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Abstract

The brain neuronal systems defined by the neurotransmitter dopamine (DA) have since long a recognized role in the regulation of
motor functions. More recently, converging evidence from patient studies, animal research, pharmacological intervention, and molecular
genetics indicates that DA is critically implicated also in higher-order cognitive functioning. Many cognitive functions and multiple
markers of striatal and extrastriatal DA systems decline across adulthood and aging. Research examining the correlative triad among
adult age, DA, and cognition has found strong support for the view that age-related DA losses are associated with age-related cognitive
deficits. Future research strategies for examining the DA-cognitive aging link include assessing (a) the generality/specificity of the effects;
(b) the relationship between neuromodulation and functional brain activation; and (c) the release of DA during actual task performance.
r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

In this article, we review evidence on the relationship of
age-related deficits in various cognitive functions to age-
related changes in dopaminergic neurotransmission. The
review is organized into five subsections. We begin by
briefly outlining some major trends in behavioral research
on cognitive aging. We then discuss in some detail in vitro
and molecular imaging findings demonstrating strong
negative linkages between adult age and different dopa-
mine (DA) markers. Following this, we present converging
evidence that DA is critically implicated in multiple
cognitive functions. These three sections are synthesized
into a review of research on the correlative triad among
adult age, DA markers, and cognitive performance. In the
final section, we propose several lines of future research
that should provide more definite evidence regarding the
role of DA in cognitive aging.

2. Aging and cognition

Despite substantial individual differences in onset, rate,
and scope, there is pervasive evidence that several cognitive
functions decline during the course of the normal aging
process (see Bäckman et al., 1999, for review). For
example, within the domain of memory, tasks assessing
the ability to maintain and manipulate information (i.e.,
working memory) and tasks assessing the ability to
consciously recollect information acquired in a certain
place at a certain time (i.e., episodic memory), exhibit a
marked performance deterioration from early to late
adulthood (see Bäckman et al., 2001, for review). Similarly,
psychometric tests reflecting fluid aspects of intelligence
(e.g., Digit Symbol, Block Design) as well as related
experimental tasks tapping, for example, perceptual closure
and syllogistic reasoning abilities reveal robust decline
across the adult life span (Kausler, 1991; Salthouse, 1992;
Lövdén and Lindenberger). Such tests involve relatively
unfamiliar materials and require fast and efficient solutions
to new problems.

Along with findings from research targeting other
cognitive domains demonstrating age-related deficits, such
as executive functioning (West, 1996), the pattern of results
that is emerging suggests that older adults are especially
disadvantaged when fast and efficient processing in novel
task situations is required. Although it is debated whether
the decline in these cognitive domains normally begins in
early (Park, 2000; Park et al., 2002) or middle (Rönnlund et
al., 2005) adulthood, most available evidence indicates that
the decline process proceeds in a gradual fashion after its
onset. Much research is aimed at identifying the neural
mechanisms of cognitive decline in adulthood and aging.
Such mechanisms can potentially implicate cellular and
subcellular changes as well as large-scale changes in the
morphology and functional responsiveness of regions and
regional networks. In the present paper, we focus
specifically on the relationship of age-related deficits in

cognitive abilities to age-related losses of biomarkers for
the DA system.
To be sure, the focus on DA in the current article does

not imply that changes in other neurotransmitters (e.g.,
noradrenaline, acetylcholine) are unimportant to under-
standing the biological basis for age-related cognitive
deficits. Rather, a long-term goal in the cognitive
neuroscience of aging is to delineate how neurotransmitter
alterations interact with other brain-based changes (e.g., in
gray and white-matter) as well as with genetic and
environmental factors in shaping cognitive aging.

3. Aging and DA

Much of the work on the relationship between aging and
DA neurotransmission has focused on the caudate and the
putamen, two major nuclei of the striatal complex having
dense dopaminergic innervation. As a result thereof, the
conditions for reliable analyses of DA biomarkers in vitro
as well as in vivo are very favorable in the striatum. There
is strong evidence for age-related losses in pre- and
postsynaptic biochemical markers of the nigrostriatal DA
system. Most of the relevant studies have investigated
postsynaptic DA markers (i.e., D1 and D2 receptor
densities). The D1 receptor is only expressed in the
postsynaptic neuron, whereas the D2 receptor is to a minor
extent also expressed in the presynaptic neuron where it
serves as an autoreceptor. Autopsy studies indicate losses
of both D1 (Cortes et al., 1989; Rinne et al., 1990) and D2

(Seeman et al., 1987; Severson et al., 1982) receptor
densities from early to later adulthood, the rate of decline
being estimated to just below 10% per decade. Similar
findings for D1 (Suhara et al., 1991; Wang et al., 1998) and
D2 (Nordström et al., 1992; Antonini et al., 1993; Ichise et
al., 1998) receptor densities have been documented in vivo,
using molecular imaging modalities such as positron
emission tomography (PET) and single-photon emission
computed tomography (SPECT).
In addition, there is evidence for age-related decline in

the DA transporter (DAT). The DAT is a commonly used
presynaptic marker, because this membrane-bound protein
regulates reuptake of DA from the synapse to the
presynaptic neuron. As with D1 and D2 binding, post-
mortem studies (Allard and Marcusson, 1989; Bannon et
al., 1992; Bannon and Whitty, 1997; Ma et al., 1999) as well
as PET and SPECT work (Van Dyck et al., 1995; Rinne et
al., 1998) indicate marked age-related losses of the DAT,
the average decrease mimicking that observed for post-
synaptic markers.
As noted, the bulk of research on the relationship

between aging and DA neurotransmission has focused on
striatal DA markers. Studies on extrastriatal DA markers
have been hampered by a lack suitable radioligands for
imaging of the sparser dopaminergic innervation in
extrastriatal brain regions such as the neocortex and the
limbic system. However, an early PET study focusing on
the relatively abundant D1 receptor found comparable
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rates of age-related loss in the striatum and the frontal
cortex (Suhara et al., 1991). Post-mortem evidence also
demonstrates an age-related decrease of frontal D1 receptor
densities (De Keyser et al., 1990). These findings have more
recently been extended to the minute densities of extra-
striatal D2 receptors, using a high-affinity PET ligand
tailored for D2 binding outside the striatum (Kaasinen et
al., 2000, 2002; Inoue et al., 2001). The evidence indicates
clear age-related losses in D2 binding not only in the frontal
cortex, but also in the temporal, parietal, and occipital
cortices as well as in hippocampus, amygdala, and
thalamus. The magnitude of these age-related effects on
extrastriatal DA systems resembles closely those observed
for the striatum. Thus, an age-related decrease of DA
markers throughout the brain appears to be part of the
normal aging process.

Similar to the behavioral literature on cognitive aging,
there is some controversy as to whether the age-related DA
loss is linear across the adult span. Although most studies
have reported evidence for a linear age–DA relationship
(see Reeves et al., 2002, for review), an exponential age
trajectory with exacerbated loss after middle adulthood has
been observed for both D2 receptor densities (Rinne et al.,
1990; Antonini et al., 1993) and DAT binding poten-
tial (Bannon and Whitty, 1997; Ma et al., 1999). Obvious-
ly, the latter trajectory concurs with observations of a
later onset of age-related cognitive decline (Rönnlund
et al., 2005). Although the reasons for the discrepant
findings remain unclear, it should be noted that most
relevant studies involve relatively few subjects, and
several studies may not have covered a sufficiently wide
age range. Conceivably, these factors underlie the different
function forms relating age to DA markers in the extant
literature.

The age-related loss of DA markers may have multiple
loci at a neuronal or molecular level. First, there is an age-
related reduction of DA cell bodies in substantia nigra,
with an average loss around 3% per decade (Fearnley and
Lees, 1991). In a unique study, post-mortem cell counts in
the substantia nigra were highly related to an ante-mortem
imaging marker for DA synthesis capacity (Snow et al.,
1993). This suggests that neuronal number influences the
total synthesis rate of DA. Second, there is a reduction
of synapses that progresses from childhood through
adulthood to old age, which may reflect both adaptive,
plastic processes during development and predominantly
non-adaptive loss in late life (Gopnic et al., 1999). Third,
there is evidence suggesting an age-related decrease in
the number of biomarker proteins per cell. Specifically,
work with rodents has demonstrated substantial age-
related losses in steady-state levels and synthesis of D2

receptor messenger ribonucleic acid (mRNA; Mesco
et al., 1993). Relatedly, human work shows that the
age-related decrease in DAT mRNA may exceed the extent
of neuronal loss (Seeman et al., 1987; Severson et al., 1982;
De Keyser et al., 1990). Thus, the bottom line is that
age-related alterations in neuronal number, synapses,

and protein concentrations may all contribute to the
general down regulation of the DA system with advancing
adult age.
With regard to putative causative factors for this

down regulation, it has been proposed that common
mechanisms may regulate both pre- and postsyna-
ptic maturation of the DA systems during neuro-
development, and that an age-related decrease in the
functional demands on dopaminergic pathways may
occur during adulthood (Bäckman and Farde, 2004).
Further, it has been suggested that age-related DA losses
may reflect failure to cope with oxidative stress and
subsequent cell damage (Joseph et al., 1996). Suppor-
tive evidence for this notion comes from animal research
indicating a relationship among striatal DA levels, markers
of oxidative damage, and motor function (Cardozo-
Pelaez et al., 1999). It has also been suggested that the
expression of DA itself may contribute to degenerative
processes through the production of neurotoxins by
autooxidation (Fornstedt et al., 1990; Luo and Roth,
2000).
Irrespective of the specific mechanism implicated, it is

important to note that the age-related downward trajec-
tories are remarkably similar for pre- and postsynaptic DA
markers (Severson et al., 1982; Wang et al., 1998;
Nordström et al., 1992; Antonini et al., 1993; Ichise et
al., 1998; Van Dyck et al., 1995; Rinne et al., 1998).
Consistent with these parallel patterns, Volkow et al.
(1998a) found a sizable relationship between D2 receptor
binding and DAT binding in the striatum. Important-
ly, this association remained after partialing out chron-
ological age. This suggests that the expression of receptors
and transporters may reflect adaptation of major
components of the dopaminergic pathways. Although
the causality remains unclear, one interesting possibility
is provided in work on DAT knock-out mice, showing
a reduction of D2 receptor mRNA in postsynaptic
medium-spiny neurons (Gainetdinov et al., 1999). Given
that loss of DAT may initially result in increased
DA concentrations (Shinkai et al., 1997), it is conceivable
that increased DA levels lead to an adaptive down
regulation of DA-mediated neurotransmission in post-
synaptic neurons, corresponding to postsynaptic losses
of DA receptors with advancing age (Sakata et al., 1992;
Zhang et al., 1995).

4. DA and cognition

Dopaminergic neurotransmission has since long been
identified as having a central role in efficient motor
functioning (Freed and Yamamoto, 1985; McEntee et al.,
1987). However, several more recent lines of evidence (from
patient, animal, electrophysiological, genetic, pharmacolo-
gical, and neurocomputational studies) suggest that DA is
also critically implicated in many higher-order cognitive
abilities. This evidence is reviewed next.
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4.1. Patient evidence

Studies on clinical populations with known pathophy-
siology of the DA system, such as patients with Hunting-
ton’s disease (HD) and Parkinson’s disease (PD), indicate
deficits across multiple cognitive domains including execu-
tive functions, visuospatial skill, episodic memory, verbal
fluency, perceptual speed, and reasoning (Brandt and
Butters, 1986; Brown and Marsden, 1990). Note that these
patterns of impairment resemble closely those observed in
aging (Prull et al., 1999). Further, PET studies have
demonstrated a sizable relationship of D1 and D2 receptor
binding as well as DAT binding to performance in the
aforementioned task domains in groups of mildly to
moderately ill HD patients (Bäckman et al., 1997;
Lawrence et al., 1998). In PD, a similarly strong relation-
ship between PET-derived presynaptic measures of the
synthesis rate of [18F]DOPA as well of DAT density to
measures of episodic memory and executive functioning
has been documented (Holthoff et al., 1994; Müller et al.,
2000; Bruck et al., 2005).

4.2. Animal evidence

There is substantial evidence from animal studies that
lesioning of dopaminergic pathways results in cognitive
deficits. For example, local destructions of dopaminergic
nerve terminals at different sites (e.g., septum, nucleus
accumbens, prefrontal cortex) produce impairment across
multiple cognitive domains in rodents and monkeys alike,
including memory (Simon et al., 1986), inhibitory functions
(Jones and Robbins, 1992), set-shifting (Roberts et al.,
1994), and spatial attention (Boussaoud and Kermadi,
1997). In a similar vein, lesioning of dopaminergic path-
ways at the level of the subthalamic nucleus, which
deprives the input from nigral DA cells to projection
areas, results in deficits in tasks assessing attentional as well
as executive functioning and motor sequencing (Baunez et
al., 1995; Baunez and Robbins, 1999). More recently,
studies with mutant mice have demonstrated that absence
of D2 receptors is associated with decreased number of
prefrontal neurons and impaired performance in tasks
assessing spatial working memory and perceptual discri-
mination (Glickstein et al., 2002, 2005). Thus, data from
lesion studies and molecular genetics indicate an important
role of DA in regulating performance across a variety of
cognitive domains.

4.3. Electrophysiological evidence

Dynamic, context-dependent temporal binding of cell-
assembly codes through synchronous oscillations is as-
sumed to function as a mechanism by which relations
between currently perceived object features or regenerated
representations of stored experiences are held active in
working memory (von der Malsburg, 1985; Singer and
Gray, 1995). DA neuromodulation plays a critical role in

this form of binding by synchronizing prefrontal oscilla-
tory activity (Seamans and Yang, 2004). Specifically, DA
activation of GABA neurons phase-locks the activity of
interneurons, changing their temporal firing pattern but
not their rate (de Charms and Merzenich, 1996). When
temporal binding is perceptually driven, deficient DA
neuromodulation is expected to result in impaired stimu-
lus-induced phase resetting of ongoing oscillatory activity.
In agreement with this prediction, Winterer et al. (2004)
observed greater spectral response variability (‘‘prefrontal
broadband noise’’) of evoked electrophysiological re-
sponses in individuals with lower working memory
performance as well as in individuals with genetic risk for
schizophrenia. This line of evidence is highly relevant to
cognitive aging research, as aging-related increases in
within-person processing variability have been observed
across a variety of cognitive and motor tasks (MacDonald
et al., 2003; Li et al., 2004).

4.4. Genetic evidence

Genetic polymorphisms provide new leads in research on
the functional role of genes expressed in brain. A common
approach is to relate allelic variants to functional measures
at a biochemical or behavioral level. One example is
provided in recent research on cognitive correlates of allelic
variants in the gene coding for Catechol O-methyltransfer-
ase (COMT). Driven initially by research examining the
DA hypothesis of schizophrenia, this work has also
provided support for the role of DA systems in cognitive
functioning.
The COMT enzyme inactivates extracellular DA by

conversion to 3-methoxythyramine (Weinshilboum et al.,
1999). The role of COMT in regulating DA levels appears
to be particularly dominant in the prefrontal cortex (Gogos
et al., 1998; Karoum et al., 1994). A common polymorph-
ism (Val108/158Met) in the COMT gene has been
associated with most of the human variation in enzyme
activity (Mannisto and Kaakkola, 1999). Of chief impor-
tance, the enzymatic activity is three to four times as high
for the Val than for the Met variant at normal body
temperatures (Lotta et al., 1995). The alleles are codomi-
nant with heterozygous persons (Val/Met) having inter-
mediate enzyme activity between homozygotic persons (i.e.
Val/Val4Val/Met4Met/Met; Weinshilboum et al., 1999).
Conceivably, as a result of the allelic differences in
enzymatic activity, Val carriers have less DA activity in
the prefrontal cortex as compared to Met carriers (Egan et
al., 2001).
Basic evidence of an influence of COMT on cognition

comes from studies on COMT knock-out mice (Kneavel et
al., 2000) as well as from animal (Liljequist et al., 1997) and
human (Gasparini et al., 1997) research demonstrating
performance enhancement from COMT inhibitors in
working-memory tasks. Cognitive studies comparing
the different allelic variants indicate an advantage of
Met over Val carriers in executive functioning (i.e., fewer
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perseverative errors in the Wisconsin Card Sorting Test;
Egan et al., 2001; Joober et al., 2002; Malhotra et al., 2002;
Mattay et al., 2003) as well as in tasks assessing processing
speed and attention (Bilder et al., 2002). Some of these
studies on young and middle-aged adults involve patients
with schizophrenia, others involve normal subjects, and
still others have a mixture of patients and controls. In
general, the results are similar for the different subject
groups. These findings have recently been extended to
children and older adults. Diamond et al. (2004) showed a
selective superiority in 10-year old Met/Met children for a
task taxing working memory and inhibitory functions; no
genotype group differences were seen in a working memory
task with low inhibitory demands, or in episodic recall and
mental rotation tasks. A similar Met/Met advantage in
middle-aged, young–old and old–old adults was reported
by De Frias and colleagues for episodic and semantic
memory (de Frias et al., 2004) as well as for executive
functioning and visuospatial skill (de Frias et al., 2005).

Although there may be differential sensitivity of COMT
genotype to different cognitive domains within individual
studies, the pattern of results emerging across studies is one
of a rather broad influence on performance in many
different kinds of cognitive tests. A final point to note is
that some studies (de Charms and Merzenich, 1996)
suggest a dose–response effect of genotype on cognitive
performance (i.e., Met/Met4Val/Met4Val/Val), others
(Lotta et al., 1995; Egan et al., 2001) suggest that the major
effect lies between homozygotic Met carriers and the other
genotype groups, and still others (Karoum et al., 1994)
show that the most pronounced difference is between the
homozygotic Val carriers and the other groups. Differences
across studies in statistical power to detect effects between
specific genotype groups may account for the discrepant
findings.

4.5. Pharmacological evidence

There is evidence from both animals and humans that
pharmacological manipulations of DA transmission may
be related to cognitive performance. Administration of D-
amphetamine (D-AMP) elevates the synaptic concentration
of DA and may serve as a model for DA hyperactivity.
Several studies have reported D-AMP-related performance
gains in tasks assessing information-processing speed
(Halliday et al., 1994), discrimination (Kelly et al., 1991),
and vigilance (Spiegel, 1978). In a series of studies, Luciana
et al. (1992, 1998) and Luciana and Collins (1997) found
that bromocriptine, a D2 receptor agonist, facilitates
delayed spatial working-memory performance in healthy
volunteers. The pattern of findings in these studies suggests
that the effects were not secondary to changes in basic
sensorimotor, attentional, or global arousal processes.
Rather, they seemed to reflect changes in the temporal
integration of a sensory cue and the requested response.

Conversely, Luciana and Collins (1997) demonstrated
that administration of haloperidol, a D2 receptor antago-

nist, worsened performance in a working-memory task in
which performance gains from a D2 agonist (bromocrip-
tine) were observed. In a related study, it was found that a
rather low dose of haloperidol impaired performance in
tasks assessing psychomotor speed and working memory
(Ramaekers et al., 1999). Likewise, research with monkeys
(Sawaguchi and Goldman-Rakic, 1991) indicates that DA
receptor antagonists cause reversible impairment in motor
and cognitive tasks.
However, there are inconsistencies in the extant phar-

macological literature. Inconsistent observations may
depend on pharmacological characteristics of the test
compound, doses, endogenous DA levels, and pre-experi-
mental cognitive skill. Luciana and Collins (1997) reported
a facilitative effect of bromocriptine on spatial working
memory at lower doses, but not at the same doses as
initially reported by the same research team (Luciana et al.,
1992). Kimberg et al. (1997) found that persons with low
working-memory capacity showed positive bromocriptine-
related effects on working-memory performance, whereas
those with high working-memory capacity showed negative
effects (see also Mehta et al., 2000). By contrast, Kimberg
and D’Esposito (2003) documented larger effects of
pergolide, a non-selective agonist for both the D1 and the
D2 receptor subtypes, on delayed working-memory perfor-
mance for persons with greater working-memory capacity
than for those with lower capacity.
Although the reasons for the mixed findings remain

unclear, they may reflect interactions between subject-
related and drug-related factors that vary between receptor
subtypes. Interestingly, similar inconsistencies have been
observed at a neurophysiological level. There is evidence of
an inverted U-shaped dose–response function with admin-
istration of DA agonists in monkeys (Cai and Arnsten,
1997). Such observations are particularly common for
partial agonists, which may act as antagonists if the
intrinsic activity is lower than the physiological activity,
and as agonists if the intrinsic activity is higher.
In a recent pharmacogenomic imaging study on brain

activation during working memory (n-back) performance,
Mattay et al. (2003) obtained evidence of direct relevance
to the inverted U-shaped function hypothesized to
characterize the relationship of DA signaling to cognitive
functioning. The key finding was a triple interaction among
COMT genotype, D-AMP, and cognitive demand. In line
with the notion that DA levels (and demand-induced shift
in DA levels) are affected by all three factors (Met/
Met4Val/Val; drug4placebo; higher cognitive demand
(3-back)4lower cognitive demand (2-back), the Val/Val
carriers showed a more efficient left prefrontal response
under the influence of D-AMP when n-back conditions
were most demanding. By contrast, the Met/Met carriers
exhibited worse performance and a less efficient prefrontal
response under these conditions. This pattern is entirely
consistent with the U-shaped DA–brain/cognition relation-
ship. Specifically, administration of D-AMP and increasing
cognitive demands should move the Val/Val carriers from a
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lower-than-optimal toward an optimal DA level. By
contrast, given that the Met/Met carriers are closer to an
optimal DA level under baseline conditions, the experi-
mentally induced DA increases may have shifted their DA
level to the decline portion of the inverted U function. A
schematic representation of these relationships is portrayed
in Fig. 1.

4.6. Neurocomputational evidence

Some of the empirical observations discussed in this
chapter have been integrated into neurocomputational
models. In these models, DA is commonly hypothesized to
facilitate the responsivity of neural networks in activity
transmission both within and between neural networks
(Oades, 1985). By enhancing the neural signal relative to
background noise (Sawaguchi et al., 1988), DA is assumed
to promote the firing frequency of innervated neurons
(Daniel et al., 1991).

Servan-Schreiber et al. (1998a) proposed a model
specifically developed to accomodate the effects of D-
AMP on selective attention. In this model, DA effects are
simulated as a change in the gain parameter of the
activation function of neural assemblies in the area of
release. Interestingly, effects on motor performance are
thought to result from gains over the response layer,
resulting in increased speed, but impaired accuracy. By
contrast, effects on attention are simulated as a change in
gains over the attention layer, resulting in improved speed
and accuracy, particularly under demanding conditions.
Results from a study investigating the effects of D-AMP on
motor and cognitive performance in a selective-attention
task were in excellent agreement with the proposed model
(Servan-Schreiber et al., 1998b).

Of particular consequence to the current article, Li et al.
(2001) modified the Servan-Schreiber et al. (1998a) model,

in order to link age-related cognitive deficits to deficient
dopaminergic modulation. Age-related decline in dopami-
nergic modulation was simulated by randomly sampling
values for the gain parameter of the activation function
from a distribution with a lower mean at every processing
step. Reducing the mean of the stochastic gain parameter
leads to reduced neuronal responsivity, which, in turn,
increases neural noise and results in less distinctive
activation patterns. These less distinctive activation pat-
terns are hypothesized to be a key determinant of cognitive
aging. The model also accounts for the inverted U-shaped
dose–performance function by demonstrating that, at
extremely low or high levels of gain (corresponding to
low versus excessive DA levels), neuronal activity in
response to different inputs saturates, resulting in less
discriminative activation patterns (see Fig. 2) and poorer
cognitive performance (Li and Sikström, 2002).

5. Aging, DA, and cognition

Given that (a) adult age is negatively related to cognitive
performance and the density of DA markers; and (b) DA
markers are positively related to cognitive performance, a
logical next step is to relate all these variables that form a
correlative triad. Although few studies hitherto have
examined the relationship of age-related DA changes to
age-related cognitive changes, the pattern of findings is
strikingly consistent, and supportive of an important role
of DA systems in cognitive aging. A common feature of
these studies is that they involve adult life-span samples
with a rectangular age distribution from early to late
adulthood.
Using PET, Wang and collaborators (Wang et al., 1998)

found strong relationships among age, striatal D1 receptor
binding, and performance in a psychomotor test. Similar
results were obtained in a recent SPECT study examining
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Fig. 1. Theoretical inverted-U model describing the effects of COMT genotype, working-memory load, and D-AMP on prefrontal DA signaling and
function. The model has three simplified assumptions: (a) fixed baseline positions for each genotype based on differential COMT activity; (b) greater
demand of DA release with increasing working-memory load; and (c) a fixed pharmacological effect of D-AMP on increasing synaptic DA levels. Adapted
from Mattay et al. (2003).
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the association among age, striatal D2 receptor binding,
and finger tapping performance (Yang et al., 2003).
Although these studies reported bivariate correlations
only, the results are important in that they document the
correlative triad within specific samples.

In another PET study (Volkow et al., 1998b), striatal D2

binding was assessed in conjunction with testing of
executive and motor functioning as well as perceptual
speed; all these domains are known to be sensitive to both
aging and pathological conditions associated with striatal
dysfunction. In line with earlier studies, D2 receptor
binding decreased with advancing age and there were
negative relationships between age and performance in the
cognitive tests. The most interesting finding was that
partial correlations revealed moderate to strong relation-
ships of D2 binding to motor and cognitive performance
also after controlling for chronological age. These results
indicate that age-related decreases in DA function are
related to deficits in both cognitive and motor functioning,
and suggest that DA activity may influence performance
irrespective of age.

These findings were corroborated in a related PET study
(Bäckman et al., 2000), which examined striatal D2 binding
and cognitive performance using a somewhat different task
constellation. Here, two age-sensitive cognitive domains
were targeted: episodic memory and perceptual speed. As
expected, increasing age was negatively associated with
performance in the episodic memory and speed tasks, and
there was a marked decrease in striatal D2 binding across
age. The key finding was that statistical control of D2

binding effectively eliminated the influence of age on
cognitive performance, whereas D2 binding contributed to

the cognitive variation independent of age (see Table 1).
These results provide further evidence for the view that DA
is implicated in age-related cognitive deficits as well as in
cognitive functioning in general.
In the studies reviewed above, postsynaptic DA markers

were assessed. It has been suggested that DAT density—a
marker of the presynaptic neuron—is more sensitive than
postsynaptic receptor densities as an indicator of the
activity of the dopaminergic system (Mozley et al., 1999).
Specifically, because DAT indirectly regulates the occu-
pancy of DA on D1 and D2 receptor-containing neurons,
this protein may serve as a more general marker of the DA
system. In a SPECT study, Mozley et al. (2001) reported
age-related reductions of the DAT in the striatum along
with age-related deficits in verbal episodic memory.
Importantly, DAT binding in the striatum was strongly

ARTICLE IN PRESS

Fig. 2. Connectionist models simulate the inverted U-shape relation between dopaminergic neuromodulation and task performance. The three panels
display activation patterns of five different processing units (x-axes) at the hidden layer of a connectionist network in response to 10 different stimulus
patterns (y-axes), corresponding to 10 items in a memory-span task. Differences in dopaminergic neuromodulation are simulated by varying the mean of
the stochastic gain parameter (G) of the sigmoid activation function relating input to output activation in the network’s processing units. Output
activations of hidden units vary from 0 (blue) to 1 (red). At intermediate levels of G (middle panel), activation patterns differ more across stimulus patterns
than at very low (left panel) and very high (right panel) G levels. Thus, memory span is longer for networks with intermediate compared to very low or very
high G levels. Adapted from Li and Sikström (2002).

Table 1
Amount of variance (R2) in cognitive performance accounted for by age
and dopamine D2 receptor binding as a function of order of entry

Perceptual speed Episodic memory

Dots Trail making Word recognition Face recognition

Age .52 .34 .13 .27
D2 .11 .22 .27 .24
Total .63 .56 .40 .51
D2 .61 .55 .38 .48
Age .02 .01 .02 .03
Total .63 .56 .40 .51

Adapted from Bäckman et al. (2000).
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associated with memory performance in both younger and
older adults.

An age-related decrease of DAT density in caudate
and putamen was also documented in a recent PET study
on DA and cognitive aging (Erixon-Lindroth et al., 2005;
see Fig. 3). Further, there were age-related deficits in
tests of episodic memory, working memory, and word
fluency, but not in a test of general knowledge. Similar to a
related study on D2 binding (Yang et al., 2003), the age-
related cognitive deficits were completely mediated by
DAT density, although DAT density contributed to the
performance variation in memory and fluency over
and above age. The latter finding was substantiated
by the result that DAT density also was related to

performance variability in the age-insensitive knowledge
test (see Table 2).
Thus, the available evidence suggests that pre- and

postsynaptic markers of the nigrostriatal DA system are
powerful mediators of the cognitive changes that occur
across adulthood and old age, as well as strong general
correlates of cognitive performance. Regarding the appar-
ent similarity in the patterns of age differences for pre- and
postsynaptic DA markers, it may be noted that Volkow et
al. (1998a) reported a strong association between the
densities of DAT and D2 receptors across adulthood. The
DAT–D2 association was age-independent, suggesting that
common genetic or adaptive mechanisms may regulate the
expression of DA receptors and transporters irrespective of
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Fig. 3. Representative PET sections of [11C]b-CIT-FE binding to DAT through the caudate-putamen level in a younger (34 years of age), a middle-aged
(50 years of age), and an older subject (73 years of age). Upper row ¼ coronal sections; lower row ¼ horizontal sections. The images reflect a summation
of radioactivity from 9 to 63min after injection of [11C]b-CIT-FE. Adapted from Erixon-Lindroth et al. (2005).

Table 2
Amount of variance (R2) in cognitive performance accounted for by age and dopamine transporter binding in striatum as a function of order of entry

Episodic memory Executive function Crystallized IQ Information

Word recall Figure recall Face recognition WM Word fluency

Age .31 .35 .28 .40 .15 .07
DAT .24 .19 .13 .13 .16 .28
Total .55 .55 .41 .53 .31 .35
DAT .46 .49 .40 .49 .30 .31
Age .09 .06 .01 .04 .01 .04
Total .55 .55 .41 .53 .31 .35

Note. DAT ¼ dopamine transporter; WM ¼ working memory; IQ ¼ intelligence.
Adapted from Erixon-Lindroth et al. (2005).
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age. Support for a genetic regulation of DA markers has
been provided in research demonstrating an association
between polymorphisms of the D2 gene and the density of
D2 receptors (Jönsson et al., 1999). Thus, changes in pre-
and postsynaptic DA function may be an interdependent
and generalized phenomenon in human aging (Morgan and
Finch, 1998).

Although the available data on aging, DA, and cognition
are strikingly consistent and biologically plausible, there
are important issues that remain unclear. In the next and
final section, we outline several future research directions
on the influence of DA on cognitive aging that seek to
address these issues.

6. Directions for future research

The research reviewed above clearly indicates that the
overall efficacy of the dompaminergic system declines
during the normal aging process, and that impairment of
DA modulation at the neuronal and molecular level may
be associated with a variety of age-related cognitive
deficits. With new lines of evidence emerging from animal,
genetic, pharmacological, and brain imaging studies, future
research that combines insights from these domains of
inquiry may help bringing research on aging, neuromodu-
lation, and cognition to a new level of integration.

6.1. Generality versus specificity

An interesting observation in the studies conducted on
DA and cognitive aging is the similarity of the effects of
different DA markers. As is true with corresponding
research on patients with HD (Bäckman et al., 1997;
Lawrence et al., 1998), markers of D1, D2, and DAT
binding in both the caudate and the putamen show strong
relationships to each other as well as to cognitive
performance (Wang et al., 1998; Yang et al., 2003; Volkow
et al., 1998b; Bäckman et al., 2000; Mozley et al., 2001;
Erixon-Lindroth et al., 2005).

These general patterns are observed despite postulated
functional differences between the striatal structures. The
caudate and the putamen receive DA input from the
substantia nigra in the brain stem, but are part of different,
albeit parallel, topographic frontostriatal circuits (Alex-
ander and Crutcher, 1990; Parent and Hazrati, 1995).
Traditionally, the caudate circuits are thought to be
particularly relevant to complex cognitive functioning,
whereas the putaminal circuits are primarily implicated in
motor activity (Alexander et al., 1986; Bhatia and
Marsden, 1994; Houk et al., 1995).

Biochemically, the D1 and D2 subtypes show preferential
localization to distinct striatal pathways. Although a
proportion of the D1 and D2 receptors are co-localized
on the same neurons, D1 receptors are mainly expressed in
neurons in the ‘‘direct’’ striatonigral feedback pathway,
whereas D2 receptors are expressed in ‘‘indirect’’ pathways
that include interneurons (Gerfen et al., 1995; Hersch et al.,

1995). At a histological level, this differential organization
corresponds to the observation that D1 neurons are
primarily located in striosomes, whereas D2 neurons are
preferentially found in the matrix component of the
striatum (Joyce et al., 1986; Graybiel et al., 1994).
Further, direct injections of either D1 or D2 receptor

agonists into the prefrontal cortex have been found
to facilitate working-memory performance in monkeys
(Williams and Goldman-Rakic, 1995). However, whereas
the effects of the D1 agonist were specific in modulating
memory fields of locally active neurons, the D2-related
effects were more general, likely reflecting changes in the
integration of motor, memory, and motivational capacities.
More recently, a double dissociation between D1 and D2

receptors within an oculomotor working memory task was
demonstrated in monkeys. Specifically, D2 receptors
modulated memory-guided saccades in the task, whereas
D1 receptors modulated persistent memory-related activity
(Wang et al., 2004).
The similar effects of different DA markers on age-

related cognitive deficits may appear counterintuitive in
view of these apparent differences at cellular or neurocir-
cuitry levels as well as with regard to specific functional
correlates. However, as should be obvious from the current
review, relatively few age-comparative imaging studies
have addressed the DA-cognition relationship, and the
relevant studies are characterized by relatively small sample
sizes. Thus, the general failure to obtain differential
relationships among brain regions as well as different
biochemical markers may reflect the limited nature of the
database along with low statistical power in individual
studies. Future research using larger samples, multiple
radioligands for distinct DA markers, and suitable
approaches for parametric receptor imaging (Cselenyi et
al., 2002) should provide more conclusive evidence
concerning the extent to which the effects of DA markers
decreases on cognitive aging are global or can be attributed
to specific markers in specific brain structures.
For example, is it possible to conceive of a functional

dissociation in humans between D1 and D2 receptors
similar to that demonstrated for working memory in
monkeys (Wang et al., 2004). A key issue here concerns the
fact that the monkey work is based on acute pharmaco-
logical challenges, whereas the available human studies
deal with interindividual variability over several decades.
Obviously, the possibility for adaptive regulatory mechan-
isms is greater in the latter case. A further concern is
whether the available measurement devices (i.e., PET) are
sensitive enough to detect potential differences between
DA markers regarding their role in cognitive functioning?
In addition, could it be that DA losses in a particular

brain area (e.g., striatum) are more critical than DA losses
in other areas (e.g., frontal cortex) for certain domains of
cognitive functioning (e.g., psychomotor speed), whereas
the opposite pattern holds for other cognitive domains
(e.g., working memory)? Indeed, single-cell recordings in
monkeys suggest differential roles for the striatum (i.e.,
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rapid, specific, latency-related) and the frontal cortex (i.e.,
slow, flexible, accuracy-related) during conditional associa-
tion learning (Pasupathy and Miller, 2005). Alternatively,
considering the integrated network of striatal and extra-
striatal brain regions (Alexander et al., 1986; Graybiel,
2000), and given that pre- and postsynaptic DA markers
appear to exhibit similar decline with age (Bäckman and
Farde, 2004; Parent and Hazrati, 1995) throughout the
human brain (Wang et al., 1998; Nordström et al., 1992;
Kaasinen et al., 2000, 2002; Inoue et al., 2001), selective
effects may not be expected. This issue could be addressed
by comparing the extent to which striatal DA markers
versus extrastriatal DA markers account for age-related
deficits across different cognitive tasks.

6.2. DA imaging and brain activation

Another avenue for future research concerns the
relationship between age-related changes in neuromodula-
tion and age-related changes in task-induced brain activity.
By collecting PET-based DA data and functional-imaging
data during task performance on the same individuals,
several intriguing issues in the cognitive neuroscience of
aging could be addressed. For example, in activation
studies, an under-recruitment of task-relevant frontal
regions has been associated with age-related deficits in
tasks assessing working memory (Rypma and D’Esposito,
2000; Rypma et al., 2001) and episodic memory (Grady et
al., 1995; Stebbins et al., 2002). In this context, it is of
interest to note that several studies on DA and cognitive
aging have used cognitively demanding tasks (e.g., execu-

tive tasks, episodic memory tasks) that have been shown to
activate prefrontal regions in functional imaging studies
(see Cabeza and Nyberg, 2000, for review). Thus, it is
tempting to relate changes in DA neurotransmission to
changes in task-related brain activity (as reflected by
regional blood flow), such that impaired neurotransmission
underlies decreased activation. Studies in which imaging of
the DA system is combined with functional imaging during
cognitive task performance have not yet been performed.
However, a promising observation regarding the biomar-
ker–brain physiology link is that a strong age-independent
relationship has been reported between striatal D2 binding
and frontal and cingulate resting-state glucose metabolism
(Volkow et al., 2000; see Fig. 4).
In addition, in some task situations (e.g., episodic

retrieval) older adults may exhibit relatively higher activity
increases than younger adults in specific brain regions (e.g.,
left prefrontal cortex). Such findings have been interpreted
to reflect reallocation of neural resources in old age that
serves compensatory purposes. On this view, increased
activity in the older person is assumed to be associated with
better cognitive performance (Cabeza, 2002; Cabeza et al.,
2002). However, it has also been proposed that greater
regional activity of older adults may reflect lack of
specificity of neural processing that may, in part, stem
from deficits in inhibitory intercallosal processes (Bäckman
and Farde, 2004; Li et al., 2001). By the latter view,
increased recruitment of brain regions is thought to be
associated with impaired neurotransmission, particularly in
systems having a modulatory role such as the DA system.
These theoretical alternatives can be evaluated by means of
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Fig. 4. Regression slopes depicting correlations between striatal dopamine D2 receptors (Bmax=Kd) and relative glucose metabolism in preselcetd brain
regions in 37 healthy subjects 24–86 years of age. Adapted from Volkow et al. (2000).
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multi-modal imaging, relating data on DA markers and
regional blood flow to cognitive performance in young and
older adults.

Relations of blood flow and task performance to EEG/
MEG signals also may help to disambiguate the functional
status of age-related changes in prefrontal activity.
Empirical evidence (Seamans and Yang, 2004; Winterer
et al., 2004) and computational models (Breakspear et al.,
2003; Li et al., 2005) suggest that DA neuromodulation is
critically involved in synchronization of oscillatory activity,
which in turn is assumed to serve as a mechanism by which
perceived or stored features are bound and held active in
working memory. Changes in cerebral blood flow pre-
dominantly reflect postsynaptic processes (Logothetis et
al., 2001), and animal models suggest a close link between
single-neuron spike rhythms and postsynaptically gener-
ated field potentials (Engel and Fries P Singer, 2001). Also,
(Lauritzen, 2001) observed random spike-firing patterns of
Purkinje cells under baseline conditions, but rhythmic
oscillations and increased cerebral blood flow after electric
stimulation, with the spike rate remaining unchanged.

Thus, to the extent that loss of synchronicity of
oscillatory activity reflects aging losses in DA neuromodu-
lation, age-based deficits in tasks that impose high work-
ing-memory or executive demands should be associated
with: (a) decreased responsivity of DA release during
performance; (b) noisier neuronal signaling due to im-
paired phase resetting of oscillatory activity (Winterer et
al., 2004); and (c) less focused and less pronounced increase
in hemodynamic activity. Simultaneous or separate assess-
ments of these indicators within the same sample of aging
individuals have not yet been undertaken but seem highly
desirable. With respect to EEG/MEG indicators of
oscillatory activity, we recommend to complement tradi-
tional ERP analyses by methods that provide more direct
indications of the amount of task-relevant phase resetting
of ongoing oscillatory activity (Makeig et al., 2004; Gruber
et al., 2005).

Of further interest is that the magnitude of activation in
the dorsolateral prefrontal cortex (DLPFC) is related to
level of performance in the n-back task, such that it peaks
at 2-back and is reduced at 3-back (Callicott et al., 1999).
This pattern of neural response was found to mirror
working-memory performance, suggesting a link between
DLPFC activity and working-memory capacity. Further
support for this notion comes from findings that training-
related increases in working-memory capacity correlate
with increased activity in the DLPFC (Olesen et al., 2004).
To the extent that DLPFC activity relates to working-
memory capacity and such activity is modifiable by
training, an interesting future research question is whether
training-related improvements of cognitive performance in
older adults is related to post-training increases in DLPFC
activity, and to increasing coherence of oscillatory activity.
In turn, if such increases in activity are observed, a critical
issue is how they relate to DA neuromodulation. That is,
does increased activity in DLPFC correspond to enhanced

DA signaling? Similar questions are relevant in the context
of pharmacological intervention, an issue to which we turn
next.

6.3. Pharmacological intervention, COMT genotype, and
brain activation

A supplementary line of research involves manipulation
of DA neurotransmission through administration of
dopaminergic agonists or antagonists. As noted, it is
known that DA agonists may enhance performance
(Servan-Schreiber et al., 1998b), whereas DA antagonists
may impair performance (Ramaekers et al., 1999) across a
variety of cognitive tasks. Further, in support of the
inverted U-shaped DA–neurocognition curve (Cai and
Arnsten, 1997; Li and Sikström, 2002), the effects of DA
on cognition and brain activity seem to be modified by
COMT genotype, such that Val carriers (low endogenous
levels) show a more efficient frontal response, whereas Met
carriers (high endogenous levels) show a less efficient
frontal response following administration of a DA agonist
(Mattay et al., 2003). These findings open up for a series of
interesting research questions regarding the role of DA in
cognitive aging.
First, it would be of interest to examine whether DA

antagonists, in addition to lowering performance, would
lead to a pattern of brain activation during cognitive
performance (e.g., working memory, episodic memory) in
young adults that resembles that typically exhibited by
older adults under placebo conditions (e.g., less specific and
more diffuse frontal activation). Simulating cognitive aging
in younger adults by means of experimental manipulations
(e.g., division of attention) has been a successful approach
in behavioral studies (Mäntylä and Bäckman, 1992; Castel
and Craik, 2003). The pharmacological approach proposed
here would extend this research strategy to the neural level,
and provide more mechanistic evidence pertaining to the
role of DA neurotransmission in the age-differential
patterns of brain activation often observed in functional-
imaging studies (Rypma and D’Esposito, 2000; Rypma et
al., 2001; Grady et al., 1995; Stebbins et al., 2002; Cabeza,
2002; Cabeza et al., 2002).
Conversely, we may ask whether a DA agonist would

alter the brain activation patterns of older people in the
opposite direction (i.e., more specific, less diffuse, and
associated with better performance). This research issue
may profit from considering COMT-related differences in
DA signaling. Specifically, by crossing adult age with
COMT genotype, four groups of chief interest could be
obtained: old-Val/Val (lowest DA levels), old-Met/Met and
young-Val/Val (intermediate DA levels), and young-Met/
Met (highest DA levels). On the basis of the inverted U-
shaped relationship between DA levels and cognitive/brain
function (Mattay et al., 2003; Cai and Arnsten, 1997; Li
and Sikström, 2002), older Val/Val carriers may be
expected to exhibit the largest cognitive improvement and
the most pronounced increase in neural efficiency from a
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DA agonist. Young Val/Val carriers and older Met/
Met carriers may also show some drug-related improve-
ment, whereas young Met/Met carriers may instead
deteriorate, because their initially high DA signaling in
conjunction with a DA agonist may lead to suboptimally
high DA levels. Such an outcome would provide additional
experimental evidence on the influence of DA on cognitive
aging, as well as on brain and cognitive functioning in
general.

Indeed, a recent study examining the effects of pharma-
cological treatment on spatial-working memory perfor-
mance in young and old monkeys provides experimental
data of direct relevance to this line of reasoning (Castner
and Goldman-Rakic, 2004). In this study, old monkeys
showed marked increments in delayed spatial-working
memory performance following administration of a selec-
tive D1 agonist. By contrast, young monkeys showed
null effects or performance decrements under the same
conditions, a pattern entirely consistent with the inver-
ted U-shaped model. Perhaps most intriguingly, these
effects were sustained for more than 1 year after the
termination of drug treatment. The long-term mainte-
nance of DA-induced gains in the old monkeys may
reflect fundamental alterations in parts of the neural
circuitry that underlies spatial-working memory function-
ing. Thus, the research idea outlined above would not only
extend these findings to humans, but also provide novel
information on how the influence on age on responsiveness
to dopaminergic treatment may be influenced by genetic
factors.

6.4. DA release during cognitive task performance

Still another potentially interesting research direction
focuses on release of DA during actual task performance.
In an often-cited PET study, Koepp et al. (1998)
demonstrated striatal DA release during performance of
a war-type video game under rewarding conditions, as
indicated by less radioligand binding to D2 receptors
because of task-induced occupancy by endogenous DA.
Furthermore, degree of occupancy was related to video-
game performance. Striatal DA release was also reported
in a cognitively challenging number-comparison task
including both verbal and monetary reward (Pappata et
al., 2002). Given the central role of the DA system in
reward mechanisms (see Schultz, 2002, for review), the
extent to which the above findings of DA release reflect the
cognitive demands as opposed to the reward properties of
the tasks remains unclear.

However, DA release has also been documented during
performance of unrewarded motor tasks. Ouchi et al.
(2002) reported striatal DA release in PD patients and
controls during unilateral foot exercises (i.e., foot exten-
sion, flexion movement). In a similarly mundane task, to
oppose the thumb and different fingers depending on which
digit appeared on a screen, striatal DA release relative to
control conditions was also observed (Badgaiyan et al.,

2003). Thus, although the reward component may con-
tribute to DA release during task performance, it appears
that it cannot fully account for this phenomenon.
This conclusion is substantiated by research assessing

DA release in the amygdala during working memory,
episodic memory, and reading (Fried et al., 2001). In this
study, microdialysis was used to sample extracellular DA
during cognitive performance in a group of pharmacolo-
gically resistant epilepsy patients that had electrodes
implanted intracranially. The results showed DA release
during performance in all cognitive tasks, the effect being
larger for memory than for reading. In addition, the degree
of DA release in the amygdala was related to performance
in the episodic memory task. These findings indicate that
task-related DA release can be demonstrated also in brain
regions outside the striatal complex. Additional support for
this point comes from a recent study examining extra-
striatal DA release during vigilance (0-back) and working-
memory (2-back) performance, using a high-affinity D2

tracer (Aalto et al., 2005). The findings showed DA release
in the anterior cingulate during both cognitive conditions
relative to baseline. In addition, selective DA release was
observed in the inferior frontal cortex and the medial-
temporal lobe during working-memory performance (see
Fig. 5).
Building on these observations, it would be of consider-

able interest to examine potential age-related differences in
DA release during cognitive performance. To the extent
that age-related DA changes imply a less dynamic
neurotransmitter system, we may expect diminished DA
release during performance in older compared to younger
adults along with lower task performance. Such findings,
indicating age-related reductions in what might be referred
to as neurochemical plasticity, would provide on-line
evidence of the impact of age-related neuromodulatory
deficits on cognitive functioning. In the context of cognitive
aging, this approach represents an important advance
beyond resting-state DA studies. As noted above, age-
related cognitive deficits are especially pronounced in tasks
that require active (executive) stimulus processing (Bäck-
man et al., 1999, 2001; Kausler, 1991; Salthouse, 1992;
Lövdén and Lindenberger; West, 1996). We also reviewed
evidence that DA markers are strongly related to
performance on executively demanding tasks (Volkow
et al., 1998b; Bäckman et al., 2000; Erixon-Lindroth
et al., 2005). Along these lines, a DA account of cognitive
aging holds that an important reason for the large age-
related differences observed in executively demanding tasks
is that such tasks require excessive DA release to be
successfully performed (Mattay et al., 2003). As a result, in
contrast to less demanding tasks, age-related DA losses
should be particularly detrimental. The successful applica-
tion of this functional molecular-imaging approach to
cognitive aging will rest on sensitive methods to detect DA
release (Aston et al., 2000; Alpert et al., 2003) as well as on
careful selection of taxing, but yet highly motivating
cognitive tasks.
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