip between
vcntrd *riaral D2 binding and episodic memory v,as stmr€cr
than for the othcr striatal compartmcnts. (bnvcrsdy, D2 birding
in asociative ard sersorinrtor sEiatum was trDrt strongly relatcd
to performance in thc knowledgc urd flucncy ta*s comparcd to
rsrtrd striatum (sce Table 5.,1), Thus, thcse findirgs qtcnd thc
fvlRl obscwatiors (A&ocket el., 2(x)6 Wittman et aL, 2005) to the

levcl of rruromodulation ond suggct that the striatum, at lcast in
part, may be furrtionally compartmcntalized rcgardirg higher-
ordcr cognition This approach could bc <xtcnded to brain regions
outside thc striatun in addrcsirg scveral important istrs. F'or
example, could it bc that age-rclatcd dopamir losscs in a parti-
cuhr brain ana (e.g, putamco) are more critical than DA losscs in
othcr acas (e.&, frontal cortc, hippocampus) for certain domains
of cognitivc furrtionirry (e.g, psychomoor speed), whertas the
oppositc patern holds true for other cognitivc domains
(e.g, rrorking mcmoryX Of intcrcst is also wtrchcr potential
regional sdcctivity rcgardirry thc DA-cognition link rcmains thc
samc or is attenuded in agirg. The lattcr outcome rrould suSStcst
dedifftrcntiation of thc dopamine systcm in advarrcd age-
a pdtern that has often been found for various cognitive abilities
(Chen, Mycrsn, and Halc 2002; de Frias a al,, 2007; Grad)', 2002;
Li et al" 2(n,1; Lindenbcrgcr and Baltc, 1994).

DA RCcerc drring Cognitiw Activi9

Until reccatly, cognitive pcrformarre in molccular imaging *udies
linking DA furrtionsto cognitionwas assessed outside the scanncr;
thus the biomarkcr (c.g, rcceptor densities) was rclated to thc
of-[rr cognitivc martcn (sce (ioplcy a al., 2005 for ro'iew).
Thcre rc howevrr, cmcrgirg eidcrre for the actual rcleasc of
dopamine during cognitive activity. A paradigm used to addrcss

T$lGH RGlrtlo.|'hb bawenDilbidingpot ntirl inrtrietelsubrtglomnd<ognitiwpcrfornretr.(p.tt.nt d
erc concladon <ocffldcoE). (^d+bd wltft pcmlrrlonfrcm Crrvcnke ct el, 2flF; copyriglrt Ebcvbe)
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0.55
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this issue involws contrasiing DA binding in two corditions
varying in cogritive bad DA rclcase is infcrrcd if the BP is lower
undcr thc highJoad condition comparcd with the low-load condi-
tion This is so because the birdirry of the ligand to nccptors is
supposcd to (ompete more fiercdy with endoganous DA when
conditions are morc cognitivdy challenging. For instance, an
eady strdy Orowcd that thc IttClradopridc-labelcd D2 cccptor
birdir6 in thc *riatum is reduced whcn individuals playcd a vidco
game that rcquirrd goal-direclcd mogr activitics in comparircn to
thc basclinc condition (Kocpp a al., 1998). More reccntly, a rangc
of studics usingsimilar paradigrns also found reduced DA rccqor
birding durir6 cogritive activitics. Spccifically, in young adults
thcre is evidcnce for DA rtlcase in frontal cortcr and hippocampus
during ro*ing-mcmory perbrmance (Aalb et al, 2005; sce
Figure 5.6), ard widcrre for striatal DA rdeasc during both
card-sorting (Mondri, Ko, and Straftlla, 2ffi6) and sequcntial
leaming (Badgaiyan Fischman, and Alpert, 2007).

A rcc.nt PET D2 rcceptor imaging study also showed tha
carddc BP was sensitive to the dcmards of cognitive control,
swg6ting increascd endogenous DA relcase due to irrrcased
cxccutirrc rcquircmcnb (Sawamoto ci al,, 2m8). Howcvcr, this
task-induccd dteration of D2 birding was nol obsencd in
Parhnson paticnts, likcly refkctirry dcficient stridal DA modula-
tion in this discase.

Thc fact ttnt it is possible to dcmonstrate DA relcase in
young adults during cognitive activity (Aalto et al., 2005;
Badgaiyan, Fischman, and Alpert, 2ffi7; Monchi, Ko, and
Strafdla,2(X)6; Sawamoto ct al., 206) opens up thc opportunity
for interesting age-comparative work on this topic. We know
that agc-rclated cognitive dcficits are cspccially pronourxed in
tasks that require actiyc (cxccutivc) stimulus-processing (Craik
and Salthor.rse, 2007). Wc also know fhat DA markcrs are
strongly related to perbrmancc in erecutiwly demanding tasks
(Bickman ct al., 2(tr0; Erixon-Lindroth et d., 2005; Volkow
et al., 1998). Given thcsc observations, wc might h1'pothesize
that age diffcrenccs observcd in cxer-utively demanding tasks

filurc 5{ .Vclcculrimgirg fnlings<f DA releu durirg u4niriw
xrivity. Camparcd with a vigilarre task, DA D2 rcgorbinliry (wirh

ll lclt-LB 457 6 thr tracr) dccecrl dwing a rerting mmrxy ra*.
lihtmlly in the muolaaral fror&l cntr (x) anl in ftc lcft nrdial
tcnpml k$c (d). Comparul with rcsrirg sraa bestlir, both thc vigihre
tast (c) and thc wxling menry task (fl irducd a &qcc in D2 rcap(n
biniing in lcft vental mterior cirgulatrrC" (Adapcd with pembsbn fmm
Adro d aL,2@5: epyright 9xiry of Newc.irrc?m5.)

partly refcct the hct that such tasks require ercessive DA rclease
to bc mcccssfully pcrformed (Mattay et al., 2m3). As a result,
agc-relatcd I)A losscs should tx particularly detrimentel relative
to less dcmanding tasks.

Karlsson ei al. (20m) .ramincd this hypothcsis by measuring
D I receptor binding in young and old adults while thcy performed
the Multi-Sourcc Interfcrcncc Ta* (Budr a d., 2ffi3) compared to
that while they rwre at Est.'l'his task mcasures the abilityto inhibit
prepotent resporsc. Although age-Broup diffctcrrcs *trc rela-
tively srnall, thc young outpcrformed the old with regard to both
accuracy and btency. In linc with corresponding work on D2
rec€ptors (Aafto a al.,2m5; Morrhi, Ko, and Strafdla, 2(tr6), the
your€ adults showcd les bidirry of dre ligand to striatal Dl
rcccptors duriq thc intcrfererre ta* compared with basdinc.
This may rcflect displacement becaLse of competition with cndo-
gcnous DA as a funcrion of the cognitive challerge (Larudle,2ffi0).
'l'hc apparcnt increased rdease of DA in the yourg was scen in thc
ventral, asociative, ard scnsorimotor compartnents of the
stridum. Most intriguingly, the pattern of data was rtry different
for the old ssmple, whidr showed no diffcences whatsocver in D I
reccptor binding bctwccn the trao conditioru. This null cftct
suggcsts unaltercd DA rdear during crocutive performarre in
old adults-a lcs rcsponsive mumtransmitter slcem in hcc of a
cogrritive challetrgc,

Another paraditm for examining activig.-depcrdenl DA
rdeasc is cognitivc intervcntion or tsaining rescarch. Animal stu-
dies strow that habitrul exercise incrcascs plasticity of thc dopami-
ncrgic spEms. Specifically, whcel-running training in rats
increard tyrosine hydroxlasc mRNA erprcsions and rcduccd
D2 autoreccpbr mRNA in the substantia nigra, as wdl as increascd
postsynaptic D2 reccptor mRNA in caudatc and putamen (Foley
and f'leshncr, 2fr)8). 'I'hcse rcsults suggcst that habitually physically
active animals may have an enhanced ability to increasc DA synth-
esis and rcduce D2 autorc(+tor-mediated inhibition of DA rru-
rors in thc nigra, as compared to sedentary animals. 'Ihus hr, thcre
is no direct evidcnce for age-rdated changes in training or activi-
ty-induccd DA rdcase in humans. {bmbining molecular imaging
wirh cognitive intcrvcntion, futurr rcscardr should examine
whether lhcse findings on activity{cpcndent pla*icity in DA
s)'naptic mcchanisms may gencralize to humaru, and wtraher the
edent of this typc of plasticity is afFctcd by rgirrt.To this crd, a
rccent fMRl study on thc cffects of cognitive Faining showcd that
an age-rdated deficit in ta*-relevant striatal rtiwlion might
constrain the transfer of lcarning in ouer dults (Dahlin a d.
2m8).

Scvenl outstrnding issues rcmain to bc invcstigated in
rcsearch on DA and cognitirc rctivity. These indudc the relation-
ship bctvrcen DA rdcasc and BOLD activation in fMRJ studics
(Knutson ard Gibbs, 2(tr7), and how this relatioruhip might
change with advancing rge. Further, bclravioral studies demon-
stratc tha! although yourry adults qpically berrfit more than old
adults from cognitive tr:aining, there is still a sizablc cognitrvc
rccrve capacity in aging (Hill, Biickman, and Stigsdotter-Nedl,,
2mq Nlttrg et al., 2003). Thus, ir rould be of intercst to examinc
whether thc n€ative findings for Ds binding in older adults
rcportcd by Karlson a al. (2m8) are npdifiable through sys-
tcrnatic training. Rdatcdly, investi gating traini ng-rdated chan ges
in ransienl nanrocognitive prccesscs that could be linkcd to D:
rcccptors (Bilder a al., 2ffi4), srdr as updating (O'Reilly, 2m5),
constitutes an intcresting rycnuc for future rtsearch. How the
dynamic rclationstrip between transient ( D2-rdated) and sr.rstaimd
(Dl-Flatcd) DA systems (Graccet a|.2([7) might changewith age
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ard is modulated by genctic bectgrourd (c9., mMT status;
& Fri6 et al. 2(tr8) will also bc a key issrc in cogritira DA rcscardr
in lhe ltars to omc.

Dcffchnt Dopmln.riic Morlrlrtion end
D.crr lrd Proc.gln9 Robtrltrrit

Rcccnt empirical a'i&rre and;hcorcical modcls sr{Eest that
irrrcescd within-prrrcn pcrfornnncc flrrtuations flag suboptimal
ruronal information processing (see MrDomld, Nybcr6 and
lli&.man, 2(X)6 for rcvicw). Empiricalty, highcr levels of within-
peson bdravioral hriability on sensorimotor, percepul, and
cognitiw tasls are oftcn accompenicd by lower mcan levds of
performarrg and art indicatiw of processing dterations associatcd
wittr aging or pathology (c.g., ADHD, traumatic bnin injury,
schizophnnia, Parkinson's dis€asc, and dcmentia; sce
MacDomld, |tybog, and B:t*mar1 I){b for roricw).
Within-pcrson performarre flrrtuatiom (e.g, tom trid to trid
or scsion to scssion in rcaction time or mcrnory tasls) incease
with advarring ege for a rariety of cogritivc furrtions (U ct el.,
XXX), indicating dccrcasc in processing robustrrss in latc lG.
tbnwrsdy, durfu€ ddld &vrlopmem, peformarre flrrtuatiors
dccrcasc as brain and cognitiw firnctiom matrre (see Figure 5.7a).

It is criticC to notc that rye-rdated diftrences in
within-pcrsn 0uctuations .re rbt simply an artibct of mcan&wl
diftrtncs for thcse are routirly parti.lcd out in tre anal),sis of
within-pcrson nriabilty. On a cognitivr lctrl, pcrformarre ffrx-
tuations are thought to reflect momenbry lapses of attcntion-
a failure to excrt crccutive control OVest et d., n02).
Comequntly, it bas bccn argucd that the frontal lobcs may be
particulady anrial for maintaining stability, hcrre minimizirg
pcrformance fluctuations (Stuss a al, DO3). Tbe f.cr thrt paticils
with frontotempord dcrncntia irow highcr pcrbrmance ffuctua-
tion than Ahhcimcr poticnts at thc same scverity lcrrcl (Murtha
et d.,2002) supports this contcrtion. Fur0rcrmore, longhudinal
data &morstrac that ol&r adults who cxhibit highcr within-
pcrson flutuations dcclincd more in erecutive functioning owr
scvcral ycars than thcir morc stablc countcrparts (sce Figurc 5.7b;
Lovdan, U, Shing ard Undenbcrger, 2{tr7).

Of ryecific intercst herc is the link bctwccn dopunirrrgic
modulation and processing fluctudion observed at thc bduvioral
and ruronal levds. Animd studies havc strown thet DA rccptor
reductions, as obecrrrcd durirg aging not only slow down perfor-
mance but also insease pcrformance variability (MacRac,
Spirdnso, ard Wilcox, 1988; Schulc ct al., l9s)). Prefrontal
broadbard mise &riwd from dcctocnceplulognm (EEG) is
irrrcased in paticms with sdrizophrenia, a cordition marted by

Flurtt-7 (r) tifcspenagcdificrcnccs in
prereing robusncss as mcesured by thc inrtrsc
of 0uc-rueticrs in co3nitivc rcrtbn timcr. Ol&r
rddts ud chiurcn show lcse mbust prcccssing
(Adeptcd frm Lict d.,2(X).| with pcrmbsiocr;
copyright Eladwdl 20(X.) (b) Individurl
diffcrcnccs h pmccssing robrsmcss pndia
I !-ytar bngitudinal dcclnc in crccutiw
fuctioning nrsurd by thccatcgcy 0ucncy
tcat. (AdapGd from L6vda cr al., 2flt with
permissim; Copyriglrt Ekvicr Scimc 2D7.)
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dy$nctioml dopamirrrgic neuromodulation. A rcview of more
reccnt firdirrys corEludcs tha rhos groups of irdividr.rals who
crhibit high pcrformarre fluctuations are oftcn draractcrizcd by
dteratiors in DA hrnaiors (MacDonal4 Nyberg, ard Bickrnan,
2m6). Indce4 tEurocomFrt tionel workon DA agng .nd cog-
nition srggests that rcduccd DA activity incrcascs ncrroml noise
and resrlts in lcs distinctirrc intemal rcprcantationsof petccpts of
mcmory itcmg whiclu in tum, lcads to irrrcasod performarrc
ffrrtrutiom (Li, Lirdcnbcrger, ard. $ikstrom, 2001) and altercd
dynamics of intcractions bctuten gtrinsic rruronal noise and
pcrccpual rpisc (Li, ron Oertrcrr' ard Lirdcnbcrgcr, 2(tr6).

ln thc fust attcrnp to dirctly link DA to processing fuctua-
tiots, MrDomld et sl. (in pres) measured crtrastriatal D2
birdirry in thc anterior cinguhte, frontal cortcx, and hippocrmpus
in a middlc-agcd group. Proccssirg flrrtuation was asscscd in
tcrms of within-pcrson nariability in rcaction timc durirg cpisodic
mcmory rclricval and conccp brmation. Bccausc the sample was
rehtirdy age-tromogcrrous, bctwcen-person diftrenccs in D2
birdiry and procesirg flucturtion were rdatively small.
Nevcrthclcsf, thcre wcrr systemdic ncg*irrc corrdations bctwcen
D2 bindiry and processirg fuctuation rross all threc brain
regions cxarnirrd (n rangrg Fom -.30 to -.45). Thrs, thcsc data
indicate that, even within mrmal rar6E rcdrrcd railability of DA
may resrlt in morc fl$tu.ting behavior.

ln a rcletcd vein, polymorphisms of thc gcrr coding for
catcchol O-methy'trarsfcrasc (COMT), whidr catabolizc DA in

(a) Sfnu|a|hg @Emhergtc moduhtbn
of Slgnel-b-f.ld3e R.Io

the ftrontal corts, are systcmatically rdatcd to Frformarrevaria-
bility, As rntcd rclirtiw to monozygotic carrieF of thc met allelc of
(DMT, the &gradation ratc of DA in thc synrytic deft is about
three to four timcs fa*er in morrczygotic carriers of thc wl allele
(lota a d. 1995), who ako $ow highcr noisc lcvels in EECrs
(Wintcrcr et al., 2u)4) and ffv{Rl (Wintcrer c al., D(tr) brein
signat during perccptual and cognitiw tasks. In lirc with these
fudings reccrt gemmic strdics with purg adults show that
rcaction timcs ntrile performing simplc cogritive tas&s fluctuated
more in COMT val homo4gobs than in mct homo4jotes
(Stcfanis et d., 2m5). Thcsc strdies suggcst that futlre research
could bendt from combinirg individud difFrcnces in gcncic
predispositiors for DA signolirry with bdravioral ard imaging
studic to mort directly craminirg thc rclationship bctuccn dc6-
ciant dopaminergic nndultion and rcdrrcd proccssing robstrrss
in old age. ln this contert, the computational approach ofstochas-
tically rcducing the sbpc of thc signoidal activation to
simulate agirg-rdatcd decline in dopamincrgic modulation
(U, Lirdenbcrger, and Sikstr6m, zml) srggc$s that inseased
proccssing fluctuation mey contributc to age-rclatod declinc in
pcrccpual dccision m*.ing More specifically, as aging or indivi-
dual differcnces in gcnetic polymorphisns affcctin6 narronpdula-
tion may lcad to suboptimal gain modulaion of neuronal
signalto-noisc ntio (Figure Figurc 5.8a), the ertent of random
proccssirry fluctuation inccascs (Figure 5.8b). This rcults in lcss
di*inctive pcrceptrd rtprerntations (Figure 5.&). Future shdies

(b & c) Frfictd|al otJ|cqres on:
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Figur.S{ Schemticdiagramrclatingfuncrbnalcffcosofdopmincrgicmodulationofncuronalnobetoprucsingchuactcristicsofcvllcncc
accumulatim. (r)'IherdcofDA in afrecting rrurcnal signal-to-noir ntio is mo&lcd byrbc gain pmrr:.ter (C) of rhc simollal acrivarion furrtion
(ti' tindcnbrga, ud Silstr0m,2ffl; Scrvm-Sctrnibcr cr al., l99o). Th. noronal inpur-rcpon* mappirg functiom of individuab with optimel
dopmingcric moduletion bccauc of advantrtro DA temtypc uc c.prurcd b), src.pcr divatiot funcrior with higtx G and signal.lo-nobe ratio.
(b) G moduhtion of signal-to-noir ratio rcsuls in less ran&m xtivrtioa vuiability in rrtworlr simuhtingoprimal DA motlulaiion and gratcr
vriability in ncnvorls simuhting sr$optimal DA mcluletion. (c) Thc intcrnl simulus rcpffitatbns ilc morc disrincrivc (with fser unir
omhpping in rcprcscnring difiacrl stimuli) in naworls with optimal DA moduhtion than in ncrrcrks wirh uhrptimal DA mddadm, (Adaprcd
with permision from Li a al., 2fi)l; copyrighr Elwier.)
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strould diroctly craminc the inteiactions bawccn individual
diffrrcnccs in DA-rderant tcnotyFs ard aging-relacd dcficits in
dopamineryi< modulaion on prccesing fluctuation and thc dis-
tinctiverrss of ncural Gprescntations undcrlying pcrcepion ard
memory.

Doper{m, Aeing, rdDeclion llrling

Durirg tre past &cade, ari&rrc'from rescarch at neurophysiolo-
gtcal narroimaging ard bdravioral lcvcls has convctgcd on thc
view that pcrccption and cognition are gradual procescs of evi-
&rre accumulation amidst misy scnsory information and signal
processing According to this vicw, pcrccptual dccisions
(e.9., dcciding whether a human face or a phy'sical object, sudr as
a house, was sccn) art made by accumulaing seruory information
until a threshold is rcached, a which point the dccision proces
condu&s ard a motor rcsponsc is elicited (Heekcreru Marrett, and
Ungcrleider, 2(I)8 for ro'iari sec Figure 5.9). Moment-to-moment
ffuctuatiors in thc sanpling of cvidencc for choicc options rcflcct
noisc in thc semory input as wdl as in the dccision proccss, Formal
scqucntid sampling modds of sersory o'idence accumulation
account for memory and dccision performancc, ard rdated bio-
physical modeb link ramping ncuronal firing ratc with ratcs of
scruory informaion inegration. Single-cell rccording studies in
monkeys as well as human EEG and flv{Rl rcscarch, provide srp-
pon for thesc modcls (Heckercn, Marrett, ard Urrycrlcider, 2m8).

Seqrrntid sampling modds of pcccptual &cision-making
postulatc that signal proccsing is inhcrtntly noisy (sec Bogacz,
2007 6r review). However, noise is typically treated as a primitive
in thesc modcls, ard thc neurobiological mcchanisrns afftctirg its
properties and furrtional conscqucnccs for cortical dynamics are
left unryccified. As irdicded by <mpirical and computationd
findings ro'iared above (Li et al., 2ffi1; Serven-Sducibcr et al.,
1990; Wintcrer & Weinbcrger,2ffi,1), DA's rnise-tuning furtion
may aft ct the quality of perccptr.ral rcprcscntatiorx, which urdcrlie
perceptral decisiors.

Herrg three strards of evidcacc for (a) pervasive &dirr in
dopamincrgic modulation during aging, (b) DA's misc-tuning
efFct on pcrceptual decision-makirry, and (c) DA's influcrrcs on
revard-based &cision-makirry (sce Schulta 20(b for r6'ier{) sug-
gct a possible triadic relaiorship bctwcen aging norromodula-
tion, and reward-bascd decision-making (Li et al., 2007).
Ourrcrrtly, there is limitcd evidcnce on rrurofunctional correlatss
of rovardiascd &cision-making in the contcxt of qir6. Using a
probabilistic obiect ro'ersd task, Mdl et al. (2005) found dcficits in
irstrumental learnirg in oldcr adults (bmparcd to younger adults,
oldcr adults conecEd ferver ravard points throughout lhe ta* ard
nccded moretrials to learn the stimulus-rcsponsc associations. ln a
subsequcnt fMRl study, the poor bchwioral perbrmance in oldcr
adults was linkcd to reduced brain {tivation in vmtral striatum
(Marsdrner et al, 2005; Mdl et al., 206). Rclatedh, Larkin a al.
(2(X)7) found trat youngcr and oldcr aduls diffcred in both sdf-
reported and ncural resporsiverrs to anticipatcd monaary gains

tgurr F9 Rcprcscntation of stn$r-y evi&ncc in lw-lrycl *nstrv regiom arrl paccptual dcision-makirg in thc posterbr donial hcrrl prcfrontal
corra, (r) Schmaric diagrm of therepr*ntatimof msry ai&ncc in catcgory-*lctivc brain rqions, When puticipmts had to d6i& whaher m
imgc wc a facc r a housc, thcrc ms agreakr mpmr in frc-slcctivcregions (thc fusiform faccarca ( fFAFrcd linc) to cleu imagcs of faccs thu to
dcgn&d imagaoffra. ln alditim, housc-sclcctiw bnin rcgions (thc prahippaampal plxcarca (PPA)) showdl atrcalcr rcsponr to clcar ima11c
of huscs thu to &gn&d imags of husrs (blue linc). (b) 'l'tr comparirxr ofscnwy *idcnce in higher-level brain rcgions. Neumphysidogical data,
as wcll as modclirg srulics sr.*tcst that a docision vuiablc b comprtul by comparing thc orlput of pools of sclccively turrl lwer-lccl smrry

mrms. ln this cmple, thc ouput ofcatcgory-spaific bnin rcgiorr (thc fl-A and the PPA) is integracd owr timc. l hc daision uriablc ( DV) driftri
hauln thc twobrxrndaris and orrc ure of them hu croscd, the curcspmding &rbbn is madc (hcrc,'husc'). (Adap(?d frfi! lltrkcrcn, Mmelt,
md Ungcrlcida,2O0t, wilh pmision; copyright Naturc Publishirg Group 2fl)8.)
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and losrs. Specificall,v, older adults exhibited intact striatal and
insular ar-tivdion during gain anticipation, but reduced activation
during loss anticipation. Although these studis did not direcl,v
examinc the impact of aging-related decline in dopaminergic mod-
ulation in affecting rovard-bascd decisiog-making, DA's involve-
ment can be inferred gir.en the rich dopaminergic innen'ation rn
the striatum and related regions relo,ant to ren'ard procesing.

DA-releyant Gencr and Cognftion: Magnified
Effects in Old Age

(ienetic polymorphisms relevant for DA s,vnthesis, c-atabolism,
presl'naptic and postsynaptic effcr.ts have bcen identified and
their funrlional consequences rre currentll 'under intense inves-
tigation (re (ireen, Munafo, and LkYoung, 200& M3ttr)'et rrl.,
2008; lvlc.ver-Lindenbcrg and Wcinberger, 2006 for revien's).
As noted in previous se!-tions, allelic variations in OOM'I'geno-
tvpe have been linked to cognitive performirnce, r,rith met car-
riers (higher dopamine availabiliq' in P!'o) outperformingi val
carricrs (lower DA arailability in PF'(l; see (ioldberg and
Wcinbcrger, 200,1 for revie*'). ln studies with ,rounger adults,
however, effect sizes are smrll and findings are inconsistent (see
Blrnett et al., 2007 for metr-anah'tic oidence). Relatively few
sludics harc assessed the effecls of the (lOM'l Eenot)?e on
cognition in aging. 'ltre available eridence, howa'er, suggests a
more robust adrantage of met carriers in late adulthcxrd ( de Frias
et a1., 20O,1, 20051 Harris a a1., 2005; O'Hara et a1., 2006; Starr
el al., 2007). A mapgrification of gene- related (lOM'l effects on
cognitive performance should, in fact, be expecred on the basis of
the inverted U-shaped function relating DA ler'€ls to cognition
((lai and Arruten, 1997; Li, Lindenberger, and Sikstriim,2001; Li
and Sikstrom, 2002). Spocifically, as aging results in marked DA
losscs, the inverted U-strapcd cune implies that the cognitive
difference bet*ren older met and val carriers of the oO\,1'l gene
is greater lhan that bct*'ecn lounger met and wl carriers
(Lindenberger et al., 2008; figure 5.10).

Nagel et al. (2m8) bsted this hlpothesis directl.v in a recent
large-scale stud,v. Using t*'o measures that draw heavill'on frontal

l i3uc Fl0 An invcrttd U-rhaptd functirn l inking thc strcngth of
frontd DA signaling in crrl;- vs. latc adulthtxrd to pcr{rman*t. ' l  h'rhapc
of thc curvc implicr that thc diflcrcncc in pcrfirmancc lrtwru oldcr nrct
rnl val clnicn is grrrtcr thrn th.' diffcrcnccbcth'rrn tlrungcr mtr md val
caricn of thc (lO.\l l  pnc. (Adrptcd with pcmision from Nagcl ct aL,
!f i) l l ; copyrig,hl fronticrs o[ I lumm Ncurrxeicnrs.i

RNNT

drririis

Iarv r.tcl

\l&lrfd rravd \hAC tr6 loi guol 'dvl
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f iguc Fl t ,Vcu rcrction f<rr concrt W(lS I rrtptnrs u r fwctitn of
agc, L-O.\l l. ud UD\ I gcnotlpc. I hc rgc r (lO11 I intcrrction
rccounterl for ,l.l $6, arxl thc agc x COll'l r IJD\f itrtcraction for f .l 9ir of
tht'rrriuec (Adaptcd u'ith pcmrisirtn from )iagcl ct il.. J0O8: cop;-rig.ht
I rrnt ir'n trf I I uran \ curo*icnrcs. I

integriqv, the Wisconsin (hrd Sorting 'l est (W(;s-l'), and a test of
spatial working memor,v, Nagel et al (2008) demonstrated (l()M'l'

genot)?e x age interactions in the expected diroction: \lhereas
different-es between met and val carriers *tre small or nonexistent
in rhe,voung smple, a met advantage *zs obsenetl in the old
sample. f'urtherrnore, the efftr1 of (:OM'l genot)?e not onlv inter-
aded with age but als *'ith the gene coding for brain-derived
neumrophic factor (BDNI'). Older adults !:arryinE t\i'o (:O[l'l '

Val allelc and at least one BL)Nl- l\' let allele tmk particularly long
time to respond, resulting in ur age x gene x gene interrl.tion (see

!'igure 5. I I ). 'lhus, although genetic stat$ does not change eross
adulthrnd, the frmctioml effrcts of genotl'pe variation ma,v change
because of aple-related colstraints on brain resoulces, such as
deficits in various aspects of L)A modulation (Lindenberger

et aL, 2008).
ln addition to the (l()M'l gene, effects of genes afftcting

the DA'!, as *'ell as different receptors (e.8., DRDI, DRD2, and
DARPP-32) on cognitive aging at thc brain snd behavioral
levels, are interesting avenues for further investipption of the
mechanisms through *trich deficits in different components of
the DA s)rstems affect cognitive aging (Deary et al,, 200'l;
l,lattaY et al., 2008).

Pharmacological I ntervention

ln young aduhs, DA agonists typicirll,v enhince perform,rnce
(Luciana and (bllins, 1997), n'hcre,ls DA inta€lonists imPrlr
performance ( Ramaekers et al., I 999) across a varie\' of copri-
tive trsks. f'urthermore, consistent u'rth the inverted U-shaped
function, the effects of DA on copgnition and brain rctivit)'seem
to be modified b1't)t)!vl'l Eenot)?e, such that rnl carriers (loH'er

baseline DA levels) sho*' r more efficicnt frontal reryonse,
*'hcreas met carriers (hipfrer baseline DA levels) show ;r less
efficicnt frontal response follo*'ing administration of a DA ago-
nist (Matta)'et al., 2003). 'ltrese patterns ofdata open up for a
serics of interesting research quesiions regarding the role of DA
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in cognitira aging. Preliminary answers are emerging for some of
thcsc questions.

First, we may ask utrether dopamine mtagonists, in addi-
tion to lowering pcrformance, might lead to a pattern of brain
activation during cognitive perbrmancc (e.9, working memory)
in loung adults that rescmbles that whidr is typically cxhibitcd
by older adults under placcbo conditions (c.9, morc diffrse
activation). ln an fMRt strdy, Fischcr ct al. (2008) addrcssed
this issc by cramining whether brain activation Pattctns in
young adults under the influcncc of a doparnincrgic antagonist
during a spatial working memory ta* tould rcsemblc thosc of
older adults urder normd conditiors. Thrce groupe rYerc stu-
died: young-placcbo (YP), yourg-antagonisl (YA), and old-pla-
cebo (OP). Two initial findirgs from this study provide support
for this assumption. First, the YP group shorcd greater octivity
in task-rdcvant frontal and pariaal regions than the YA and OP
groups. Secon4 thc tuo latter groups showcd more widcpread
activity in rcgions associatcd with erpcnditure of effort to copc
with thc ta* dcmands (c.9, antcrior cingulatc corter, cere-
bcllum). Thcse preliminary findings may reflect thc fact that
&pletion of DA (whaher ontogenetically or pharmacologically)
&creases thc signal-to-noise ratio in rdcvsttt networkg resultirry
in lowcred neurd cfficiency.

We may also ask whether a dopamine agonist rrould altcr
thc brain rti\ration patterns of oldcr people in the oppositc

direction (i.c., more specific and associatcd with bctter perfor-
marre). This rcscardr issrc may pro6t from considcring
COMT gerr-related diffcrences in DA signaling On the basis

of thc invertcd U-shapcd rclatiorship bctwccn DA levds and
cogritive/brain furrtion, older val carrien may bc crpccted to

erhibit thc largest cognitive improrament and the most pro-

nouncod irrrcasc in neural cfrciency from a DA agonist.

Young val carriers ard older met carricrs may also show
some improrrcmcnt, whercas younS mei carricrs may dcterio-
rate, bccause their initiatly high dopamine lercls lcad to sub-
optimally high dopamine lcwls in conjunction with a

dopamine agonist (d. Mattay et al., 2m3). Evidence that
spcak to these isues is on its way'

Motfrodologlcal Furion: Itrltlmodel lmlgi ng

Researdr on ruromodulation of cognition and how this link is

affectcd by aging has produced many excitirg findirrys' with new
possibilities for mahodological fision. Molecular imaging tcch-

niqucs are suilable mcans for investigating Pr+ and postsynapic

DA system mochanisrns, whereas furrtional neuroimaging tcch-

niqrrs provide o'idcnce on neural circuitries engaged durirq
cognitive proccssing Furthcr, more than half of thc gcnes rn

the human genomc are e:cprcssed in the brain (Hariri ard
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Weinbcrger, a)03; Mcycr-Lin&nbcrg ard Wcinbcrgcr, il06).
Thus, multimodal imaging approadrcs combining molccular
imaging ard functioml imaging can bc further rugrncnted with
candi&te gcne association rcsearch to study agc-r&tcd differ-
ences in dopamincrgic modulation of gognition By collcctirry
PET-brsd data on prc- or postsynapic mchanisms of the DA
systcms ard firnctioml imagirg data during cognitiw activity on
the seme idividuals, age-rdatcd differtnccs in the relatiorship
bctwcen ncurotransmission and furrtiond brain activation can
bc more dircctly invcstigatcd"

Muhimodal imaging approadrc haw bcen applicd in
the oficrt of peychiatric rescardl For instarrc by conrbining
PET funaging of D2 rEccpton (with the bcnzamidc
radioligend lttFlDMFP) and fMRt of alcohol cuc-rehted brain
activity, Heiru et al. (2{D{) showcd that D2 BP in thc nulans
accumbcrs ard vantral striatum is corrdated both wi0r thc bdra-
vioral mcasures of alcohol caving and furrtional brain activnion
elicitcd by alcohol crrs in trc nrdial prcfromal cort.r (see
Figpre 5.12). Morc recently, Mqcr-Lidcnbcrg et d. (2007) com-
birrd individual diffrrcnces in gerrtic polymorphism (DARPP-32)
aftaing Dl rtccpon in sriatum with stnrtural MR ard flr,tRl,
and *rowrd that thc DARPP-32 ganc affccts stridal volumc and
hrnctional activation, c wdl as conrcctivity to thc prefrontd
cortq in shizophrcnic patients.

Outside the context ofdinical rcscarch, Schott et al. (in prcss)
usd PET imagiry of D2 recepors (with lllC.lradopri&) and
fMRI to crqnirr fie rdatiomhip bctween DA relcasc in vcntr.l
striatum and rsard-related furrtiond brain activity in the same
brain rcgion. Consistcnt with thc yi6^' that DA agonisn aftcts the
BOLD signal (Knuison and Gibb6, 2007), Schott ct al. (in prcs)
obcervod a $rong rcldiorship bctuccn striatd DA relcasc and the
magnitud. of fic BOLD rcgorse.

In anothcr reccrt study in a group of middle-agcd and
oldcr adults, Iandau et d. (2m8) fourd that e PET markcr of
DA synthesis c4acity was rdccd to load-&pcndcnt PFC acti-
vation during a workirg-memory task, corroborating the point
that dopaminergic neurotransmission is related to PFC-related
fuxtions Enending the DA-BOLD relation*rip to thc domain
of episodk mcrnory Nybcrg et al. (2008) showcd a positive
association betwecn striatd D2 bindirg end BOLD actiyation
in the lateral prcfrontal corter durint a lorry-tcrm mcmory
updating task in a sample of heelthy older adults (Nybcrg
et d., 2m8). How the relatiorship bctwecn PET-&rirad indi-
crtors of DA rtiyity ard functional brain activation might
charrye owr thc life course, and the crtent to which thesc
changes are modulated by othcr age-associated nanrochcmical
chengcs and gcrrtic backgrourd, constitute kry quctions for
futurt rescarch,

Intrrxtlon! Eotwron DA rrd Ottrr
frerrmllirrr frd Epirt jr B.twern DA-relrtod
Grnrc

In addition to thc dopaminctgic systcms, frrture theorcical and
cnpirical work should considcr other transnittcr slatcnrs, srrh as
thc glutamacrgic systern NMDA rcccptors intcttct with DA in
regulclg PFGr&tcd cogritirrc fun:tiom (see Cetrcr and
Willianrs, /}07 for rwiov) and thcn is also rcccnt evidcncc thd
thc COMT polpnrphbm urd thc glutamae rccpbr 3 gcne
(GRM3) intrract in aftciry rrorking memory functiors in thc
PFC (Tan etal" 207). DelDcatfuEth. intcractiom bctwcn differcnt

transrnitEr sy*ems would rcquire inve*igations tha ctr(mpass
multiplc gencs linked b muhiplc transmiter s),stml Thc &gce
to which drcs intcractiors change acoss adulhood is a major iss.rc
in futrrr rcsarch in thc cognitiw nanrscicncc ofaging

(bmputational thcorics may bc helpful in erplorirg the corn-
pler intcractions bctwoen muhiple slccms. For instance, some
aspccts of thc intsactiors bctrlc'l NMDA and DA rcccptors
havebecn modcltd in a t$,o-statemodd dopominergic modulation
of nanronal rcpresentations in the PFC (Durlewit, Scamam and
Scjnou*si, 2fl)0), whae Dl rcccptor modulation rcsults in brry-
la*ing NMDA currents and incrcascd inhibition that sharpens
memory rc?rescntatiors. On this basiq predictions of thc intcrac-
tions bctwecn DA and NMDA in affccting age differtnccs in
working memory furrtions can bc mppcd onto individud diftr-
crrc in gemtypepmfiles with rcspectto,forcramplc, Dl, D2,and
NMDA rcccpon. Spccificaly, individuals with similar D2 and
NMDA reccpbr g.notypcs who diftr in Dl .rcccptor type may
erprcs differcnt brain functional and bdravioral pattcrns with
r6Fct to the erplontion and filtcrirry staEs of $Drting mcmory
proccssing, and thcsc ditrrcnccs may increasc with dvarring agc.

ln addition to DA's intenctions with othcr trarsmittcrs. thc
diffcrent componcnts of DA modulation (e.9, synthesis, presy-
nptic and postsyruptic mcchanirnrs) also inftrerre cach othcr in
afftcting cogrutive functioniry. Reccnt findirry irdicac that thc
(DMT and DAT genc intcract with cach othcr in afFcting hippo-
campal memory furrtions (Bcrtolim et al., 2mB) ard ravard
proccssing (Yacubian a al.,2007); thc crtcnt to whidr thcsc intcr-
actiors charrye during the agirg prcccss rcnrains unkrpwr.

lntar*tlorr Ltrnaan llerrochrn{crl rrd
AnatomkrlAging

The gcneral dedine of DA sycems with advarring adult age, which
commenccs in eady adulthood and comprisc declincs in reccptors
may aftct dcndritic loss ([acor, 2007) and triggcr or accentuate
othcr physiological changes in the agirry brain, srdr as grcy mattcr
loss by compromisirg thc functioml integrity of subcortical-
cortical conncctions Consistcnt with this hypothesizcd trajectory
of age-rdated brain chcrgcg evidcnce srgge*s that dtcrations in
v:rious DA biomarkcrs may havc an carlier orsct and progtrss
more rapidly asoss thc lifcpen compartd to dranges in gray or
whitc matter (Bi&man et al., 2mq Raz et al., 2(trO). Thc temporal
rdation bctrrtcn charryc in trmslnittc systems and ancomical
altcrations of the ag.ing proccss could bc dircctly addrcsed by
longitudinal studies combining MR-based mcasures of regional
volumes and structural @nrEctivitv with PETiascd mcasurcs of
trarsrnittcr avaihbility.

Condrdlng Rrrnarls

Fifty years after thc dirovcry of DA as a rFurotransmittcr, mwh is
now krpwn about its criticd involvcment in a wide range of
cognitive functions. Theoretical ard rcccnt cmpirical cidcnce
cotwcrgc to suggcst thet DA's influcncc on variou co,gniti\rc frrnc-
tions (c.9, rrorking memory, rerrard processing ard processing
robu*ncss) may bc raccd back to its bssic role in affecting rrur:al
signal transduction (Ginult and Grecngar4 2(tr4), sudr as by
modulating the sigml-to-mise ntio of rrural gain ftrnction
(Cohcn and Scnran-khreiber, t994 Li, Lirdcnbcrger, and
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Sikstrdm,2ml). Furthermorc, mudr is also lnown about horv the
diftrcnt DA comporrnts &clirr durirry usual and pathological
aging With rtccrt mahodologkd adrenccs in molccula imaging
various comporrnts of the DA systems can now abo bc sgutinizod
in grat &tail.

Capitaliztry on thcc dcrrdopmcnts, rcecch on dopami-
rrrgic modulation of human cogritive agir6 is currently in an
unprccdcnted crcitfury phasa empowertd with ganomic,
molccular, and furrtiond .. brain-imaging tedrnologics.
Age-comparatinc *udies combining gcrnmic approadrcs with
multimodal imaging wi[ be able to invcstigate thc cftc! of aging
onthc DA-cognition Gsocidion rt multiplc levds, bycoes{inking
gcrcic indrrrres on the variors componmts of thc DA slatcms
with mcasures of recptor binding cfrcacy and functioml brain
activity. ln addition, girrcn that thc DA systems ere rrct acting in
isolaion in affcting brain and cognitivc proccsscs, future rrscardr
sttould also s1'stcnratically investigte thc intciactions bct lcn DA
ard othcr tra6mitt.rs, for in$ancc, s€rotonin, gluamatc, ard
gammaaminobutyric acid (GABA), that art rderant to aging
ard cognition ln addition to workiog mcmory, the most com-
monly investigated DA modulatod cognitivc function" therc is
.rnergrng intercst in thc iniucnces of DA modulation on: (a) thc
robrstncss of theagug cognitiw systcrn, (b) agng-related limits in
ognitiw plackity (ag, altced traruiot r6pons? to cogritivr
drdlergcs or rcdrrcd lorg-tcrm enhanccrnent tom cognitiw
intcrvcntion), rnd (c) aging-rclatcd difFrarccs in rtwadiasod
&cisbn-ma&ing srbscrving goaldircctcd bchavior. ln corrlusion,
by combining ncw methodologics thl ellow the intcgration of DA
modulation ofagirry and cogrritbn at veriors lwds with thc broad-
cning of invcstigatcd phcnomcm, the pcrspcctiws for future
rcscardr on DA modulation of cognitivc agng will be both
dccpencd ard widcncd.
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